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KEY POINTS

Since the publication of the Radiologic Diagnostic
Oncology Group Report (RDOG) in 1991, the clin-
ical application of pulmonary magnetic resonance
(MR) imaging to patients with lung cancer has been
limited. MDCT is much more widely available for
staging of lung cancer in clinical situations. Cur-
rently, FDG-PET or PET/CT is the only modality
that reveals biological glucose metabolism of lung
cancer, and ventilation and/ or perfusion scintig-
raphy is the only modality that demonstrates pul-
monary function. However, recent advances of MR
systems and utilization of contrast media make it
possible to overcome the limitation of pulmonary
MR imaging. Therefore, in the last several years, sev-
eral investigators have demonstrated the significant
comprehensive potential of MR imaging to substi-
tute for MDCT and nuclear medicine examinations
in lung cancer patients. Currently, MR imaging in
lung cancer patients can be applied for (1) detec-
tion of pulmonary nodules; (2) characterization of
solitary pulmonary nodules; and (3) assessment of
TNM classification in routine clinical practice. We
believe that further basic studies, as well as clini-
cal applications of newer MR techniques, will play
an important role in the future management of pa-
tients with lung cancer including MRI.
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Introduction

Lung cancers are the most common cause of cancer-re-
lated death in the Western world, Japan, and South Ko-
rea. Non-small cell lung carcinoma (NSCLC) accounts
for approximately 80% of all lung cancers, with small
cell lung carcinoma (SCLC) accounting for the remain-
der. Despite major efforts aimed at improving survival
during recent years, survival remains dismal at 14% for
all stages. Imaging techniques currently are essential for
the diagnosis, staging and follow-up of patients with
lung cancer. The diagnosis of lung cancer has relied on
findings on chest radiographs (CXRs) and detection of
cells in sputum or biopsy specimens. Perhaps even more
important, however, are specific findings on chest com-
puted tomography (CT) and metabolic information on
positron emission tomography with 2-[fluorine-18]-
fluoro-2-deoxy-p-glucose (FDG-PET) or FDG-PET
co-registered or integrated with CT (co-registered or
integrated FDG-PET/CT). Moreover, the staging and
follow-up of lung cancer have relied more on CT, FDG-
PET and/or FDG-PET/CT than on chest radiography.
The goal of diagnosis and management of pulmonary
nodules is to bring promptly to surgery all patients with
operable malignant nodules while avoiding unnecessary
thoracotomy for patients with benign lesions. It is there-
fore of the utmost importance to differentiate malignant
from benign nodules in the least invasive manner and to
make as specific and accurate diagnosis as possible. In
addition, the preliminary goal of pre-therapeutic assess-
ment of lung cancers is to avoid unnecessary surgery for
patients with locally unresectable tumors and/or nodal
or metastatic disease because the strongest prognostic
indicator for survival in lung cancer is whether or not
the tumor is resectable.

Currently, CT is considered to be the most widely
applicable modality for evaluation of lung cancer, and a
major breakthrough in CT technology has been the in-
troduction of multidetector-row CT (MDCT), in which
detector rows are exposed simultaneously. The perfor-
mance of MDCT compared with single-detector CT is
enhanced by a factor approximately equal to the number
of rows. In addition, FDG-PET or PET/CT qualifies as
another important innovation in lung cancer imaging.
Standard imaging techniques are based on differences
in the structure of tissues, whereas FDG-PET or PET/
CT can show the enhanced glucose metabolism of lung
cancer cells. For these reasons, MR imaging has been
utilized for only a few cases, such as superior sulcus
(Pancoast’s) tumor, mediastinal invasion and chest wall
invasion since 1991, when the Radiologic Diagnostic

Oncology Group (RDOG) reported no significant dif-
ference in the diagnostic capability of CT and conven-
tional T1-weighted imaging for the staging of lung can-
cer except for mediastinal invasion (WEBB et al. 1991).
However, recent advances in MR imaging techniques
and utilization of contrast media have resulted in fur-
ther improvement of the image quality and diagnostic
capability of MR imaging for lung cancer patients.

In this chapter we describe the utility and capability
of MR imaging for (1) detection of pulmonary nodules,
(2) characterization and management of pulmonary
nodules, and (3) assessment of tumor-node-metastasis
(TNM) stages in lung cancer patients.

Detection of Pulmonary Nodules

A pulmonary nodule is radiologically defined as an in-
traparenchymal lung lesion that is less than 30 mm in
diameter and is not associated with atelectasis or ad-
enopathy (TUDDENHAM 1984). While one in 500 CXRs
shows a lung nodule, 90% of these nodules are inciden-
tal radiological findings, detected accidentally on CXRs
obtained for unrelated diagnostic workups. More than
150,000 patients per year in the United States present
their physicians with the diagnostic dilemma of a pul-
monary nodule. This number has increased even fur-
ther due to incidental findings of lung nodules on chest
CT (TupDENHAM 1984). The devastating effect of lung
cancer is directly associated with its delayed presenta-
tion. Patients with the best prognosis are those with
stage IA disease, although approximately one half of all
lung cancers unfortunately show extrathoracic spread
at the time of diagnosis. Timely and accurate detection
and diagnosis of the etiology of pulmonary nodules are
therefore essential for making it possible for patients
with malignancy to be cured.

Spiral CT or MDCT can be considered the cur-
rent gold standard for the detection of lung nodules
(Davis 1991; CosTELLO 1994; HENSCHKE et al. 2001;
SCHAEFER-PROKOP and PrROKOP 2002; SWENSEN et al.
2005; BacH et al. 2007). However, repeated follow-up
CT examinations for detection of pulmonary metasta-
ses may be undesirable, especially for young patients,
because of radiation exposure. Although radiation ex-
posure is usually no major issue for cancer patients and
low-dose CT techniques have been proved feasible to
reduce the radiation dose, MR imaging does not require
any ionizing radiation at all. It would therefore be helpful
if MR imaging could be used for the detection of pulmo-
nary nodules without administration of contrast media.
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Several investigators have addressed this issue by
using various sequences with 1.5 T and 3.0T scanners
since 1997. However, patient-related motion artifacts,
susceptibility artifacts from the lungs and inferior spatial
and temporal resolution as compared with those of CT
reduce the quality of MR images of the lungs (KErsJES
et al. 1997; VoGT et al. 2004; SCHROEDER et al. 2005;
LuBoLDT et al. 2006; BRUEGEL et al. 2007; REGIER et al.
2007; Y1 et al. 2007). All these studies assessed the de-
tection rate (sensitivity) for pulmonary nodules, mainly
pulmonary metastases, which was verified by single-he-
lical CT or MDCT. The sensitivities for nodules equal to
or less than 5 mm in diameter were reportedly less than
45%, although various sequences such as electrocardio-
graph (ECG)-triggered proton density weighted (PDW)
or T2-weighted turbo spin-echo (SE), ECG-triggered
PDW black-blood-prepared half-Fourier single-shot
turbo SE (HASTE), respiratory-triggered T2-weighted
short-inversion-time inversion recovery (STIR) turbo
SE, pre- and post-contrast enhanced volumetric interpo-
lated 3D gradient-echo (VIBE), T2-weighted triple inver-

sion black blood turbo spin-echo, etc. were tested with
nodules equal to or more than 5 mm section thickness
on 1.5 T or 3.0 T scanners (KERrSJES et al. 1997; VoGgT
et al. 2004; SCHROEDER et al. 2005; LuBoLDT et al. 2006;
BRUEGEL et al. 2007; REGIER et al. 2007; Y1 et al. 2007).
On the other hand, sensitivities for nodules equal to or
more than 5 mm and less than 11 mm in diameter were
reportedly between approximately 85% and 95%, and
those for nodules with a diameter of more than 10 mm
were more than 95% in these studies (KERSJES et al. 1997;
VoGT et al. 2004; SCHROEDER et al. 2005; LUBOLDT et al.
2006; BRUEGEL et al. 2007; REGIER et al. 2007; Y1 et al.
2007). Therefore, when considering the various guide-
lines for management of pulmonary nodules (KERSJES
et al. 1997; VoGt et al. 2004; SCHROEDER et al. 2005;
LuBoLDT et al. 2006; BRUEGEL et al. 2007; REGIER et al.
2007; Y1 et al. 2007), MR imaging on 1.5 T and 3.0 T may
have potential for the detection of or screening, with-
out ionizing radiation exposure, for pulmonary nodules
which are considered to need further intervention and
treatment (Figs. 11.1-11.3), (Table 11.1). In addition,

Fig. 11.1a-d. A 71-year-old female with adenomatous hyperplasia in the right lower lobe. Thin-section CT indicates
ground-glass attenuation in the right lower lobe (a). Black-blood T1-weighted turbo SE (b), T2-weighted turbo SE (c)
and STIR turbo SE (d) images show a nodule as, respectively, low, intermediate and high signal intensity in the right
lower lobe
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Fig.11.2a-e. A 56-year-old female with adenocarcinoma in
the right lower lobe. Thin-section CT shows a solid nodule in
the right lower lobe (a). Black-blood T1-weighted turbo SE
(b), T2-weighted turbo SE (c¢) and STIR turbo SE (d) images
show nodule as, respectively, low, low or intermediate and
high signal intensity in the right lower lobe. Post-contrast
black-blood T1-weighted turbo SE image (e) showed homo-
sl gencous enhancement of nodule
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Fig. 11.3a-e. A 55-year-old male with cryptococosis in
the left lower lobe. Thin-section CT shows a solid nodule in
the left lower lobe (a). Black-blood T1-weighted turbo SE
(b), T2-weighted turbo SE (c) and STIR turbo SE (d) im-
ages show nodule as, respectively, low, intermediate or high
" signal intensity in the left lower lobe. Post-contrast black-
blood T1-weighted turbo SE image (e) showed homoge-
neous enhancement of nodule




184

Y. Ohno, H. Koyama, J. Dinkel and C. Hintze

Table 11.1. Recommended MR protocol for nodule detection and characterization

No. Recommended TR (ms) TE
sequence (ms)

1 Pre-contrast-enhanced 1 <R-R> 15-25
ECG-gated TIW-SE
or TSE

2 ECG- and respiratory- 2 or 3 <R-R> 90-100

gated T2W-TSE

3 Respiratory-gated STIR  Up to respiratory 15

TSE cycle

4 Dynamic MRI by using 2.4-2.7 0.6-0.7
3D ultra-fast TI-GRE
Dynamic MRI by using  150-1 <R-R> 10-15
ECG-gated TIW-SE

5 Post contrast-enhanced 1 <R-R> 15-25
ECG-gated TIW-SE
or TSE

FA (°) Matrix Respira- Suggestion
tion

N/A  256x256 RT or RG

N/A  256x256 RT or RG ETL should be less than 15

N/A  256x256 RG ETL should be less than 5,
if sequentially-reordered
phase encoding scheme is
used

20-40 128x128 BH Dynamic MR images should
be obtained every 1.1 s after
contrast media injection

N/A  128x128- BH Dynamic MR images should

256 % 256 be obtained at 0, 1, 2, 3, 4, 5,

6 and 8 min after contrast
media injection

N/A  256x256 RT or RG

SE: spin-echo, TSE: turbo spin-echo, GRE: gradient echo, TR: repetition time, TE: echo time, FA: flip angle, RT: respiratory-trigger,

RG: respiratory-gated, ETL: echo train length

further improvements of MR systems and sequences can
be expected to enable pulmonary metastasis surveillance
and/or lung cancer screening as well as whole-body MR
screening or staging in the near future.

Characterization and Management of
Pulmonary Nodules or Masses on MR Imaging

Since the pulmonary nodule is one of the most com-
mon findings on chest radiographs and CT, it is impor-
tant to differentiate malignant from benign nodules in
the least invasive way and to make as specific and ac-
curate diagnosis as possible. Investigators have used
CT, MR imaging and FDG-PET or PET/CT to evaluate
the radiological features, relaxation time, blood supply
and metabolism of pulmonary nodules to differentiate
malignant from benign nodules with promising results.
(Table 11.1).

11.3.1
Conventional T1-Weighted and T2-Weighted
MRI Without and With Contrast Media

Characterization of the primary tumor on CT and MR
imaging is based on the imaging features of the nodule
or mass itself and its relationship to the pleura, chest
wall, airways, and mediastinum, as well as its relative
enhancement by contrast media. Historically, non-
contrast-enhanced MR imaging has shown limited
potential for characterizing peripheral lung nodules
and masses and identifying benign nature of nodules
due to the low intrinsic signal intensity of the lung pa-
renchyma, the relatively poor spatial resolution and
patient-related motion artifacts (CASKEY et al. 1990;
FEUERSTEIN et al. 1992; Kono et al. 1993; KERSJES et al.
1997; McLoup and SWENsON 1999). In general, many
pulmonary nodules, including lung cancers, pulmonary
metastases and low-grade malignancies such as carci-
noids and lymphomas are demonstrated as low or inter-
mediate signal intensities on T1-weighted images and




Lung Cancer

185

as slightly high intensity on T2-weighted images when
SE or turbo SE sequences are used (CASKEY et al. 1990;
FEUERSTEIN et al. 1992; KoNo et al. 1993; KERSJES
et al. 1997; McLoub and SWENSEN 1999) (Fig. 11.2). If
the pulmonary nodule is less than 30 mm in diameter,
malignant pulmonary nodules within the tumor usu-
ally how no macroscopic necrosis (CASKEY et al. 1990;
FEUERSTEIN et al. 1992; KoNo et al. 1993; KERSJES
et al. 1997; McLoup and SWENSEN 1999). Although
enhancement levels vary due to underlying microscopi-
cally determined pathologic conditions such as tumor
angiogenesis, tumor interstitial spaces, the presence or
absence of fibrosis, and scarring and necrosis within
the tumor, malignant pulmonary nodules show homo-
geneous enhancement but at a variety of levels on T1-
weighted images after administration of contrast media
(CaskEey et al. 1990; FEUERSTEIN et al. 1992; Kono
et al. 1993; KERSJES et al. 1997; McLouD and SWENSEN
1999). Consequently, when using pre- and post-con-
trast enhanced conventional T1-weighted images and
T2-weighted images, clinicians in routine clinical prac-
tice often face a diagnostic dilemma in distinguishing
malignant from benign pulmonary nodules such as or-
ganizing pneumonia, benign tumors and inflammatory
nodules (CASKEY et al. 1990; FEUERSTEIN et al. 1992;
Kono et al. 1993; KersjEs et al. 1997; McLoup and
SWENSEN 1999) (Figs. 11.2 and 11.3). It has therefore
been suggested that enhancement patterns or blood
supply evaluated with dynamic contrast-enhanced MR
imaging may be helpful for diagnosis and manage-
ment of pulmonary nodules (Kono et al. 1993; Kusu-
MOTO et al. 1994; HITTMAIR et al. 1995; GUCKEL et al.
1996; FujimoTo et al. 2003; OHNO et al. 2002, 2004a;
SCHAEFER et al. 2004, 2006; Kono et al. 2007; DONMEZ
et al. 2007). However, it may be possible to diagnose
several histological types of pulmonary nodules, such
as bronchocele, tuberculoma, mucinous bronchioal-
veolar carcinoma (BAC), hamartoma and aspergilloma,
on pre- or post-contrast enhanced T1-weighted images
and T2-weighted image according to their specific MR
findings.

11.3.1.1
Bronchial Atresia and Bronchocele

Bronchial atresia is a common focal pulmonary lesion,
which can be diagnosed by using non-contrast enhanced
T1- and T2-weighted images. Bronchial atresia is an un-
common anomaly characterized by focal obliteration of
the bronchial lumen and the absence of communication
between lobar, segmental or subsegmental bronchi and

the central airway (MENG et al. 1978; JEDERLINIC et al.
1987; Finck and MILNE 1988; NaIpICH et al. 1988;
BAILEY et al. 1990; Ko et al. 1998; MATSUSHIMA et al.
2002). Mucus secreted within the patent airways distal
to the point of atresia accumulates in the form of a plug
or bronchocele which appears as a pulmonary nodule
or mass (FINCKk and MILNE 1988; NAIDICH et al. 1988;
BAILEY et al. 1990; Ko et al. 1998; MATSUSHIMA et al.
2002). The MR image of bronchoceles reportedly ap-
pears as a branching lesion with high signal intensity
on T1- and T2-weighted images due to the dilated mu-
cus-filled bronchi and mucocele formation distal to the
atelectatic segment (FINCk and MILNE 1988; NAIDICH
et al. 1988; BAILEY et al. 1990; Ko et al. 1998; MATSU-
sHIMA et al. 2002) (Fig. 11.4).

11.3.1.2
Tuberculoma

Tuberculomas, observed as well-defined nodules located
mainly in the upper lobes, may appear after primary or
reactivated tuberculosis. Calcification occurs in about
20%-30% of cases (SocHOCKY 1958). CT yields supe-
rior visualization of the calcifications and characteris-
tics of the nodules. In rare cases, areas of diminished
attenuation are seen, which represent caseous necrosis.
The latter may be identified as tuberculoma, a nodule
with a relatively low signal intensity in comparison with
that of other pulmonary nodules on T2-weighted SE or
turbo SE images (SAKAT et al. 1992; Kono et al. 1993;
KusumorTo et al. 1994; PARMAR et al. 2000; CHUNG
et al. 2000; SCHAEFER et al. 2006). In addition, several
investigators have reported on typical MR findings of
tuberculoma on post-contrast enhanced T1-weighted
images known as “thin-rim enhancement” sign (SAKAI
et al. 1992) (Fig. 11.5). Signal intensity at the center of
tuberculomas is low or slightly enhanced, but the sig-
nal intensity of the fibrotic rim is markedly enhanced.
These MR findings correspond well to those of patho-
logical specimens (SAKkAI et al. 1992; KoNo et al. 1993;
Kusumoro et al. 1994; PARMAR et al. 2000; CHUNG et al.
2000; SCHAEFER et al. 2006). Therefore, when tubercu-
loma is suspected or attempts are made to distinguish it
non-invasively from malignant nodules, pre- and post-
contrast enhanced conventional MR imaging may be
the most suitable procedure because tuberculoma is one
of the most well-known diseases that show intense FDG
uptake and is difficult to distinguish from malignant
nodules by when FDG-PET or PET/CT is used (CHANG
et al. 2006).
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Fig.11.4a-d. A 15-year-old female with bronchocele in the right upper lobe. Chest radiograph shows a mass in the right
upper lung field (a). Contrast enhanced CT shows a mass with water density in the right upper lobe (b). Conventional
T1-weighted SE (c) and T2-weighted turbo SE (d) images show the mass as high intensity due to mucus-filled bronchi
and formation of a mucocele distal to the atelectatic segment, which was diagnosed as a bronchocele




Lung Cancer

187

Fig. 11.5a-f. A 67-year-old male with tuberculoma in the left lower
lobe. Thin-section CT shows a solid nodule in the left lower lobe (a).
Contrast enhanced CT indicates homogeneity but little enhancement
within the nodule (b). Black-blood T1-weighted turbo SE (c) and T2-
weighted turbo SE (d) images show the nodule as, respectively, low
and intermediate signal intensities in the left lower lobe. Post-con-
| trast black-blood T1-weighted turbo SE image (e) showed thin-rim
enhancement, which was diagnosed as tuberculoma. Dynamic MR
imaging (f) with ultrafast-GRE technique (L to R: t=0.0's, t=8.8 s,
t=16.5 s and t=25.4 s) showed a slightly enhancing nodule in the left
lower lung field. The nodule is not enhanced in the lung parenchy-
mal phase (t=8.8 s) and slightly enhanced in the systemic circulation
phase (t=16.5 and 25.4 s) due to low blood supply from bronchial
circulation

t=16.5 sec t=254 sec
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11.3.1.3
Mucinous Bronchioalveolar
Carcinoma

Adenocarcinoma of the lung constitutes a histologically
and biologically heterogeneous group of tumors. Except
for mucinous BAC, mucin production is seldom a truly
prominent characteristic of this adenocarcinoma, so
that there are no significant differences in the MR find-
ings for adenocarcinoma of the lung and other subtypes
of lung cancer. Mucinous BAC occasionally presents as
a solitary pulmonary nodule with low or no uptake of
contrast media on conventional post-contrast enhanced
T1-weighted image, and thus may be difficult to dif-
ferentiate from other benign nodules such as tubercu-
loma. However, many mucinous BACs demonstrate one
of two radiological patterns, consolidation or diffuse
disease. The consolidation may be segmental or may
involve an entire lobe, and, with the exception of pul-
monary vasculature, shows as high signal intensity on
T2-weighted turbo SE images, which is known as “white
lung sign” (Fig. 11.6). In addition, intratumoral vessels
may be detected on contrast-enhanced T1-weighted
images (GAETA et al. 2000, 2001, 2002).

11.3.1.4
Hamartoma

Pulmonary hamartomas, the third most common cause
of solitary pulmonary nodules, are considered benign
neoplasms that originate in fibrous connective tissue
beneath the mucus membrane of the bronchial wall
(BATESON 1973; SIEGELMAN et al. 1986). A few inves-
tigators have reported on MR imaging of hamartomas.
SaKkAI et al. (1994) found that all hamartomas appeared
as a signal of intermediate intensity on T1-weighted SE
images and as one of high intensity on T2-weighted SE
images and four out of six hamartomas had a lobulated
appearance separated by septa on T1- or T2-weighted
SE images. In addition, pulmonary hamartomas patho-
logically diagnosed as lipomatous hamartoma some-
times show with high signal intensity on T1-weighted
SE and T2-weighted turbo SE images (YILMAZ et al.
2004). Therefore, when these radiological findings are
associated with a pulmonary nodule the nodule can
be suspected of being a hamartoma, and the enhance-
ment pattern within the nodule should be evaluated on
post-contrast enhanced T1-weighted SE images, where
the regions with less enhancement correspond to core

Fig. 11.6a-c. A 73-year-old male with mucinous
bronchioalveolar carcinoma (BAC) in the right middle
and both lower lobes. Conventional CT shows ground-
glass attenuation in the right middle and both lower
lobes (a). Black-blood T1-weighted turbo SE (b) image
shows mucinous BAC as low signal intensities. Black-
blood T2-weighted turbo SE (c) image shows mucino-
us BAC with high signal intensities. These findings are
known as “white lung sign”
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cartilaginous tissue and septa, and areas of marked con-
trast enhancement correspond to branching cleft-like
mesenchymal connective tissue that dip into the carti-
laginous core (SAKATI et al. 1994) (Fig. 11.7).

11.3.1.5
Aspergilloma

Saprophytic aspergillosis (aspergilloma) is character-
ized by Aspergillus infection without tissue invasion. It
typically leads to conglomeration of intertwined fungal
hyphae admixed with mucus and cellular debris within
a pre-existing pulmonary cavity or ectatic bronchus
(GEFTER 1992; AQUINO et al. 1994). A typical radio-
logical finding of aspergilloma is a solid, round or oval
mass with soft-tissue opacity within a lung cavity. The

mass is typically separated from the cavity wall by an
airspace manifesting the so-called “air crescent” sign,
and is often associated with thickening of the wall and
adjacent pleura (GEFTER 1992; PARK et al. 2007). The
most common underlying causes are healed tuberculo-
sis, bronchiectasis, bronchial cyst and sarcoidosis. Other
conditions that occasionally may be associated with
aspergilloma include bronchogenic cyst, pulmonary
sequestration, and pneumatoceles secondary to Pneu-
mocystis carinii pneumonia in patients with acquired
immunodeficiency syndrome.

The presence of a cavity within lung cancer is com-
mon and has been reported in 2%-16% of cases (FEL-
soN and Wior 1977). In general, lung cancer with
a cavity typically shows a cavity wall with a thickness
of more than 4 mm, spiculate or irregular inner and
outer margins, enlarged lymph nodes, and a soft-tissue

Fig. 11.7a-d. A 54-year-old male with hamartoma in the left upper lobe. Conventional contrast enhanced CT shows
lobulated nodule in the left upper lobe (a). Black-blood T1-weighted turbo SE (b) and T2-weighted (c) images show
a lobulated nodule as, respectively, low and high signal intensities in the left upper lobe. Post-contrast black-blood T1-
weighted turbo SE (d) image shows less enhancement corresponding to core cartilaginous tissue, while areas of marked
contrast enhancement correspond to cleft-like branching mesenchymal connective tissue
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nodule or mass due to intracavitary tumorous mural
regions associated with infiltration of the adjacent tho-
racic wall. In some cases, however, a lung cancer with
a cavity may show a thin wall or “air crescent” sign on
CXR or CT. It is therefore important to distinguish fun-
gus ball from intracavitary tumorous mural regions by
the “air crescent” sign in lung cancers with cavities, and
pre- and post-contrast enhanced conventional T1- and
T2-weighted SE or turbo SE images are helpful for this
purpose.

Although a cavity may be present within lung can-
cer a viable lung cancer evidenced as a cavity and/or
intracavitary mass shows a typical signal intensity pat-
tern on pre- and post-contrast enhanced conventional
T1- and T2-weighted SE or turbo SE images with as
its characteristics a signal of low or intermediate in-
tensity on pre-contrast enhanced T1-weighted images,
one of intermediate or high intensity on T2-weighted
images, and one of high intensity due to intensive and
homogeneous enhancement on post-contrast enhanced

Fig. 11.8a-e. A 74-year-old male with squamous cell carcinoma in the left lower lobe. Thin-section CT (a) and sagittal
reformat (b) show mass with irregularly thickened cavity wall in the left lower lobe. Black-blood T1-weighted turbo SE (c)
and T2-weighted (d) images show mass with irregularly thickened cavity wall as, respectively, low and high signal inten-
sities in the left lower lobe. Post-contrast black-blood T1-weighted turbo SE (e) image shows well-enhanced cavity wall
corresponding to lung cancer
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T1-weighted images (Ma et al. 1985; VAN DER HEIDE
et al. 1985; ZINREICH et al. 1988; HEROLD et al. 1989;
FujsimoTo et al. 1994; BLuMm et al. 1994) (Fig. 11.8). In
aspergilloma cases, on the other hand, the signal inten-
sity of the intracavitary lesion is especially reduced on
the T2-weighted SE or turbo SE image because of the
presence of calcium, air, or ferromagnetic elements re-
sulting from Aspergillus infection (HEROLD et al. 1989;
FujiMoTO et al. 1994; BLuM et al. 1994) (Fig. 11.9). Be-
cause of the presence of the ferromagnetic elements of

iron, magnesium, and manganese are essential to the
metabolism of amino acids by fungi, FujiMoTo et al.
(1994) have suggested that the reduction in signal inten-
sity on T1-weighted images and the marked reduction
on T2-weighted images are characteristics of aspergil-
loma as well as mycetomas, and may be useful for differ-
entiation of aspergilloma from intracavitary tumorous
mural nodules.

§ Fig. 11.9a-e. A 60-year-old male with aspergilloma in
| the left upper lobe. Chest radiograph (a) shows “air cres-
cent” sign in the left upper lung field. Conventional CT (b)
shows fungus ball within cavity. Conventional T1-weight-
ed SE (c) and T2-weighted turbo SE (d) images on coronal
plane show intracavitary lesion as, respectively, low and
very low signal intensities in the left upper lobe. Post-con-
trast T1-weighted SE image (e) shows well-enhanced cav-
ity wall and no enhancement of intracavitary lesion
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11.3.2
Dynamic Contrast-enhanced
MR Imaging of Pulmonary Nodules

Although in some cases benign or malignant focal le-
sions can be differentiated from others by using pre-
and post-contrast enhanced conventional T1- or T2-
weighted SE or turbo SE imaging, significant overlaps
have been observed between benign and malignant
lesions in routine clinical practice (Kono et al. 1993;
KusumoTo et al. 1994). To overcome this problem,
dynamic contrast-enhanced MR imaging has been pro-
posed as an alternative technique for diagnosis and/or
management of pulmonary nodules (Table 11.1). As a
result of advances in MR systems and pulse sequences,
there are now three major methods for dynamic MR
imaging of the lung. Many investigators have proposed
dynamic MR imaging be used for two-dimensional
(2D) SE or turbo SE sequences or for various types of
2D or three-dimensional (3D) gradient-echo (GRE) se-
quences and that enhancement patterns within nodules
and/or parameters determined from signal intensity-
time course curves be assessed visually. These curves
represent first transit and/or recirculation and wash-
out of contrast media in 5 min or more with repeated
breath holding (Ko~o et al. 1993; KusumoTo et al.
1994; HITTMAIR et al. 1995; GUCKEL et al. 1996; OHNO
et al. 2002, 2004a; FusimMoTo et al. 2003; SCHAEEER et
al. 2004, 2006; KoNo et al. 2007; DONMEZ et al. 2007).
Taking into account the inherent inhomogeneous com-
position of many intraindividual lung cancers and even
within benign lesions such as central necrosis, only a dy-
namic contrast-enhanced 3D approach has the chance
of depicting all underlying histologies. This is impor-
tant for the primary diagnosis as well as during follow
up examinations to assure evaluation of the same region
of interest again. Recently, dynamic contrast enhanced
MR perfusion imaging has been proposed for quantita-
tive and qualitative assessment of regional pulmonary
perfusion abnormalities by using 2D or 3D ultra-fast
GRE sequences with sharp bolus profiles (HaTaBU
et al. 1996, 1999; AMUNDSEN et al. 1997, 2000; LEVIN
et al. 2001; MATsUOKA et al. 2001; OHNoO et al. 2002,
2004c, 2005, 2007a, b; FINK et al. 2004). This technique
allows for directly assessing the first passage of contrast
media within nodules in less than 35 s within a single
breath hold and to evaluate blood supply to nodules
from pulmonary and/or bronchial circulation (OnNO
et al. 2002, 2004c). It should be noted though that the
ideal acquisition of contrast enhanced dynamic stud-
ies of tumor perfusion should not be limited to the first
pulmonary passage of the contrast agent. Tumors will
be supplied by systemic, bronchial arteries instead of

pulmonary arteries. In this case or due to inherent slow
blood flow within a tumor an examination in a single
breath hold might not be sufficient in detecting the full
perfusion cycle of wash-in and wash-out. Examination
of prolonged wash-out always reveals an underlying
reperfusion of pulmonary tissue by both pulmonary
and bronchial arteries. This circumstance has not been
accounted for in the usual models for quantification of
tissue perfusion so far.

Although there are various dynamic MR techniques,
reported sensitivities range from 94% to 100%, specific-
ities from 70% to 96%, and accuracies of more than 94%
(Kono et al. 1993, 2007; KusumorTo et al. 1994; HiTT-
MAIR et al. 1995; GUCKEL et al. 1996; OHNO et al. 2002,
2004a; FujimoTo et al. 2003; SCHAEFER et al. 2004,
2006; DoNMEZ et al. 2007). These specificities and accu-
racies for dynamic MR imaging are superior to those re-
ported for dynamic CT, and almost equal to or superior
to those for FDG-PET or PET/CT (SWENSEN et al. 1992,
1996, 2000; DEWAN et al. 1993; KoNo et al. 1993; PaTz
etal. 1993; KusumorTo et al. 1994; HITTMAIR et al. 1995;
YAMASHITA et al. 1995; BURY et al. 1996; GUCKEL et al.
1996; ZnanG and Kono 1997; OHNoO et al. 2002, 2004a;
FujimoTo et al. 2003; HERDER et al. 2004; SCHAEFER
et al. 2004, 2006; Y1 et al. 2004, 2006; JEONG et al. 2005;
JosHI et al. 2005; Mor1 et al. 2005; BRYANT and CER-
FOLIO 2006; CHRISTENSEN et al. 2006; DONMEZ et al.
2007; Kim et al. 2007; Kono et al. 2007; LEE et al. 2007).
Therefore, dynamic contrast-enhanced MR imaging
may perform a complementary role in the diagnosis of
pulmonary nodules assessed with FDG-PET or PET/
CT. Although these results are highly promising further
research in this field may be necessary in the light of
recently published data regarding the MR signal depen-
dency in perfusion studies on the contrast agent con-
centration. As quantification of perfusion parameters is
dependent on an almost linear relationship of signal to
concentration great care has to be taken regarding the
dosage and application of contrast agents (PUDERBACH
et al. 2008).

Although differentiation of malignant from benign
pulmonary nodules by means of dynamic MDCT, dy-
namic MRI and PET or PET/CT with FDG has been
tried in several studies, accurate separation of active
infectious nodules from malignant neoplasms on the
basis of dynamic CT and MR parameters and uptakes
of FDG can be extremely difficult in view of the under-
lying pharmacokinetical, pathological and biological
properties of malignant neoplasms and active infectious
nodules. In addition, when considering the manage-
ment of pulmonary nodules in clinical practice, it may
be helpful to differentiate pulmonary nodules requiring
further intervention and treatment (low or high grade
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Fig. 11.10a-c. A 57-year-old female with adenocarcinoma
with mixed subtype. Thin-section CT (a) and coronal reformat
(b) show partly solid nodule in the right upper lobe. Dynamic
MR imaging (c) with ultra-fast GRE technique (LtoR:t=0.0's,
t=8.8s,t=11.0 s and t=25.4 s) shows well-enhanced nodule

malignant tumors and active infectious nodules) from
pulmonary nodules requiring no further evaluation
(benign tumors and chronic infectious nodules) rather
than to differentiate between malignant nodules and
other nodules. For this latter differentiation, ultra-fast
dynamic MR imaging can divide all nodules into the
two categories (Figs. 11.5 and 11.10) (OHNo et al. 2002).
This means that it may be better to use dynamic MR
imaging in a complementary role to CT and FDG-PET
or PET/CT to determine whether further intervention
and treatment are indicated rather than to differentiate
pulmonary nodules into malignant nodules and other
nodules in routine clinical practice.

On the other hand, the results of several compara-
tive studies of findings obtained with dynamic MR
parameters and with immuno-histopathological ex-
amination of small peripheral lung cancers, the for-
mer showed good correlation with tumor angiogenesis
(FusimorTo et al. 2003; SCHAEFER et al. 2006), and the
potential for more accurate differentiation of subtypes
of small peripheral adenocarcinomas than is possible
with thin-section CT, or for prognosis both before and

t=254 sec

(arrow) in the right upper lung field. The nodule was not en-
hanced in the lung parenchymal phase (t=8.8 s) and well en-
hanced in the systemic circulation phase (t=11.0 and 25.4 s)
due to enhanced blood supply from bronchial circulation

after treatment (FujyimoTo et al. 2003; OHNO et al. 2005;
SCHAEFER et al. 2006).

Moreover, ultra-fast 3D dynamic MR data can also
be used for the prediction of postoperative lung func-
tion for non-small cell lung cancer patients (OHNO
et al. 2004b, 2007b). The semi-quantitative regional
perfusion obtained from ultra-fast dynamic MR imag-
ing shows good correlation with that assessed by per-
fusion scintigraphy, with a reported limit of agreement
of +6%, which is insignificant enough to make ultra-
fast dynamic MR imaging suitable for clinical pur-
poses (OHNO et al. 2004b). Moreover, the prediction
of postoperative lung function derived from dynamic
MR imaging was more accurate than that derived from
perfusion scintigraphy, single photon emission tomog-
raphy (SPECT) or qualitatively assessed MDCT, which
is predicted postoperative lung function from preop-
erative lung function and the number of lung segments
in the total and resected lung evaluated by pulmonary
surgeons, and the predictive accuracy is almost equal
to that obtained with quantitatively assessed MDCT
based on density-masked CT technique (OHNO et al.
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Table 11.2. Stage grouping of lung cancer

Overall stage T stage N stage M stage
Occult carcinoma  Tx NO MO
Stage 0 Tis (in situ)  NO MO
Stage 1A T1 NO MO
Stage IB T2 NO MO
Stage ITA T1 N1 MO
Stage I1B T2 N1 MO
T3 NO Mo
Stage IIIA Tlor T2 N2 MO
T3 Nlor N2 MO
Stage II1B Any T N3 Mo
T4 Any N Mo
Stage IV Any T Any N M1

Table 11.3. T classification - primary tumor

Primary tumor cannot be assessed, or tumor proven by the presence of malignant cells in sputum or bronchial
washings but not visualized by imaging or bronchoscopy

No evidence of primary tumor
Carcinoma in situ

Tumor 3 cm or less in greatest dimension, surrounded by lung or visceral pleura, without bronchoscopic
evidence of invasion more proximal than the lobar bronchus (i.e., not in the main bronchus)*

Tumor with any of the following features of size or extent

x More than 3 cm in greatest dimension

x Involves main bronchus, 2 cm or more distal to the carina
x Invades visceral pleura

x Associated with atelectasis or obstructive pneumonitis that extends to the hilar
region but does not involve the entire lung

Tumor of any size that directly invades any of the following: chest wall (including superior sulcus tumors), diaphragm,
mediastinal pleura, parietal pericardium; or tumor in the main bronchus less than 2 cm distal to the carina but with
involvement of the carina; or associated atelectasis or obstructive pneumonitis of the entire lung

Tumor of any size that invades any of the following: mediastinum, heart, great vessels, trachea, esophagus , vertebra
body, carina; separate tumor nodule(s) in the same lobe; tumor with malignant pleural effusion”

*The uncommon superficially spreading tumor of any size with its invasive component limited to the bronchial wall, which may
extend proximal to the main bronchus, is classified as T1

"Most pleural effusions associated with lung cancer are due to tumor. In a few patients, however, multiple cytopathological ex-
aminations of pleural fluid are negative for tumor, and the fluid is non-bloody and is not an exudate. Where these elements and
clinical judgment dictate that the effusion is not related to the tumor, the effusion should be excluded as a staging element and the
patient should be classified as T1, T2 or T3
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Table 11.4. N classification - regional lymph nodes

180 @ Regional lymph nodes cannot be assessed
NI No regional lymph node metastasis

)N Metastasis in ipsilateral peribronchial and/or ipsila-
teral hilar lymph nodes and intrapulmonary lymph
nodes, including involvement by direct extension

INpIl Metastasis in ipsilateral mediastinal, and/or subcari-
nal lymph node(s)

INEB| Metastasis in contralateral mediastinal, contralateral
hilar, ipsilateral or contralateral scalene, or supraclavi-
cular lymph node(s)

2007b). Dynamic MR imaging may therefore be use-
ful not only for the characterization of pulmonary nod-
ules, but prediction of postoperative lung function may
also assist the management of pulmonary nodules, in-
cluding determination of whether further intervention
and treatment and/or operability are indicated for lung
cancer patients.

Assessment of TNM Stages

The international TNM classification proposed by the
International Union against Cancer (UICC) has been
widely used in the investigation and treatment of lung
cancer (Tables 11.2-11.5), and shows that survival rates
have improved with more accurate staging and more
accurate differentiation between those patients who
are candidates for surgical resection and those who
are judged to be inoperable but would benefit from
chemotherapy, radiotherapy, or both (SoBIN and WiT-
TEKIND 2002). Therefore, accurate radiological staging
may affect the management as well as the prognosis
of patients. However, only approximately one-half of
the TNM stages determined with CT systems in the
past have agreed with operative staging, with patients
being both under- and over-staged (LEwIs et al. 1990;
GDEEDO et al. 1997).

Currently, newly developed MDCT systems, FDG-
PET or PET/CT, are considered useful for precise as-
sessment of tumor extent because of their multipla-
nar capability and for accurate diagnosis of metastatic
lymph nodes by analyzing the glucose metabolism of

Table 11.5. M classification - distant metastasis

j¥0.@ Distant metastasis cannot be assessed

YOI No distant metastasis

JYoB Distant metastasis includes separate tumor nodule(s)
in a different lobe (ipsilateral or contralateral)

cancer cells in lung cancer patients. However, since
1991 it has been suggested that MR imaging, with its
multiplanar capability and better contrast resolution of
tumor and mediastinum or of tumor and chest wall or
both than that of CT, may also be useful, but only for
the assessment of mediastinal and chest wall invasions
and determination of the short axis diameter of certain
mediastinal lymph nodes (WEBB et al. 1991). How-
ever, recent advancements in MR systems, improved or
newly developed pulse sequences and/or utilization of
contrast media has resulted in improved diagnosis of
TNM staging for lung cancer patients (Table 11.6).

11.4.1
MR Assessment of T Classification

T classification is the descriptor given to the primary
tumor and its local extent (SoBIN and WITTEKIND
2002). The definitions are given in Table 11.3. While the
T factor is subdivided into four groups, the distinction
between T3 and T4 tumors is critical because it rep-
resents the dividing line between conventional surgi-
cal and non-surgical management for NSCLC patients
(ARMSTRONG 2000). It is therefore more important to
distinguish T3 from T4 tumors than to differentiate T1
and T2 tumors and determine nodal staging. For this
reason, MR imaging may be helpful for assessment of
mediastinal invasion, chest wall invasion and distin-
guishing primary tumors from secondary changes such
as atelectasis or obstructive pneumonia, although it may
be difficult to distinguish simple extension of the tumor
into the mediastinal pleura or pericardium (T3) from
actual invasion (T4).
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Table 11.6. Recommended MR protocol for lung cancer staging

Recommended sequence TR (ms)

1 Pre-contrast-enhanced ECG- 1 <R-R> 15-25
gated TIW-SE or TSE

2 ECG- and respiratory-gated ~ 2 or 3 <R-R>  90-100
T2W-TSE

3 Respiratory-gated STIR TSE ~ Up to respira- 15

tory cycle

4 ECG-gated contrast-enhanced 5.7 1.9
MR angiography
Time-resolved contrast-en- 4.0 1.2
hanced MR angiography

5 Post contrast-enhanced ECG- 1 <R-R> 15-25

gated TIW-SE or TSE

Matrix Respiration Suggestion
N/A 256x256 RT or RG
N/A 256x256  RT or RG ETL should be less
than 15
N/A 256x256  RG ETL should be less
than 5, if sequen-
tially-reordered
phase encoding
scheme is used
20 256x128- BH k-space segmen-
256 tation should be
adapted
20-30 512x333 BH Temporal resolu-
tion should be less
than 4 s
N/A 256x256  RT or RG

SE: spin-echo, TSE: turbo spin-echo, GRE: gradient echo, TR: repetition time, TE: echo time, FA: flip angle, RT: respiratory-trigger,

RG: respiratory-gated, ETL: echo train length

11.4.1.1
Mediastinal Invasion

Many surgeons consider minimal invasion of mediasti-
nal fat as resectable (QuINT and FraNCIS 1999), so that
clinicians want to know whether minimal mediastinal
invasion (T3 disease) or actual invasion (T4 disease) has
occurred before considering surgical resection. The accu-
racy of CT for evaluating hilar and mediastinal invasion
of lung cancer has been investigated extensively over the
last two decades. Sensitivity for assessment of mediasti-
nal invasion by single detector computed tomography
with or without the use of helical scanning ranged from
40% to 84% and specificity from 57% to 94% (BARON
et al. 1982; MARTINI et al. 1985; QUINT et al. 1987, 1995;
RENDINA et al. 1987; GLAZER et al. 1989; HERMAN et al.
1994; WHITE et al. 1994; TAKAHASHI et al. 1997).

The RDOG study compared CT with MR imaging
for 170 patients with non-small cell lung cancer, al-
though only T1-weighted images obtained without the
use of cardiac or respiratory gating techniques were as-
sessed in this study (WEBB et al. 1991). Although there
was no significant difference between the sensitivity
(63% and 56% for CT and MR imaging, respectively)
and the specificity (84% and 80%) for distinguishing be-

tween T3-T4 tumors and T1-T2 tumors in this study,
the RDOG reported that 11 patients showed mediasti-
nal invasion and that the superior contrast resolution
of MR imaging conferred a slight but statistically sig-
nificant advantage over CT for accurate diagnosis of
mediastinal invasion. In addition, delineation of tumor
invasion of pericardium (T3) or heart (T4) was supe-
rior on MR imaging compared with CT scan when the
cardiac-gated T1-weighted sequence was used for im-
proved avoidance of cardiac motion artifacts (WHITE
1996). The normal pericardium has low signal intensity.
Direct invasion of the cardiac chambers is readily dem-
onstrated on T1-weighted images, because blood flow-
ing through the cardiac chambers is signal void, so that
the tumor is conspicuous because of its higher signal
intensity. However, the accuracy of minimal mediasti-
nal invasion assessment by both CT scanning and MR
imaging is limited because it depends on visualization
of the tumor within the mediastinal fat (WoNG et al.
1999). In contrast to the assessment of mediastinal inva-
sion, MAYR et al. (1987) found CT scanning to be more
accurate than MR imaging in visualizing and assessing
both normal and abnormal airways. They evaluated 319
normal and 79 abnormal bronchoscopically visualized
bronchi. Their study found that CT scanning was accu-
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rate in all cases, whereas MR imaging correctly identi-
fied only 45% of normal bronchi and 72% of abnormal
bronchi (MAGDELEINAT et al. 2001). This discrepancy
can be attributed both to the higher spatial resolution
of CT scanning and to the low intrinsic MR imaging
signal of air. Therefore, the relationship of lung cancer
to central endobronchial extension is more accurately
demonstrated on CT scans.

Recent advancement in MR systems, improved
pulse sequences and utilization of contrast media have
resulted in the introduction of new MR imaging tech-
niques for assessment of mediastinal invasion of lung
cancer. Contrast-enhanced MR angiography has been
used for assessment of cardiovascular or mediastinal
invasions (TAkaHASHI K et al. 2000; OHNO et al. 2001).
OnNo et al. (2001) described a series of 50 NSCLC pa-
tients with suspected mediastinal and hilar invasion
of lung cancer visualized with contrast-enhanced CT

[4

scans, cardiac-gated MR imaging, and non-cardiac- and
cardiac-gated contrast-enhanced MR angiographies
(Fig. 11.11). In this study, sensitivities, specificities and
accuracies of both contrast-enhanced MR angiography
ranged from 78% to 90%, 73% to 87%, and 75% to 88%,
respectively. These values were higher than those of
contrast-enhanced single helical CT and conventional
T1-weighted imaging (OHNO et al. 2001). Thus, con-
trast-enhanced MR angiography is thought to improve
the diagnostic capability of MR imaging for mediastinal
and hilar invasion.

In 2005, another new technique, cine MR imag-
ing obtained with a steady-state free precession (SSFP)
sequence was introduced as useful for evaluation of
cardiovascular invasion in patients with thoracic mass
(SEO et al. 2005). In this study, as well as previous elec-
tron beam CT or traditional cine MR studies (MURATA
et al. 1994; Saka1 et al. 1997), the assessment of sliding

Fig. 11.11a-d. A 68-year-old female with squamous cell carcinoma in the left upper lobe. Con-
trast enhanced thin-section CT (a) suggests invasion to pulmonary vein and mediastinum, while
conventional T1-weighted image (b) on coronal plane suggests invasion to pulmonary artery and
mediastinum (arrow). Contrast-enhanced MR angiography (c) clearly shows invasion to pulmo-
nary artery and vein, but not mediastinal invasion due to visualization of mediastinal fat between
pulmonary artery and pulmonary vein as a black area. Macroscopical finding of the resected left
upper lobe (d) shows invasion to left pulmonary artery (arrow) and left superior pulmonary vein

(large arrow), but not mediastinal invasion
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Fig. 11.12a-d. A 61-year-old male with squamous cell carcinoma in the right upper lobe. Contrast enhanced CT

(a) suggests mediastinal invasion, while contrast enhanced coronal reformat (b) clearly demonstrates mediastinal
invasion. Black-blood T1-weighted images on axial (c) and coronal (d) planes also clearly demonstrate invasion to

superior venous cava and mediastinum

motions between thoracic masses and adjacent medi-
astinal structure demonstrated a very high diagnostic
capability (sensitivity: 100%, specificity: 92.9%, accu-
racy: 94.4%) (SEo et al. 2005). However, only 9 of 26
lung cancer patients were included in this study since
the others had mediastinal tumors. Further investiga-
tion thus seems to be warranted to determine the actual
diagnostic capability of cine MR imaging for mediasti-
nal invasion in NSCLC patients.

In addition, MDCT has been widely utilized during
the past five years or so for routine clinical practice, and
it was found that thin-section multiplanar reformatted
(MPR) imaging from thin-section volumetric MDCT
data was useful for the evaluation of T classification due
to its multiplanar capability (HigasHINO et al. 2005).
HiGAsHINO et al. (2005) suggested that mediastinal in-
vasion that can be assessed from thin-section coronal

MPR images with 1 mm section thickness with greater
sensitivity, specificity and accuracy than can be achieved
with routine MDCT with 5 mm section thickness, and
with slightly better specificity and accuracy than with
thin-section axial MDCT with 1 mm section thickness.
Although MR imaging is considered to show superior
tissue contrast to that of MDCT, the similar multipla-
nar capability, faster scan time and better spatial resolu-
tion of thin-section MDCT may result in better assess-
ment of mediastinal invasion in NSCLC patients than
by previously described MR techniques (Fig. 11.12).
Further investigations as well as comparative studies of
thin-section MDCT and previously described or newly
developed MR imaging techniques thus seem to be war-
ranted to determine the actual significance of MR im-
aging for assessment of mediastinal invasion in routine
clinical practice.
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11.4.1.2
Distinguishing Lung Cancer
from Secondary Change

Distinguishing primary lung cancer from secondary
change is important for assessment of tumor extent
and the therapeutic effect of chemotherapy and/or ra-
diotherapy. While the therapeutic effect of conservative
therapy has been assessed by using World Health Or-
ganization (WHO) criteria or response evaluation cri-
teria in solid tumors (RECIST) (WorLD HEALTH OR-
GANIZATION 1979; THERASSE et al. 2000), it would be
difficult to use CXR or plain or contrast-enhanced CT
to evaluate tumor extent or therapeutic effect for cases
with atelectasis or obstructive pneumonia.

MR imaging, on the other hand, has potential for
distinguishing lung cancer from secondary change due
to atelectasis or pneumonitis (Kono et al. 1993). In
some cases, it can be difficult to distinguish lung can-
cer from post-obstructive atelectasis or pneumonitis
because these secondary changes tend to be enhanced
to a similar degree as the central tumor on contrast-
enhanced CT scan. On T2-weighted MR imaging, how-
ever, post-obstructive atelectasis and pneumonitis often
show higher signal intensity than does the central tu-
mor. BOURGOUNIN et al. (1991) evaluated the histologi-
cal findings of obstructive pneumonitis or atelectasis in

patients who had undergone surgical resection of lung
cancer and had been evaluated preoperatively with MR
imaging. They found that cholesterol pneumonitis and
mucus plugs displayed higher signal intensity than the
tumor on T2-weighted images, while atelectasis and
organizing pneumonitis were isointense to the tumor.
Kono et al. (1993) described a series of 27 patients with
central lung cancer associated with atelectasis or ob-
structive pneumonitis (Fig. 11.13). These patients were
examined with post-contrast enhanced T1-weighted
MR imaging and the central tumor could be differen-
tiated from adjacent lung parenchymal disease in 23
out of 27 patients (85%). The tumor was of lower sig-
nal intensity than the adjacent lung disease in 18 cases
(67%) and of higher signal intensity in 5 (18%). These
differences in signal intensity between primary tumor
and secondary change were considered to be due to the
presence of invasion of pulmonary vasculatures. There-
fore, the use of T2-weighted or post-contrast enhanced
T1-weighted images for assessment of tumor size and
secondary change may be helpful for precise evaluation
of tumor extent at the initial staging and for accurate
prognosis for patients and assessment of therapeutic ef-
fect after conservative therapy and/or for comparative
studies of standard and new chemo- and/or radiother-
apy regimens (OHNoO et al. 2000).

Fig.11.13a-e. A 59-year-old male with adenocarcinoma. Thin-
section CT (a) shows atelectasis in the right middle and lower
lobe. Contrast enhanced thin-section CT (b) shows homoge-

neously enhanced ateletasis and pleural effusion, but the extentof

the tumor cannot be determined. Black-blood T1-weighted (c)
and T2-weighted (d) see next page
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Fig. 11.13a-e. (continued) images show atelectasis and the tumor as, respectively, low and intermediate signal intensity.

Mediastinal invasion is suspected,while pleural effusion is clearly seen. Post-contrast black-blood T1-weighted image (e)
clearly shows the extent of lung cancer and secondary change (arrow)

11.4.1.3
Chest Wall Invasion

Chest wall invasion used to be considered a contrain-
dication for surgical excision of lung cancer, but recent
surgical advances have made chest wall excision feasible
for the treatment of locally aggressive lung cancer and
giving patients a better chance of survival (MAGDE-
LEINAT et al. 2001). Preoperative visualization of chest
wall invasion may therefore be helpful for surgical plan-
ning. On conventional CT scan, rib destruction is the
only reliable sign of chest wall invasion since soft tissue
masses in the chest wall correlate statistically with chest
wall invasion. However, they are not reliable indicators
for an individual patient, so that focal chest pain may
still be the most reliable indicator of chest wall invasion.
In fact, the reliability of conventional CT assessment of
chest wall invasion in lung cancer patients varies widely
with reported sensitivities ranging from 38% to 87%
and specificities from 40% to 90% (QuUINT and FRANCIS
1999). In addition to the technique of inducing artificial
pneumothorax described elsewhere (WATANABE et al.
1991; Yoxko1 et al. 1991), MURATA et al. (1994) reported
that dynamic expiratory multi-section CT reviewed as
a cine loop was 100% accurate for identification of both
chest wall and mediastinal invasion.

Another study has suggested that ultrasound (US) is
an effective technique for diagnosis of chest wall inva-
sion (Suzuki et al. 1993). In this study, 120 lung cancer
patients were examined, in 19 of whom invasion was
pathologically proved. Sensitivity, specificity and accu-
racy of US were 100%, 98%, and 98%, respectively, while
the corresponding values for conventional CT used in
the same study were only 68%, 66%, and 67% (Suzuk1

et al. 1993). Therefore, US is also considered useful for
assessment of chest wall invasion by some chest physi-
cians, although the diagnostic capability of US depends
on the experience and technical capability of the clini-
cian.

Because of its multiplanar capability and better tissue
contrast resolution compared to CT, MR imaging has
also been advocated as effective for assessment of chest
wall invasion (RAPOPORT et al. 1988; HEELAN et al.
1989; WEBB et al. 1991; PADOVANI et al. 1993; BoNoMoO
et al. 1996). Sagittal and coronal plane images are bet-
ter than axial CT images for displaying the anatomical
relationship between tumor and chest wall structures
(BonoMo et al. 1996; FREUNDLICH et al. 1996). MR im-
aging shows infiltration or disruption of the normal ex-
tra pleural fat plane on T1-weighted images or parietal
pleural signal hyper intensity on T2-weighted images
(Fig. 11.14). In addition, when STIR turbo SE imaging
is used for this purpose, it can demonstrate lung can-
cer as high signal intensity within the suppressed signal
intensities of chest wall structures, enabling clinicians
to easily determine the tumor extent within chest wall
(Fig. 11.14c). Moreover, PADOVANT et al. (1993) have
suggested that the diagnostic yield can be further im-
proved by intravenous administration of contrast me-
dia. In addition, superior sulcus or Pancoast tumors
are good candidates for the demonstration of chest wall
invasion on MR imaging. Since superior sulcus tumors
occur in close proximity to the lung apex, their imaging
has to include an evaluation of the relationship between
the tumor and the brachial plexus, subclavian artery
and vein, and adjacent chest wall. The axial scan plane
of a CT scan is suboptimal for examining the lung apex
where superior sulcus tumors are located, while direct
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sagittal and coronal MR images are superior to CT for
evaluating the local extent of disease in patients with
superior sulcus tumors (RAPOPORT et al. 1988; HEE-
LAN et al. 1989; WEBB et al. 1991; PADOVANT et al. 1993;
Bonomo et al. 1996; FREUNDLICH et al. 1996). HEELAN
et al. (1989) examined a series of 31 patients with supe-
rior sulcus tumors imaged with both CT and MR, and
found that MR imaging showed 94% correlation with
surgical and clinical findings, whereas the CT scans had
an accuracy of only 63% for evaluating tumor invasion
through the superior sulcus.

SAKATI et al. (1997) used dynamic cine MR imag-
ing during breathing rather than static MR imaging for
evaluating chest wall invasion in lung cancer patients.
This study evaluated the movement of the tumor along
the parietal pleura during the respiratory cycle displayed
with a cine loop in a manner similar to dynamic expi-
ratory multi-section CT (MURATA et al. 1994). Where
the tumor had invaded the chest wall, it was fixed to the
chest wall, while without invasion, the tumor was seen
to move freely along the parietal pleura. In this study,
the sensitivity, specificity, and accuracy of dynamic
cine MR imaging for the detection of chest wall inva-
sion were 100%, 70%, and 76%, respectively, and those
of conventional CT and MR imaging were 80%, 65%,
and 68% (SAKATI et al. 1997). Of special significance is

Fig. 11.14a-c. A 71-year-old male with ad-
enocarcinoma in the right upper lobe. Contrast
enhanced thin-section CT (@) and conventional
T1-weighted SE (b) images suggest chest wall
invasion. STIR turbo SE (c) image also clearly
shows chest wall invasion and tumor extent

that the negative predictive value of dynamic cine MR
imaging in this study was 100% without any need for
ionizing radiation exposure. Dynamic cine MR imag-
ing, when used in conjunction with static MR imaging,
is therefore considered useful for further improvements
of the assessment of chest wall invasion in lung cancer
patients.

Currently, multiplanar capability, faster scan time
and better spatial resolution of thin-section MDCT
images may improve the diagnostic capability of CT
for evaluation of chest wall invasion in NSCLC pa-
tients similar to that of mediastinal invasion. MR imag-
ing is still considered to have superior tissue contrast
compared with MDCT. HigasHINO et al. (2005) also
reported that thin-section sagittal MPR imaging with
1 mm section thickness could significantly improve di-
agnostic accuracy for chest wall invasion in comparison
with routine MDCT with 5 mm section thickness, and
showed slightly better diagnostic capability than thin-
section MDCT with 1 mm section thickness. Therefore,
further investigations as well as comparative studies of
thin-section MDCT imaging and MR imaging used as
described here, or of newly developed techniques will
be needed to determine the actual significance of MR
imaging for assessment of chest wall invasion in routine
clinical practice.
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11.4.1.4
MR Assessment
of Respiratory Tumor Motion

The general objective of radiotherapy is to achieve tumor
control by depositing a lethal dose in the target volume
including potential microscopic spread of cancer cells,
while sparing surrounding organs and tissue as best as
possible. Therefore, precise localization of the target
volume is needed. Actually, the recent advances in ra-
diotherapy, including intensity modulated radiotherapy,
adaptive radiotherapy as well as image guided radiother-
apy allows for strong improvement of the accuracy of ir-
radiation treatment. However, patient motion and espe-
cially respiratory motion has become a major obstacle
for achieving high precision radiotherapy. Currently, in
classic radiotherapy for lung tumors, such motion is ac-
counted for with a generic target volume expansion, not
considering the individual patient breathing character-
istics and the mobility of the individual tumor. However,
it has been widely recognized that the motion pattern of
lung tumors and the breathing cycles vary greatly among
patients. This empiric approach includes all surrounding
healthy tissues that pass the planned target volume at
any time of the breathing cycle to create a safety margin.
Within this margin even the additional normal tissues
will be irradiated unnecessarily, causing tissue damage
or limiting the dose delivered to the target. Therefore it
is attractive to define an individual treatment plan by
limiting the irradiated volume to certain positions of the
tumor on its path during respiration (gated technique)
or to follow its respiratory movement (tracking tech-
niques) (L1 et al. 2008). Hence, the ultimate objective
for radiotherapy of moving targets is to localize precisely
the target in space and time in order to achieve a higher
dose to be applied to the target while the maximum dose
to the normal tissue is reduced, particularly for crit-
ical adjacent organs at risk. The better the delineation
between target and normal tissue the lower the probabil-
ity of complications and the higher the chance for tumor
control eventually enhanced by the possibility to even
increase tumor control by delivering an additional radi-
ation dose solely to the target. For dedicated treatment
planning, respiratory-gated four-dimensional (4D) MRI
could be used to exactly define tumor size and its three-
dimensional displacement during respiration in a single
examination. The fourth dimension beyond the 3D
space is time, in which patient motion and the change
of the position of the tumor will be recorded. Ideally, 4D
MRI would not only encode tumor and organ motion
information, but also provide time resolved 3D data sets
with reduced motion artifacts.

Numerous MR-based investigations of lung and tu-
mor motion in the literature have been limited to exam-
ining the motion in a single plane or in a small number
of orthogonal planes through the tumor. Two non-co-
planar image views provided critical motion charac-
terization, while the most significant displacement was
in the cranial-caudal direction (SHIMIZU et al. 2000).
For this purpose, the MR sequences derived from car-
diac imaging have been adapted for respiratory motion
analysis. These sequences were compared, demonstrat-
ing that fast imaging with a free precession steady-state
gradient-echo provided significantly higher SNR than
any fast low angle shot technique, while the latter had an
advantage in higher temporal resolution.

The correlation between external fiducial markers
(coils) and the internal organ motion was also studied
using single-slice 4D MRI (PLaTHOW et al. 2005). The
correlation coefficients in the three orthogonal direc-
tions for different breathing types (thoracic or abdomi-
nal) were about 0.8, similar in magnitude to 4D CT. This
quantitative information indicates that external fidu-
cial markers might be satisfactory for predicting organ
motion.

Volumetric 4D MR imaging was not possible before
the recent introduction of multi-channel parallel detec-
tion systems. Parallel acquisition improves the perfor-
mance of MR imaging by over an order of magnitude
compared to single-channel MR systems. The signal to
noise ratio (SNR) is usually degraded when using multi-
element coils for multichannel imaging. Consequently,
some of the gain in acceleration is sacrificed in order to
maintain image quality. Compared with single-slice im-
aging, which requires multiple slice directions to view
the critical motions of the moving organ, the volumet-
ric 4D technique catches the entire volume in a single
acquisition. However, single-slice 4D MR imaging has
a higher speed and can be used to study fast heart beat-
ing and forced breathing maneuvers. Further improve-
ment of 4D MR imaging may employ the view-sharing
technique using a variable sampling rate in k-space and
shares elements between image sets, reducing the ac-
quisition time by an appropriate approximation. This
technique, combined with parallel imaging, allows for
volumetric 4D MR imaging in respiratory motion stud-
ies. Then the acquisition time could be below 0.7 s for a
3D torso image using a 1.5-T MRI scanner.

Concluding, significant improvement in 4D MRI
has been made in the last years. Nevertheless 4D radia-
tion therapy is still in its early stages of development.
Promising advances are expected. At this point in time
4D MRI of lung tumor motion will play a larger role.
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11.4.2
MR Assessment of N Classification

The descriptor N classification refers to the presence
or absence of regional lymph node metastases (SOBIN
and WITTEKIND 2002). The definitions are given in
Table 11.4. In the absence of distant metastasis, locore-
gional lymph node spread will determine therapy and
prognosis. For patients without positive lymph nodes
(NO disease) or with only intrapulmonary or hilar
lymph nodes (N1 disease), direct resection remains
standard therapy. In case of positive ipsilateral medi-
astinal lymph nodes (N2 disease), chemotherapy com-
bined preoperatively with surgery or with concurrent
or sequential radical radiotherapy is a legitimate choice
(MARTINT et al. 1997; VANSTEENKISTE et al. 1998). If
patients have contralateral mediastinal lymph node
metastases (N3 disease), however, they are generally
rejected for surgery but will receive non-surgical com-
bination treatment.

CT has been the standard noninvasive modality for
staging of lung cancer. Enlarged lymph nodes (i.e. with
a short axis of more than 10 mm or a long axis of more
than 15 mm) are considered to be metastatic. Although
an increase in the size of mediastinal lymph nodes cor-
relates with malignant involvement in patients with
lung cancer, the sensitivity and specificity of this find-
ing are not very high because lymph nodes can be en-
larged due to infection or inflammation. In addition,
small nodes can sometimes contain metastatic deposits.
The RDOG reported that the sensitivity and specificity
of CT for N classification were only 52% and 69%, re-
spectively (WEBB et al. 1991), while the corresponding
values from the Leuven Lung Cancer Group (LLCG)
were 69% and 71% (DILLEMANS et al. 1994). Due to the
substantial limitation of CT for depicting mediastinal
lymph node metastases, additional mediastinoscopy
with biopsy is necessary for adequate assessment of hi-
lar and mediastinal nodes (GLAZER et al. 1984, 1985;
MusskT et al. 1986; PooN et al. 19987; LAURENT et al.
1988; WEBB et al. 1991, 1993; McLoubD et al. 1992).

Since the 1990s, FDG-PET has been used for dif-
ferentiation between metastatic and non-metastatic
lymph nodes based on the biochemical mechanism of
increased glucose metabolism or tumor cell duplica-
tion (WAHL et al. 1994; PaTz et al. 1995; BOISELLE et al.
1998; HigasHI et al. 1998; GupTA et al. 2000). However,
elevated glucose metabolism may occur secondary to
tumor, infection or inflammation (DEwAN et al. 1993;
PATZ et al. 1993), and spatial resolution in PET is infe-
rior to that of CT and MR, so that the diagnostic capa-
bility of the FDG-PET imaging is limited (GuPTA et al.

2000). A large number of prospective studies have com-
pared the diagnostic capability of N stage assessment
using CT and FDG-PET. A meta-analysis demonstrated
that FDG-PET was significantly more accurate than
CT for identifying lymph node involvement (GouLp
et al. 2003). In addition, the respective median sensitiv-
ity and specificity of CT were 61% (interquartile range,
50%-71%) and 79% (interquartile range, 66%-89%),
but those of FDG-PET were 85% (interquartile range,
67%-91%) and 90% (interquartile range, 82%-96%)
(Gourp et al. 2003). Moreover, it has been suggested
that FDG-PET is more sensitive but less specific when
CT showed enlarged lymph nodes [median sensitiv-
ity, 100% (interquartile range, 90%-100%); median
specificity, 78% (interquartile range, 68%-100%)] than
when CT showed no lymph node enlargement [median
sensitivity, 82% (interquartile range, 65%-100%); me-
dian specificity, 93% (interquartile range, 92%-100%];
P=0.002)] (GouLp et al. 2003).

Since the introduction of MR imaging for assess-
ment of lung cancer, the criteria for tumor involvement
within lymph nodes depend solely on lymph node size,
and were very similar to CT criteria. In some cases,
however, histological examination has shown that a
normal-sized regional lymph node may have metas-
tases, and that nodal enlargement can be due to reac-
tive hyperplasia or other non-malignant conditions.
The detectability of calcifications, which are indicative
for a benign lesion, is also limited for MRI when com-
pared with CT. The direct multiplanar capability of MR
imaging, however, is an advantage for the detection of
lymph nodes in areas that are sub-optimally imaged in
the axial plane, such as in the aorto-pulmonary (AP)
window and subcarinal regions (WEBB et al. 1991; Bo1-
SELLE et al. 1998).

Recently, cardiac- and/or respiratory-triggered con-
ventional or black-blood STIR turbo SE imaging has
been recommended for detection of metastatic tumors
and metastatic lymph nodes (FujimoTo et al. 1995; Eu-
STACE et al. 1998; TAKENAKA et al. 2002; OHNO et al.
2004d, 2007¢; Kawar et al. 2006). These novel sequences
may make to quantitatively assess the signal intensity of
lymph nodes by means of comparison with a 0.9% nor-
mal saline phantom (TAKENAKA et al. 2002; OHNO et al.
2004d, 2007¢). The STIR turbo SE sequence is a simple
sequence, which can be easily included in clinical pro-
tocols to yield net of T1- and T2-relaxation times. On
STIR turbo SE images, metastatic lymph nodes exhibit
high signal intensity and non-metastatic lymph nodes
low signal intensity (Figs. 11.15 and 11.16). Several
studies have reported that sensitivity, specificity and
accuracy of quantitatively and qualitatively assessed
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Fig. 11.15a-c. A 77-year-old male with adenocarcinoma (NO). Integrated FDG-PET/CT (a) dem-
onstrates high uptake of FDG in primary tumor, but no uptake in mediastinal and hilar lymph nodes,
suggesting NO. Black-blood STIR turbo SE imaging on axial (b) and coronal (c) planes show the
primary tumor as high intensity, but mediastinal (arrow) and hilar (arrow head) lymph nodes as low
signal intensity, suggesting NO

STIR turbo SE imaging ranged between 83.7% and
100.0%, between 75.0% and 93.1%, or between 86.0%
and 92.2% on a per-patient basis (FujiMmoTo et al. 1995;
TAKENAKA et al. 2002; OHNO et al. 2004d, 2007¢). Di-
rect and prospective comparisons with CT on a per-pa-
tient basis demonstrated that sensitivity and accuracy
of quantitatively and qualitatively assessed STIR turbo
SE imaging are significantly higher (OHNO et al. 2004d).
In addition, direct and prospective comparisons with
co-registered FDG-PET/CT showed that quantitative
sensitivity and accuracy of STIR turbo SE imaging were

significantly higher (OnNo et al. 2007¢). STIR turbo SE
imaging thus should be considered as capable of en-
hancing the diagnostic capability of N classification not
only due to its multiplanar capability but also its sen-
sitive and accurate assessment of relaxation time dif-
ferences between metastatic and non-metastatic lymph
nodes. It should therefore be considered at least as valu-
able as FDG-PET/CT. In fact, MR imaging with STIR
turbo SE imaging may be discussed as a substitute for
FDG-PET or PET/CT.
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Fig. 11.16a-c. A 74-year-old male with adenocarcinoma (N1). Integrated FDG-PET/CT (a) demonstrates no up-
take of FDG in the mediastinal and faint uptake in the hilar lymph nodes, suggesting NO, which was false-negative.
Black-blood STIR turbo SE imaging on axial (b) and coronal (c) planes shows the hilar lymph node (arrow) as high

signal intensity, suggesting N1 which was true-positive

11.4.3
MR Assessment of M Classification

The descriptor M relates to the presence of distant me-
tastasis (M1) or its absence (M0) (SoBIN and WITTE-
KIND 2002). The definitions are given in Table 11.5. Lung
cancer can metastasize widely and involve many organs,
including the brain, bone, liver, and adrenal glands. The
presence of metastasis beyond the intrathoracic lymph
nodes is considered an indication of metastatic disease

(M1) and implies surgical non-resectability. Patients
with distant metastases carry a very poor prognosis and
are generally treated with chemotherapy, radiotherapy,
or both or with optimal supportive care. In most cases,
extrathoracic imaging is indicated for patients with lung
cancer and symptoms localized to a specific organ. At
present, however, there is no consensus regarding the
efficacy of extrathoracic imaging for presumably resect-
able lung cancer without signs or symptoms localized to
a specific organ (WONG et al. 1999).
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The observation of metastases in patients with
NSCLC has major implications for management and
prognosis. Extrathoracic metastases are present in ap-
proximately 40% of patients with newly diagnosed lung
cancer at presentation, most commonly in the adrenal
glands, bones, liver, or brain (PANTEL et al. 1996; QUINT
et al. 1996). After radical treatment for apparently local-
ized disease, 20% of the patients developed an early dis-
tant relapse, probably due to systemic micrometastases
that were present but not detected or visualized at the
point of initial staging (PANTEL et al. 1996). SILVESTRI
et al. (1995) updated a meta-analysis for the systemic
evaluation of extrathoracic metastases in potentially re-
sectable NSCLC patients. This study calculated that the
negative predictive value was equal to or more than 90%
for the clinical evaluation of patients asymptomatic for
brain, abdominal, or bone metastases (SILVESTRI et al.
1995). These findings are consistent with the findings
of a retrospective analysis of 755 patients with clinical
stage T1-2 NO disease, which found only five sites with
silent metastasis after extensive imaging for extratho-
racic disease (TANAKA et al. 1999). The current recom-
mendation from the American College of Chest Physi-
cians (ACCP) therefore suggests that further diagnostic
testing is necessary to confirm the presence of disease
only in patients with abnormal findings on clinical eval-
uation, although the positive predictive values among
the studies included in their meta-analysis were highly
variable (ToLoza et al. 2003; SILVESTRI et al. 2007). For
purposes of TNM classification, however, it would be
necessary to perform in-depth surveillance of potential
sites of extra-thoracic metastases for all lung cancer pa-
tients. In addition, accurate diagnosis of extra-thoracic
metastases may be helpful for clinicians to provide the
most appropriate treatment and/or management for
lung cancer patients.

11.4.3.1
Adrenal Gland Metastasis

Enlarged adrenal glands can be visualized on CT at ini-
tial presentation in nearly 10% of NSCLC patients, and
approximately two-third of these adrenal lesions are
benign or asymptomatic (OLIVER et al. 1984; ETTING-
HAUSEN and BURT 1991). Therefore, without pathologic
proof of metastatic disease, the presence of an isolated
adrenal mass in a patient with otherwise operable
NSCLC should not preclude radical treatment. If the
CT scan is performed without intravenous contrast me-
dia and an adrenal lesion is identified, measurement of
the CT scan attenuation value can be helpful for distin-

guishing metastasis from adenoma (BoLAND et al. 1998;
SzoLAR and KAMMERHUBER 1998). PET can also be a
useful adjunct in this setting because the sensitivity and
specificity of PET have been reported as ranging from
80% to 100% in the past literatures. This high sensitivity
and specificity may result in a reduction of the number
of unnecessary biopsies, which are not without risk and
not always diagnostic (ERasMUs et al. 1997; MAROM
et al. 1999). However, careful interpretation of PET is
required for small lesions less than 10 mm in diameter,
since experience with these is still limited (SCHREVENS
et al. 2004). In addition, false-positive findings on PET
have also been reported, and the incidence of false-
positive findings is increasing. Currently, MR imaging
is also considered helpful for distinguishing metastasis
from adenoma when an adrenal lesion is detected by
CT. Visual assessment of adrenal lesions using chemical
shift MR imaging may characterize a lesion as an ad-
enoma on the basis of reduced signal intensity of the
lesion on opposed-phase images as compared with that
on in-phase images (KOROBKIN et al. 1995; SCHWARTZ
et al. 1998; HussAIN and KorROBKIN 2004). KOROBKIN
et al. (1995) applied this technique to 51 adrenal lesions
and reported a sensitivity of 100% and specificity of
81% for the characterization of adenomas.

11.4.3.2
Bone Metastasis

Bone involvement is usually assessed by 99mTechnetium
methylene diphosphate (*"Tc-MDP) or hydroxymeth-
ylene diphosphate (*"Tc-HMDP) bone scintigraphy.
Although sensitivity of bone scintigraphy has been
reported as high as 90%, its specificity was only about
60% due to false-positive findings caused by the non-
selective uptake of the radionuclide tracer in any area
of increased bone turnover (SCHREVENS et al. 2004).
Consequently, additional imaging by X-ray, bone CT,
and/or MR imaging is often required. PET is reported
to have similar sensitivity, but higher specificity and ac-
curacy (equal to or more than 90%, equal to or more
than 98% and equal to or more than 96%, respectively)
(BURY et al. 1998; MArOM et al. 1999). PET is therefore
considered superior to bone scintigraphy for the detec-
tion of bone metastases. Currently, MR imaging with
the use of various sequences such as T1-weighted SE or
turbo SE imaging, T2-weighted turbo SE imaging, STIR
turbo SE imaging, contrast-enhanced T1-weighted SE
or turbo SE imaging, or diffusion-weighted MR imag-
ing is deemed useful for assessment of muscle-skeletal
tumors and metastasis from various malignancies
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(WEINBERGER et al. 1995; VANEL et al. 1998; MENT-
ZEL et al. 2004; PARK et al. 2004; TOKUDA et al. 2004;
Goo et al. 2005). However, only one study has directly
compared the diagnostic capability of MR imaging and
bone scintigraphy and found that sensitivity, specificity
and accuracy of MR imaging were 80%, 96% and 93%,
respectively, being superior to bone scintigraphy (40%,
92%, and 83%), although the difference was not signifi-
cant (EARNEST et al. 1999).

11.4.3.3
Brain Metastasis

Some investigators have reported that brain MR imaging
is useful for evaluation of asymptomatic brain metasta-
ses in patients with operable lung cancer (HILLERS et al.
1994; EARNEST et al. 1999; Yokor et al. 1999). FDG-
PET is not suitable for the detection of brain metastases
since the sensitivity of PET is low due to the high glucose
uptake of normal surrounding brain tissue. CT and/or
MR imaging remain the method of choice for screening
brain metastases. Yokor1 et al. (1999) compared the ef-
ficacy of MR imaging and CT scans of brain in 332 pa-
tients with potentially operable asymptomatic NSCLC.
Within 12 months of diagnosis, brain metastases were
detected in 7% of the patients in this series. Preopera-
tively, brain metastases were detected in 3.4% of the pa-
tients by MR imaging and in 0.6% of the patients by CT
scans. Other investigators have reported on the utility of
contrast-enhanced brain MR imaging and found a high
prevalence of asymptomatic brain metastasis in 28% of
patients identified with contrast-enhanced brain MR
imaging (EARNEST et al. 1999). These findings suggest
that preoperative brain MR imaging may be effective for
patients with lung cancer.

1.4.3.4

Whole-body MR Imaging

for Assessment of M Classification
in Lung Cancer Patients

Findings of a recent randomized trial suggest that
the addition of whole-body FDG-PET scanning to a
conventional workup can identify more patients with
extra-thoracic metastases among those with suspected
NSCLC (vaN TINTEREN et al. 2002). However, recent
advances in MR techniques such as fast imaging and
moving table techniques make it possible to perform
total body MR imaging. Its usefulness has been
investigated in the staging of breast cancer and the

search for primary lesions in patients with metastatic
carcinoma from an unknown primary lesion (EUSTACE
et al. 1998; WALKER et al. 2000; ANTOCH et al. 2003;
LAUENSTEIN et al. 2004; TAKAHARA et al. 2004;
GOEHDE et al. 2005; ScumMmIDT et al. 2006). It was
concluded that total body MR imaging may constitute
a single, cost-effective imaging test for patients with
metastatic carcinoma from an unknown primary
(EusTACE et al. 1998; WALKER et al. 2000; ANTOCH et al.
2003; LAUENSTEIN et al. 2004; TAKAHARA et al. 2004;
GOEHDE et al. 2005; ScHMIDT et al. 2006). However,
the potential of total body MR imaging for lung cancer
staging has not yet been satisfactorily delineated.
OnNo et al. (2007d) performed a direct comparison of
the diagnostic capability of whole-body MR imaging
and FDG-PET for the M classification (Fig. 11.17 and
11.18). They reported that the interobserver agreement
for whole-body MR imaging was substantially, but not
significantly better than for whole-body FDG-PET on
a per-site basis and a per-patient basis (OHNO et al.
2007d). For assessment of head and neck metastases,
sensitivity (84.6%) and accuracy (95.0%) of whole-body
MR imaging were significantly higher than those of
FDG-PET (15.4% and 89.1%, respectively) on a per-site
basis (OHNO et al. 2007d). In addition, the specificity
(96.1%) and accuracy (94.8%) of whole-body MR
imaging for bone metastasis were significantly higher
than those of FDG-PET (88.3% and 88.2%, respectively)
on a per-site basis (OHNO et al. 2007d). However,
when brain metastases were excluded from head and
neck metastases, sensitivity, specificity and accuracy of
whole-body MR imaging were not significantly different
from those of FDG-PET, nor were they for diagnosis of
thoracic, abdominal and pelvic metastases (OHNO et al.
2007d). In addition, when evaluation on a per-patient
basis of M classification included brain metastases
as head and neck metastases, accuracy (80.0%) of
whole-body MR imaging was significantly better than
that of FDG-PET (73.3%), while exclusion of brain
metastases from head and neck metastases, resulted in
no significant differences in sensitivity, specificity and
accuracy between whole-body MR imaging and FDG-
PET (OnNoO et al. 2007d). Whole-body MR imaging is
therefore an accurate diagnostic technique, and should
be considered at least as effective as FDG-PET for M
classification of lung cancer patients (Figs. 11.17 and
11.18). However, further investigations will be needed
to determine the actual significance of whole-body
MR imaging as a potential substitute for FDG-PET or
PET/CT.
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Fig. 11.17a,b. A 68-year-old female with adenocarcinoma and
lumbar vertebra (L1) metastasis. Integrated FDG-PET/CT (a)
shows high uptake of FDG at the vertebral arch (arrow), suggesting
bone metastasis, which was true-positive. On sagittal whole-body
MR images (b): L to R, non-contrast enhanced T1-weighted GRE
image; STIR turbo SE image; and contrast enhanced T1-weighted
GRE image, bone metastasis (arrow) is obvious, which was true-

positive
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Fig. 11.18a,b. A 67-year-old male with adenocarcinoma and brain metas-
tasis. Integrated FDG-PET/CT (a) does not show any abnormal uptake, and
suggesting MO, which was false-negative. Contrast enhanced whole-body
T1-weighted GRE (b): L to R, coronal and sagittal planes clearly shows brain
metastasis, suggesting M1, which was true-positive
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