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Abbreviations

ADC Apparent diffusion coefficient

AUC Area under the curve

BF Blood flow

BV Blood volume

CT Computed tomography

DCE-MRI Dynamic  contrast  enhanced
magnetic resonance imaging

DWI Diffusion-weighted imaging

DWIBS Diffusion-weighted imaging with
background tissue suppression

FDG Fluoro-deoxy-glucose

GE Gradient-echo

GGOs Ground glass opacities

HU Hounsfield units

IVIM Intravoxel incohorent motion

Ker Outflow rate constant

Krans Inflow transfer constant

MRI Magnetic resonance imaging

MTT Mean transit time

MVD With micro-vessel density

NSCLC Non-small cell lung cancer

PET Positron emission tomography

PMB Permeability

QT Chemotherapy

RT Radiotherapy

SCLC Small cell lung cancer

SS EPI Single shot echo planar imaging

STIR Short tau inversion recovery

SUv Standardized uptake ratio

V. Interstitial volume

VEGF Vascular endothelial growth factor

VPCT Volume perfusion CT
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29.1 Introduction

Lung cancer is a common malignancy and an
estimated 228,190 new cases will be diagnosed
in the USA in 2013 (American Cancer Society
www.cancer.org). Imaging has an important role
in the detection, diagnosis, and staging of the dis-
ease as well as in assessing response to therapy
and monitoring for recurrence after treatment.
This chapter will emphasize the appropriate use
of positron emission tomography (PET-CT) in
the management of patients with lung cancer and
will briefly review new techniques that can be
used to evaluate patients with lung cancer such as
perfusion CT and functional MRI.

29.2 Diagnosis

Although the majority of patients with NSCLC
present with advanced disease, a significant pro-
portion of lung cancers manifest as a solitary
pulmonary opacity [1]. Unfortunately, many
benign and malignant opacities have similar
morphologic features on conventional imag-
ing and remain indeterminate after radiologic
evaluation. However, FDG-PET-CT can be used
to improve the characterization of focal pulmo-
nary opacities as small as 7 mm [2-5]. FDG
uptake can be assessed visually on PET images
by comparing the activity of the lesion with
that of the background or by semiquantitative

analysis using calculated standardized uptake
values whereby the attenuation-corrected FDG
uptake is normalized to the injected dose and the
patient’s body weight. Although a standardized
uptake ratio of >2.5 is generally considered to be
indicative of malignancy, a prospective trial in
585 patients (496 malignant and 89 benign nod-
ules) showed that nodule with low SUV (<2.5)
was associated with a 25 % likelihood of malig-
nancy (Fig. 29.1). FDG-PET-CT has an overall
sensitivity, specificity, and accuracy of 96, 88,
and 93 % [6].

It is important to emphasize that the published
data regarding FDG-PET evaluation of solitary
pulmonary opacities indicating high sensitiv-
ity, specificity, and accuracy mostly pertains to
nodules that are both solid and 1 cm or greater
in diameter. Limitations in spatial resolution can
result in false-negative studies when nodules
smaller than 1 cm in diameter are evaluated [5, 7]
Although there is little published data to deter-
mine the appropriate role of FDG-PET in the
evaluation of nodules <1 c¢m in diameter, in gen-
eral, because the resolution of PET scanners is in
the order of 5 mm, FDG-PET-CT is not recom-
mended in the routine evaluation of small nod-
ules. In addition to the limitation of evaluating
small nodules, FDG-PET also has low sensitivity
for slow-growing neoplasms such as carcinoid
tumors and subsolid nodules. In fact, on FDG-
PET imaging, pulmonary carcinoid tumors usu-
ally have lower FDG uptake than expected for

Fig. 29.1 A 64-year-old man with a primary lung adenocarcinoma. (a) CT shows a spiculated nodular opacity in the
left upper lobe. (b, ¢) PET-CT image shows low FDG uptake within the nodule (SUV 2)
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Fig.29.2 A 40-year-old
man with pulmonary
carcinoid tumor. (a, b) Axial
and coronal CT shows a
well-defined pulmonary
nodule (2.6 cm), in the left
upper lobe. (¢, d) PET-CT
image shows no FDG uptake
within nodule

malignant tumors (Fig. 29.2). Additionally, PET
sensitivity is poor in the evaluation of NSCLC
manifesting as subsolid nodules, particularly
ground-glass opacities (GGOs) which can be
due to atypical adenomatous hyperplasia, adeno-
carcinoma in situ (previously bronchioloalveolar
carcinoma), and minimally invasive adenocarci-
noma (previously adenocarcinoma with a pre-
dominant bronchioloalveolar component) due to
a paucity (Figs. 29.3 and 29.4) [8, 9]. In terms of
GGOs, Nomori et al. have reported a sensitivity
of 10 % and specificity of 20 % (compared to 90
and 71 %, respectively, for solid nodules in the
same study), i.e., nine of ten well-differentiated
adenocarcinomas manifesting as ground-glass
nodular opacities were falsely negative on

e
L L

FDG-PET, while four of five benign ground-
glass nodular opacities were falsely positive
[7]. However, a review by Godoy and Naidich
recommended that PET-CT could be warranted
in GGOs with a mixed solid component as they
represent a greater likelihood of being an inva-
sive malignancy [10]. They postulate that the
lower uptake of FDG in adenocarcinomas with
bronchioloalveolar features may be of value in
differentiating these malignancies from mixed
subtypes of adenocarcinoma (Figs. 29.4 and
29.5). In this regard, the greater the FDG uptake,
the greater the correlation with worse survival,
while low uptake is associated with an indolent
nature, lack of intratumoral lymphatic invasion,
and nodal metastasis [10].
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Fig. 29.3 A 60-year-old woman with a primary lung
adenocarcinoma. (a) CT shows a pure ground-glass nodu-
lar opacity (GGO) in the left lower lobe. (b, ¢) PET-CT
image shows no FDG uptake within the GGO. Note

aise

Fig. 29.4 A 66-year-old woman with a primary lung
adenocarcinoma. (a) CT shows a pulmonary subsolid
nodule with mixed ground-glass and solid attenuation

29.3 Staging

The treatment and prognosis of patients with
NSCLC depends on staging.

Patients with NSCLC are typically staged
prior to therapy according to the recommenda-
tions of the International Staging System for
Lung Cancer [11]. This system describes the

although uncommon, adenocarcinomas manifesting as a
small, pure GGOs commonly have no invasive component
on histology and typically have low FDG uptake

(2.5 cm), in the left lower lobe. (b, ¢) PET-CT image
shows no FDG uptake within the nodule

extent of NSCLC in terms of the primary tumor
(T descriptor), lymph nodes (N descriptor),
and metastases (M descriptor). The T descrip-
tor is more optimally assessed by CT than PET
due to the inherent poor resolution of PET
scanners. In terms of the N and M descriptors,
imaging is usually directed at detecting non-
resectable disease, particularly contralateral
hilar/mediastinal and supraclavicular nodal
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Fig. 29.5 A 67-year-old woman with a primary lung
adenocarcinoma. (a) CT shows a pulmonary subsolid
nodule with mixed ground-glass and solid attenuation
(partially solid) (2.7 cm), in the left upper lobe. (b, ¢, d)
PET-CT image shows FDG uptake within the solid com-

metastases and distant metastases (N3 and M1,
respectively). The detection of N3 and/or M1
is important as these typically preclude surgi-
cal resection or require additional chemother-
apy or radiotherapy. Whole-body FDG-PET is
an important component of NSCLC staging,
particularly in patients considered to be poten-
tially resectable, as it improves the detection
of nodal and distant metastases in patients
staged with CT and frequently alters patient
management [12—17].

ponent of the nodule with an SUV of 4.8. Note that the
GGO area shows no FDG uptake. Note the likelihood of
invasive adenocarcinoma is high with mixed ground-glass
and solid opacities, especially when the soft-tissue com-
ponent is greater than two-thirds of the nodule

29.3.1 Regional Lymph Nodes

The presence and location of nodal metastasis are
of major importance in determining management
and prognosis in patients with NSCLC [18].
CT is almost uniformly used to evaluate hila
and mediastinal lymph nodes. Size is the only
criterion used to diagnose nodal metastases, with
nodes greater than 1 cm in short-axis diameter
considered abnormal. However, lymph node size
is not a reliable parameter for the evaluation of
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Fig. 29.6 A 58-year-old man with primary lung adeno-
carcinoma. (a) Contrast-enhanced CT shows a pulmonary
nodule (2 cm) in the left upper lobe and a less than 1 cm

nodal metastatic disease in patients with NSCLC
[19-21]. Because surgical resection and poten-
tial use of adjuvant therapy are dependent on the
patient’s N descriptor, attempts have been made
to improve the accuracy of detection of nodal
metastases.

FDG-PET complements CT findings and
provides information on locoregional nodal
staging that impacts management [15, 22, 23].
In a meta-analysis comparing PET and CT in
nodal staging in patients with NSCLC, the sen-
sitivity and specificity of FDG-PET for detect-
ing mediastinal lymph node metastases ranged
from 66 to 100 % (overall 83 %) and 81-100 %
(overall 92 %), respectively, compared to sensi-
tivity and specificity of CT of 20-81 % (overall
59 %) and 44-100 % (overall 78 %), respec-
tively [22] (Fig. 29.6). FDG-PET-CT should be
considered in all patients without CT findings
of distant metastasis regardless of the size of
mediastinal nodes, to detect occult nodal metas-

ipsilateral hilar lymph node. (b, ¢) PET-CT image shows
FDG uptake within nodule (SUV 12) and hilar lymph
node

tasis and direct nodal sampling [15, 24, 25]. It
is important to emphasize that the number of
false-positive FDG-PET results due to infec-
tious or inflammatory etiologies is too high to
preclude mediastinoscopy and mediastinoscopy
should be performed when nodal metastases
will have an impact on management [24, 26, 27]
(Figs. 29.7,29.8,29.9, and 29.10). Additionally,
mediastinoscopy should be performed when the
results of CT and PET are not congruent [24].

29.3.2 Metastatic Disease

Distant metastases (M1b) occur in 11-36 % of
patients with NSCLC at presentation, and metas-
tases are commonly to the lung, adrenals, liver,
brain, bones, and extrathoracic lymph nodes
[28]. The M1 descriptor is subclassified into M1a
(additional nodules in the contralateral lung) and
MI1b (distant metastases outside the lung and
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Fig. 29.7 A 68-year-old woman with primary lung
adenocarcinoma. (a) CT shows a left lower lobe heteroge-
neous mass, contacting with the pleura. (b) PET-CT
image shows FDG uptake within the mass with a central
area with no FDG uptake (necrosis within the mass).

pleura). CT is typically performed to detect M1
disease, but the accuracy is not optimal. Whole-
body FDG-PET-CT is increasingly being used to
improve the accuracy of staging. FDG-PET has
a higher sensitivity and specificity than CT in
detecting metastases to the adrenals, bones, and

(¢, d) Noncontrast CT (mediastinal window) shows left
hilar, subcarinal, and right paratracheal adenopathy. (e, f)
PET-CT image shows hilar (contralateral), subcarinal, and
right paratracheal FDG uptake

extrathoracic lymph nodes and has been reported
to have sensitivity, specificity, positive predic-
tive value, and negative predictive value of 83,
90, 36, and 99 %, respectively, for M1 disease
[15]. In fact whole-body PET-CT detects occult
extrathoracic metastases in up to 24 % of patients
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Fig. 29.8 A 70-year-old man with primary lung adeno-
carcinoma. (a) CT shows a left lower lobe heterogeneous
mass, contacting with the mediastinal pleura. (b) PET-CT
image shows FDG uptake within the mass (SUV 16). (¢)

selected for curative resection. In addition, the
incidence of detection increases as the T and N
descriptors increase, i.e., 7.5 % in early stage dis-
ease to 24 % in advanced disease, been shown to
be cost-effective [12, 15, 17, 29, 30]. Two studies
in patients being considered for surgical resec-
tion after standard clinical staging showed that
FDG-PET prevented nontherapeutic surgery in
one in five patients [15, 29].

29.4 Prognosis and Therapeutic
Response

NSCLC commonly presents with advanced disease
and chemotherapy is often important in the treat-
ment of these patients. However, following initia-
tion of chemotherapy, tumor progression can occur
in up to one-third of patients [31]. FDG-PET-CT
may allow an early and sensitive assessment of the
effectiveness of anticancer chemotherapy as FDG

Contrast-enhanced CT enlargement of the left adrenal
gland (1 cm). (d) PET-CT image shows FDG uptake of
left adrenal gland (SUV 7). Biopsy confirmed adrenal
metastases

uptake is not only a function of proliferative activ-
ity but is also related to viable tumor cell number
[32-35]. In NSCLC, use of SUV measurements
has been shown to be as accurate and reproducible
as more complex quantitative calculations based
on dynamic imaging [33]. However, there is no
clear consensus on when PET should be performed
or the most appropriate criteria for assessment of
tumor response by FDG-PET.

There have been a limited number of studies
on the use of FDG-PET for determining prog-
nosis and the monitoring of treatment response
in patients with NSCLC. Preliminary studies
suggest a possible role for PET as a prognostic
marker with the degree of increased FDG uptake
in the primary lesion at diagnosis related to
survival rate [36—41]. The threshold SUV used
for univariate analysis in these studies ranged
from 3.3 to 20. In a recent study, disease-free
survival of 98 patients with pathologic stage
I adenocarcinoma who underwent -curative
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Fig.29.9 A 65-year-old
man with primary lung
adenocarcinoma. (a) CT
shows a left upper nodule.
(b) Noncontrast CT shows
bilateral enlargement of
both adrenal glands. (c)
PET-CT image shows no
FDG uptake (adenomas)

Fig.29.10 A 55-year-old woman with primary lung ade-  with no cortical disruption. (¢) PET-CT image shows
nocarcinoma. (a) CT shows a left lower heterogeneous  FDG uptake of S1. Bone biopsy confirmed metastases
mass. (b) Spine CT (bone window) shows sclerosis of S1
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Fig.29.11 A 63-year-old man with primary lung adeno-
carcinoma. (a, b) CT and PET-CT prior to therapy show
marked increased FDG uptake by right upper lobe
(SUV17.5) and right superior paratracheal adenopathy. (c,
d) CT and PET-CT after therapy show decrease in size

resection was evaluated in relation to the SUV
to determine the prognostic significance of FDG
uptake on PET [41]. Twelve patients developed
recurrence of malignancy after a mean post-
resection period of 31 months. Ten (23 %) of the
43 patients with a SUV >3.3 developed recurrent
disease compared with 2 (4 %) of the 55 patients
with SUV <3.3 (p=.020). The authors concluded
that FDG uptake appears to be predictive of dis-
ease-free survival and postulate that FDG-PET
could be useful in determining the role of postop-
erative adjuvant chemotherapy in these patients.
Studies concerning treatment outcome and
prognosis have usually investigated the use of
FDG-PET following the completion of treatment
(Fig. 29.11) [42-44]. In one such prospective
study of the prognostic usefulness of FDG-
PET following the completion of definitive

and FDG uptake of the mass (SUV 12.4). Note there is
generally a significant association between marked
decrease in FDG uptake within the primary tumor and
patient outcome

radiotherapy (n=10) or chemoradiotherapy
(n=63) in 73 patients with unresectable NSCLC,
the authors reported a significant association
between the qualitative decrease in FDG uptake
within the primary tumor and mediastinal lymph
nodes and patient outcome and also confirmed
previous observations of the superior prognostic
value of FDG-PET compared to CT imaging fol-
lowing therapy [43].

FDG-PET has also been shown to be of value
in patients with locally advanced but poten-
tially resectable NSCLC who have completed
neoadjuvant therapy, by identifying those who
have had a pathological response to treatment
and may benefit from further locoregional con-
trol [45-49]. In a prospective trial of 93 patients
with NSCLC and biopsy-proven stage IIIA N2
disease, PET-CT was better than CT in evaluating
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these patients after induction chemoradiation
therapy. A decrease of 75 % in SUVmax of the
primary tumor was highly indicative of a com-
plete response, and a decrease by more than 50 %
of the N2 node initially involved with metastatic
cancer was highly indicative that there was no
residual metastatic disease in the node [48].

There have been comparatively few studies
assessing the value of early FDG-PET in assess-
ing tumor response while patients are still receiv-
ing therapy [50, 51]. A decrease in FDG uptake
before and after one cycle of chemotherapy may
predict outcome with improved survival directly
related to the magnitude of decreased uptake. In
a prospective study of 47 patients with locally
advanced but potentially resectable stage IITA N2
NSCLC who were receiving neoadjuvant chemo-
therapy, a reevaluation FDG-PET performed after
one cycle of induction chemotherapy showed that
a decrease in FDG uptake >35 % or greater cor-
related with increased survival (p=0.03) [51].

In summary, FDG-PET may have an important
role in the assessment of prognosis and therapeu-
tic response. However, a limitation to widespread
use and applicability is the lack of standardization
of scanning methods and SUV measurements as
well as lack of agreement on the optimal cutoff
levels for determination of response. A consen-
sus report by the Cancer Imaging Program of the
National Cancer Institute states that FDG-PET
can only be an important tool for assessing thera-
peutic efficiency in large multicenter trials after
the application of standard protocols pertaining
to patient preparation, image acquisition and
reconstruction, PET timing relative to therapy,
and image analysis [52]. More recently, Wahl
et al. have proposed guidelines that are useful in
standardizing the use of FDG-PET in the assess-
ment of tumor response [53].

29.5 RecurrentLung Cancer

In an attempt to prolong survival of patients
with recurrent malignancy after attempted cura-
tive treatment of NSCLC, patients can be treated
with repeat surgery, salvage chemotherapy,
or radiotherapy [54-57]. Relying on patient

symptomatology to determine persistent or local
recurrence of NSCLC can delay diagnosis and
compromise retreatment. FDG-PET can detect
local recurrence of tumor after definitive treat-
ment with surgery, chemotherapy, or radiother-
apy before conventional imaging and has been
reported to have a sensitivity of 98—100 % and
specificity of 62-92 % [58-61]. In one recent
prospective study of 62 patients who had under-
gone surgical resection of NSCLC, PET was able
to detect tumor recurrence (sensitivity 93 %,
specificity 89 %, and accuracy 92 %) and predict
which patients would benefit most from surgical
retreatment [62].

In summary, PET compliments conventional
radiologic assessment of NSCLC and is being
routinely used to improve the detection of nodal
and extrathoracic metastases. FDG-PET is also
currently being evaluated in the assessment of
prognosis and therapeutic response and by poten-
tially allowing an earlier assessment of response
may prove invaluable in the oncologic manage-
ment of patients.

29.6 Functional MRI
29.6.1 Diffusion-Weighted MRI (DWI)

DWTI has been explored in the evaluation of chest
malignancies in the last decade. Shortcomings,
such as motion artifacts related to breathing and
heart and vascular pulsation and susceptibility
artifacts associated with air-tissue interfaces,
to a large extent preclude widespread applica-
tion. However, recent technological improve-
ments have overcome many of these limitations
[63]. Currently an EPI sequence with spectral
fat-suppression and parallel imaging is typi-
cally performed. In addition, different tech-
niques of respiratory synchronization, such as
breath-holding or respiratory trigger, are applied
to avoid the macroscopic movement produced
by the respiratory motion. However, because of
time constraints, a cardiac trigger is usually only
used when performing DWI in the chest when
the lesion being evaluated is located immedi-
ately adjacent to the heart. Table 29.1 includes
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Table 29.1 Technical parameters of chest DWI sequence

Single-shot spin-echo EPI

Phased-array surface coil

b values: 0, 100, 500, and 1,000 s/mm?
FOV: 320-400

Parallel imaging acceleration factor of 2
Pixel resolution 2.5%2.5x 7 mm?
Spectral fat suppression

Number of slices 24

TR: 5,000 ms

TE: 53 ms (shortest)

Respiratory triggered

Three orthogonal motion-probing gradients

recommended technical parameters for chest
DWI. Diffusion-weighted imaging with back-
ground tissue suppression (DWIBS) is a DWI
sequence, using STIR as fat-suppression tech-
nique, usually used in whole-body MRI studies,
and has also been tested in the lung and medias-
tinum. DWI of the chest is now feasible in 1.5T
and 3T magnets, with similar performance [64].

At least two b values are needed to perform
ADC quantification, which is mandatory in the
evaluation of pulmonary or mediastinal lesions.
More complex methods of evaluation of diffu-
sion signal decay, such as Intravoxel Incoherent
Motion (IVIM), are also being investigated in the
chest [65].

29.6.1.1 Clinical Applications

Detection of Pulmonary Nodule

DWI performs reasonably well in the detec-
tion of pulmonary nodules with size over 5 mm
compared to multidetector CT [66]. DWIBS has
demonstrated similar accuracy and sensitivity
to PET-CT in detection of pulmonary metasta-
ses with similar rates of false-positive lesions
[67-69]. Noninvasive adenocarcinomas and
metastasis smaller than 1 cm may produce false-
negative results in both PET and DWI [70-73].

Pulmonary Nodule Characterization

Malignant pulmonary lesions usually show
higher signal on high b value DWI acquisitions
and lower ADC values than benign ones, due
to increased cellularity, higher tissue disorgani-
zation, and increased extracellular space tortu-
osity. DWI has shown promising results in the

differentiation between benign (Fig. 29.12) and
malignant nodules (Fig. 29.13). However, the
comparison of results between series is limited
due to lack of standardization in technical param-
eters, post-processing, and evaluation method.
Using threshold ADC values between 1.1 and
1.4x107* mm?)/s, pooled sensitivities between
70 and 90 % and specificities between 74 and
100 % have been reported [65, 74]. Furthermore,
a recent meta-analysis of the diagnostic perfor-
mance of DWI in this task indicated a pooled
sensitivity of 80 % and specificity of 93 %, with
an AUC of 0.91 [75]. In general, DWI performs
equivalently to PET in pulmonary lesion char-
acterization, with similar limitations, although
DWI tends to have less false-positives. False-
positives on DWI are related to benign inflam-
matory lesions, and potential false-negatives are
low-grade adenocarcinomas and metastasis.

Lung Cancer

DWI may be useful in distinction between lung
cancer types. In this sense, small cell lung can-
cer (SCLC) has demonstrated statistically sig-
nificant lower ADC values than non-small cell
lung cancer (NSCLC) [72]. In addition, DWI
may help in noninvasive assessment of histo-
logical grading of lung cancer. Several series
have shown significant higher ADC values in
well-differentiated adenocarcinomas compared
to more aggressive adenocarcinomas or [76],
squamous carcinomas [77]. Furthermore, DWI
has been proposed to accurately evaluate tumor
grade, mediastinal node stage, and degree of
invasiveness [78, 79]. In addition, ADC has
been proposed as a new prognostic marker
in NSCLC, demonstrating a good correlation
with tumor grade and with metastatic medias-
tinal nodes [79]. However, in the evaluation of
adenocarcinomas, there are contradictory data
about the capabilities of DWI in the detection of
invasive histologic subtypes [71, 77].

Other applications of DWI in lung cancer eval-
uation include distinction of central lung cancer
from postobstructive consolidation (Fig. 29.14)
(an important distinction in radiotherapy plan-
ning), assessment of Pancoast tumors, post-
treatment monitoring (Fig. 29.15), detection of
recurrence, and prediction of treatment response
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Fig. 29.12 A 75-year-old man presents an incidental
nodule in right lower lobe. Chest MRI was performed for
further assessment. SS EPI DWI with b values of 0 and
800 s/mm? (a, b) show disappearance with higher b values
of a well-defined hyperintense nodule in peripheral loca-

[65, 83]. An increase in ADC have been related
to good response to different types of treatment
[80, 98]. Preliminary data suggest that changes
in ADC as early as after one course of chemo-
therapy in advanced lung cancer can discrimi-
nate between responders and nonresponders in
a similar manner to SUV increase. Furthermore,
in the prediction of treatment response in lung
cancer, significant different progression-free
survival and overall survival between respond-
ers and nonresponders estimated by DWI have
been reported [81, 99]. Similarly, Yabuuchi
and colleagues demonstrated the superiority of
ADC to DCE-MRI-derived parameters in the
early assessment of response to chemotherapy
of advanced NSCLC. In this series, there was

tion of the right posterobasal segment, consistent with
absence of restriction of diffusion as confirmed in the
ADC map (c¢). The mean ADC value of the lesion was
2.3x10-3 mm?s. Biopsy confirms inflammatory origin

a significant correlation between early ADC
changes and reduction in tumor size as well as
an increase in the median progression-free sur-
vival in those with an increase in the ADC [82].
In addition, one series by Ohno and colleagues
revealed a better prediction of response to
chemoradiation of NSCLC patients using DWI
than FDG-PET-CT. The AUC, specificity, and
accuracy for the ADC were significantly larger
than for SUV . [83]. Similarly, Okuma and col-
leagues demonstrated a significant early increase
in ADC values of responding malignant lung
lesions treated with CT-guided radio frequency
[84, 102]. However, overall the prognostic value
of pretreatment ADC in patients with lung cancer
is unclear [80].
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Fig. 29.13 A 63-year-old man presents with acute
malignant collapse of L1 vertebral body. Whole-body
MRI was performed searching for primary malignancy.
(a) Axial black-blood STIR shows peripheral nodule in
right lung and ipsilateral hilar lymph node (arrow). (b, ¢)
Both lesions are hyperintense on DWI with b values of 0

Staging of NSCLC with DWI

Local staging (T staging) of NSCLC has not
been extensively studied with DWI. However,
DWI has shown promising results in the N
staging [85, 86]. In this sense, Nomori and col-
leagues demonstrated, using a DWI sequence
with respiratory trigger and spectral fat suppres-
sion, a significant increase in accuracy in the N
staging of NSCLC compared to PET, mainly
due to less over-staging [87]. Furthermore, an
inverse correlation between ADC and standard-
ized uptake value (SUV) on FDG-PET-CT has
been recently reported [88]. Conversely, several
series using a DWIBS sequence have achieved
less accuracy than PET-CT in the N staging of
lung cancer [70, 89]. Surprisingly, Ohno and
colleagues have recently obtained more sen-
sitive and/or more accurate assessment of N

and 1,000 s/mm?>. (d) Low signal intensity of both lesions
on ADC map confirms restriction of diffusion, suggesting
a malignant origin. Biopsy confirmed high-grade adeno-
carcinoma and metastatic hilar lymph node (arrows in all
images)

stage disease in patients with NSCLC using
STIR turbo SE MR imaging than with DWI
and FDG-PET-CT [90]. A recent meta-analysis
has proposed DWI as a reliable alternative to
FDG-PET-CT for the preoperative staging of
mediastinal and hilar lymph nodes in patients
with NSCLC, demonstrating similar sensitivity
and significant better specificity [91]. However,
the combined interpretation of MRI and PET-CT
enhances the detection of nodal metastasis in
patients with NSCLC [92].

Whole-body DWTI has also been proposed for M
staging of NSCLC, with similar results to PET-CT
(Fig. 29.16) [69, 70]. It is important to emphasize
that whole-body DWI should be used along with
morphological whole-body sequences in order to
improve the diagnostic accuracy [69]. In the spe-
cific case of bone metastasis, whole-body DWI has
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Fig. 29.14 Central squamous cell carcinoma with left

lung atelectasis. Fusion imaging of sagittal TSE
T2-weighted and DWI with a b value of 1,000 s/mm? at
the same level allows accurate differentiation of the tumor
borders (asterisks) from postobstructive pneumonitis.
Notice how central tumor shows a greater degree of
restriction than peripheral postobstructive pneumonitis

demonstrated better specificity and accuracy than
scintigraphy or PET-CT [93].

29.6.2 Dynamic Contrast-Enhanced
MRI (DCE-MRI)

DCE-MRI is noninvasive and is sensitive to
tumor perfusion parameters such as vascular
volume, vascular permeability, and flow. DCE-
MRI is able to accurately distinguish between
benign and malignant pulmonary nodules,
with reported sensitivities ranging from 94 to
100 %, specificities from 70 to 96 %, and accu-
racies >88 % [94]. Furthermore, DCE-MRI has
shown better specificity and accuracy than mul-
tidetector CT and co-registered PET-CT in the

differentiation between benign and malignant
nodules [70].

DCE-MRI enables the angiogenesis of pul-
monary nodules to be analyzed and also reflects
the presence of other tissue components such
as fibrosis, necrosis, or scarring. However, its
clinical implementation has been limited due to
difficulties to implement a robust and clinically
useful technique. Movement artifacts are an
important limitation and require the use of cor-
rection motion software. Visual assessment of
enhancement pattern, morphology of time inten-
sity curve, or derived parametric maps are useful
in differentiating between malignant and inflam-
matory lesions although an overlap is present
in the patterns of enhancement (Fig. 29.17)
[94, 95]. Currently, DCE-MRI is used as a prob-
lem-solving modality in clinical practice, espe-
cially in cases where CT or PET-CT results are
inconclusive. The opportunity to combine DCE-
MRI in the same protocol as morphological
STIR, T2-weighted and T1-weighted sequences,
and functional DWI makes chest MRI a power-
ful tool to assess lung cancer. Most commonly,
2D or 3D GE sequences are repeated during
several breath holds in a 5-min period of time,
which allows an assessment of washout. As it
is necessary a high temporal resolution, limited
coverage, and the use of parallel imaging are
necessary.

The role of DCE-MRI in the monitoring of
NSCLC treatment has also been investigated.
Ohno and colleagues demonstrated that param-
eters derived from a monocompartmental model
of analysis of DCE-MRI, such as the maxi-
mum relative enhancement ratio and the slope
of enhancement, were significantly lower in the
local control group of patients with NSCLC
treated with chemoradiotherapy than those in the
local failure group [96]. In addition, there was a
significant difference between the mean survival
periods of both groups.

Ultimately, several series have evaluated DCE-
MRI in the early assessment of NSCLC treated
with anti-angiogenic drugs. Since the advent of
this novel treatment, bicompartmental analysis of
DCE-MRI has been used, as derived parameters
such as K™ and K* are better imaging biomark-
ers of tumor angiogenesis than those derived from
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Fig. 29.15 A 62-year-old man, smoker (30 pack/year)
presents with partial atelectasis of left superior lobe on
chest radiograph. On chest CT, a central mass was sus-
pected although it was difficult to depict. Bronchoscopy
confirmed a low-grade adenocarcinoma. Chest MRI
was performed for staging purposes. (a) Axial TSE
T2-weighted image shows collapse of the apical segment
of the left superior lobe, although the mass is difficult to

a semiquantitative or monocompartmental model
(see Chaps. 8 and 16). In this sense, Kelly and
colleagues have shown that K has a significant
predictive value for overall survival and pro-
gression-free survival in patients with stage IV
NSCLC treated with sorafenib [97]. Similarly,
Chang et al. demonstrated a significant early
decrease of mean and standard deviation of the
K" histogram as well as a decrease of mean of
the K histogram in responders to anti-angiogenic
agent bevacizumab combined with gemcitabine
and cisplatin. Furthermore, NSCLCs with larger
mean values of K and smaller standard devia-
tion of V, on histograms before chemotherapy
were considered predictors for treatment response

identify. However, a low-intensity hilar lesion (arrow)
is identified on DWI image with a b value of 1,000 s/
mm? and inverted grayscale (b). A mean ADC value of
1.9x 10-3 mm?/s (c¢) is consistent with the tumor histol-
ogy of low-grade adenocarcinoma (arrow). CT performed
3 months after chemotherapy (d) showed complete remis-
sion of the lesion and disappearance of the atelectasis

[98]. However, another series has shown that
PET-CT is a better predictive test than DCE-MRI
for progression-free survival in the early response
evaluation of stage IIIb/IV NSCLC treated with
bevacizumab and erlotinib [99]. Accordingly, the
promising results of DCE-MRI in the early post-
treatment monitoring and prediction of treatment
outcome need to be validated with multicentric
studies.

In summary, clinical applications of DWI
of the chest have been limited by susceptibility
and motion artifacts. Improvements in gradi-
ent strength, parallel imaging, and synchroniza-
tion have recently allowed its use in lung nodule
characterization, lung cancer evaluation, and
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Fig. 29.16 Lung adenocarcinoma staging with both 18-FDG-PET-CT (a, ¢) and whole-body diffusion (b, d) shows
both right superior hilar mass (a, b) and small right basal pleural implants (arrow, ¢, d)

investigation of mediastinum, pleura, and chest outcome of patients with NSCLC treated with
wall. In addition, DCE-MRI is useful in the dis- chemoradiation or novel drugs. Due to techni-
tinction of benign and malignant tumors and cal difficulties, the use of DCE-MRI in clinical
has shown a promising role in the posttreat- practice has been limited. MRI protocols includ-
ment monitoring and prediction of treatment ing these two functional approaches along with
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Fig. 29.17 An 8l-year-old woman presented with
hemoptysis. Bronchoscopy demonstrated a pulsatile mass
causing obstruction of right B1 bronchi. Biopsy could not
be performed due to risk of hemorrhage. (a) Axial black-
blood T1-weighted sequence confirms right hilar mass.

(b, ¢, d) AUC, wash-in and washout parametric maps
derived of DCE-MRI show the hypervascular nature of
the mass. (e) Time intensity course of the mass typical for
malignancy
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morphological sequences are very attractive in
the evaluation of lung cancer, although validation
in the clinical arena is required.

29.7 Perfusion CT

Volume perfusion CT (VPCT) is a reproducible
technique displaying high inter- and intraob-
server agreement [100, 101]. Preliminary studies
have suggested its potential role as prognostic
biomarker and in the assessment of monitoring
response to treatment of lung cancer. Bearing in
mind that CT is the technique of choice for stag-
ing and monitoring patients with lung cancer, a
change in protocols to introduce perfusion stud-
ies is appealing and relatively simple. A signifi-
cant correlation with microvessel density (MVD)
has been found for some perfusion parameters
like blood flow (BF) (0.71), permeability (PMB)
(0.68), and blood volume (BV) (0.76) in patients
with NSCLC [102, 103]. A relationship has also
been described between BV/PMB and immuno-
histochemical markers of tumor hypoxia [104].

29.7.1 Technique

Assessment of lung tumors with VPCT is chal-
lenging due to respiratory movement artifacts
and limitations in acquisition secondary to
breath-hold time, and this is especially important
in small peripheral tumors. Accordingly, VPCT
should normally not be performed in the evalu-
ation of tumors smaller than 2 cm in diameter.

It is important to emphasize that the math-
ematical model used for obtaining perfusion
parameters determines the acquisition technique
for the study. To date, there are no standard mea-
surements, and the available post-processing
software use different mathematical approaches.
In addition, there is no agreement on the optimum
contrast dose, time, and injection protocol. It is
important to reduce the radiation dose as much
as possible by adjusting the scanner range to the
tumor volume and using low kilovoltage. The
intervals between scans (temporal resolution)
must be below 1-1.5 s.

29.7.1.1 Post-processing

Automatic algorithms for three-dimensional
movement correction and noise correction are
applied. Movement is corrected with regard to
the tumor center. The complete tumor volume
is isolated avoiding lymphangitis, pneumoni-
tis, atelectasis, or peritumoral areas of fibrosis,
because the perfusion values in these lesions
are often superimposed on those of the tumor,
so that it is impossible to distinguish them. The
definition of density thresholds between —50
and 150 HU, for the inferior and superior lim-
its, respectively, excludes lung parenchyma and
normal vascular structures from the analysis,
even if they are inside the volume of interest
(Fig. 29.18). In addition, parametric color maps
and numerical measures expressed in average
and typical deviation for each of the perfusion
parameters are automatically generated. Those
used commonly are BF, BV, PMB, or K" and
mean transit time (MTT). A tumor time-density
curve is also obtained and used for interpreting
the results (Fig. 29.19).

29.7.2 Clinical Applications

29.7.2.1 Characterization of Lesions
Although some studies have shown that VPCT can
be more specific and safer than PET-CT [105] for
differentiating benign and malignant nodules, the
variability of perfusion parameters is high, and
overlapping of tumor and inflammatory lesions
occurs. According to published data, it is not pos-
sible to confidently distinguish benign and malig-
nant lesions on the basis of perfusion features
alone. In addition, to date, perfusion values have
not been useful in determining the histological
type or differentiating small cell from NSCLC.
The utility for distinguishing metastatic from non-
metastatic nodes in lung cancer has also not been
studied, and currently VPCT is not used clinically
in the characterization or the staging of tumors.

29.7.2.2 Pretreatment Study

of the Tumor
Most of published studies have found significantly
higher perfusion values in the early stages of the
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Fig.29.18 (a) Axial noncontrast CT shows a lung mass
with postobstructive pneumonitis. (b) Density thresholds
exclude normal lung parenchyma (white arrow) and vas-
cular structures (black arrows) included in the volume of

disease. Furthermore, some series have shown
higher BF and PMB values in good responders
to treatment [10, 106]. Therefore, VPCT might
provide information with prognostic value, such
as prediction of survival or response to treatment.

29.7.2.3 Treatment Monitorization

When anti-angiogenic therapy is used, VPCT
may detect early changes in tumor vascular-
ization, which may help to predict therapeutic

interest (line) from the analysis but not the area of
pneumonitis which should be excluded from segmenta-
tion to avoid misinterpretation (c)

response before tumor size decreases. There are
two studies showing a significant early reduction
of BF and PMB parameters in NSCLC patients
under anti-angiogenic therapy with bevacizumab
and anti-VEGF (vascular endothelial growth fac-
tor) drugs [107, 108].

Further research is needed to determine the abil-
ity of VPCT to detect an early response after treat-
ment with conventional chemotherapy. The studies
published to date have demonstrated changes in
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Fig.29.19 (a) Right lower lobe mass with central necro-
sis. Parametric color map and numerical measurement
expressed in average and typical deviation for each of the

perfusion parameters which, in most of the cases,
are not significantly correlated with response to
treatment. However, significant decreases in BF,
BV, and PMB have been reported after treatment
with radiotherapy (RT) [106] (Fig. 29.20).

A basal perfusion study must always be per-
formed before treatment. Follow-up VPCT can
be completed in the same session as routine

perfusion parameters. Central necrosis correlates well
with the color maps. (b) Tumor time-density curve with a
morphology typical for lung cancer

control CT. The optimal time interval has not
been defined, but it is clear that it has to be deter-
mined individually for each drug type. However,
VPCT should never be performed within the first
2 weeks after finishing RT, since an increase
in the perfusion values has been observed due
to a temporary inflammatory reaction related
to cell death.
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Fig. 29.20 Stage IIIb squamous cell carcinoma. Time-
density curve, parametric color maps and numerical mea-
sures for perfusion parameters before treatment (a) and

29.7.2.4 Drug Development
VPCT may be a useful technique in improving
an understanding of the biological effect and

10

15 20 25 30 35 40 45
time [s]

after conventional QT and RT (b). There was a significant
reduction in all perfusion parameters as well as on the
time-density curve after treatment

mechanism of action of targeted therapies in
vivo. Ng et al. have noted that an increase in
PMB after treatment with RT is associated
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with a higher efficacy of the treatment with
combretastatin A4 phosphate in patients with
lung cancer [109].

Conclusions

In summary, functional imaging has a growing
role in the assessment of lung cancer. There is
more experience with the use of FDG-PET for
the evaluation of tumor metabolism, which
may have an important role in the assessment
of prognosis and therapeutic response.
However, the lack of standardization of scan-
ning methods and SUV measurements as well
as lack of agreement on the optimal cutoff lev-
els for determination of response limited its
widespread applicability. Furthermore, the
limited role of FDG-PET in tumor assessment
of tumor response is due to standard protocols
validated in large multicenter trials. In addi-
tion, DWI, DCE-MRI, and VPCT have been
proposed recently for tumor characterization,
staging, and therapy monitoring with promis-
ing results, although difficult technical acqui-
sitions and short validation limit its clinical
use at this moment.
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