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Abstract
This review compares the emerging technologies and approaches in the application of magnetic
resonance (MR) and computed tomography (CT) imaging for the assessment of pulmonary
nodules and staging of malignant findings. Included in this review is a brief definition of
pulmonary nodules and an introduction to the challenges faced. We have highlighted the current
status of both MR and CT for the early detection of lung nodules. Developments are detailed in
this review for the management of pulmonary nodules using advanced imaging, including;
dynamic imaging studies, dual energy CT, computer aided detection and diagnosis, and imaging
assisted nodule biopsy approaches which have improved lung nodule detection and diagnosis
rates. Recent advancements linking in-vivo imaging to corresponding histological pathology are
also highlighted. In-vivo imaging plays a pivotal role in the clinical staging of pulmonary nodules
through TNM assessment. While CT and PET/CT are currently the most commonly clinically
employed modalities for pulmonary nodule staging, studies are presented which highlight the
augmentative potential of MR.
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Introduction
Lung cancer remains a challenging disease to effectively identify, diagnose and treat as is
reflected by the 5 year survival rate which remains similar to that of fifteen years ago at
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13%. Lung cancer frequently manifests as a peripheral lung nodule or mass. Radiologically
identified lesions in the lung that are less than 30mm in diameter are defined as pulmonary
nodules while those greater than 30mm are termed masses (1). Both pulmonary nodules and
masses present specific challenges in the evaluation of suspected lung cancer, however the
greatest impact of x-ray computed tomography (CT) and magnetic resonance (MR) imaging
developments have been on the detection and characterization of pulmonary nodules. Hence
the scope of this review will focus on the recent advances in CT and MR imaging of
pulmonary nodules and lung cancer staging, highlighting the respective strengths and
weaknesses of these modalities.

CXR is the most widely utilized modality for pulmonary abnormalities and disease
screening, although sonography has been utilized for limited situation in the chest. In
addition, PET or PET/CT with 2-Deoxy-2-[ 18F]fluoro-D-Glucose (FDG) is currently
widely utilized for differentiation of malignant lesions from benign lesions, staging of
malignant tumors, and assessment of therapeutic effects after conservative therapy. The
value of CT and MR for depicting structural anatomy is widely appreciated and applied
clinically to non-invasively identify abnormalities and/or disease. Recent developments of
imaging techniques and processing have expanded the potential of these modalities to
include combined structure and function. Recent exciting work for the detection,
monitoring, characterization and staging of pulmonary cancer nodules using imaging both
CT and MR modalities will be summarized in this review.

While the overall objective of using imaging, as a method of improving patient care, is the
same for both modalities, and the present performance of both modalities for pulmonary
applications differs not only due to specific challenges to be faced but also due to the
amount of development that has been invested in their lung imaging capacities. X-ray
imaging of which CT is the volumetric derivative, has a relatively long history in the
diagnosis and treatment planning of pulmonary disease, including pulmonary nodules, while
MR imaging has been developed more recently. Significant challenges in MR signal
acquisition in the lung still exist, caused by low proton density, very short T2* values and
inhomogenity of magnetic field in the lung, and cardiac and respiratory motion artifacts.
Due to these challenges the application of MR imaging for lung nodule analysis has been a
relatively recent development, however the growth in this field has been rapid.

Recent technological advances in CT and MR have been compelling. In CT, developments
in acquisition have led to dose reduction through techniques such as iterative reconstruction
and have also facilitated four dimensional imaging (3D plus time). The complex utilization
of the generated data has resulted in virtual bronchoscopy for guided biopsy and computer
assisted nodule detection and characterization. In MR, advanced protocol developments
have revealed significant potential for pulmonary nodule assessment as well as pulmonary
functional imaging in the last decade. Future efforts are required to maximize the benefits of
each system through effective integration of both modalities in pulmonary nodule
applications.

Pulmonary Lung Nodules
A pulmonary nodule is radiologically defined in two dimensions (2D) as a roughly round,
intraparenchymal lung lesion that is less than 30 mm in diameter and is not associated with
atelectasis or adenopathy (1). While one in 500 x-ray chest radiographs (CXRs) shows a
lung nodule, 90% of these nodules are incidental radiologic findings, detected accidentally
on CXRs obtained for unrelated diagnostic workups. More than 150,000 patients per year in
United States present their physicians with the diagnostic dilemma of a pulmonary nodule.
This number has increased even further due to incidental findings of lung nodules on chest
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CT (1-3). Patients with the best prognosis are those with stage IA disease, hence timely and
accurate detection and diagnosis of the etiology of pulmonary nodules including lung
metastasis are therefore essential to potentially cure patients with malignancy.

Early Detection of Pulmonary Nodules with CT and MR Imaging
The first clinical application of CT occurred in 1971, capturing a brain lesion, and
applications in the lung were boosted with the1980's development of helical CT and faster
acquisition times (4). The latest commercially released multi-detector computed tomography
(MDCT) systems are increasingly complex, with 128 or more detectors and temporal
resolutions in the order of 75 ms; a complete thorax scan can be acquired in less than one
second. The exceptionally rapid acquisition time of MDCT benefits patients by removing
the need for breath-holds or gating and is also advantageous for hospitals by allowing
expedited throughput of patient thorax exams.

Radiation dose exposure, and the accompanying increased cancer risk, has been the primary
downside to the escalating utilization of MDCT imaging in the clinical setting (5).
Researchers have since been developing methodologies for the reduction in radiation dose
exposure, low-dose MDCT (LDCT), without compromising diagnostic sensitivity. Examples
of these LDCT strategies include dose modulation (6) and improved, iterative reconstruction
techniques (7). Manufacturers have responded to the increased demand for LDCT in the
latest generation CT scanners, improving LDCT scanning performance and incorporating
protocols that minimize radiation exposure for dose-sensitive body regions such as the
female breasts. Using the newest generation MDCT systems, anthropomorphic pulmonary
phantoms with simulated nodules have been studied to examine the relationship between
radiation dose (0.1 mGy to 26.4 mGy) and small nodule (1.6 to 12.7 mm) detection (8,9).
Findings reveal that while dose does influence the sensitivity of low-density nodule
detection, LDCT protocols with doses down to 1 mGy achieve adequate diagnostic
performance for the detection of small nodules (8,9).

Lung cancer is an example of a disease for which a large percentage of the high risk
population can be easily identified via a smoking history. This, coupled with the high
success of other screening programs for prostate, breast and cervical cancers has lead to the
investigation of lung cancer screening options. A number of lung cancer screening trials are
being conducted in the United States of America and internationally using LDCT imaging
(3,10-14). These studies include randomized (13) and non-randomized trials (11,15) some
with comparison to alternative modalities, such as CXR (12) or sputum (10). Early findings
have shown that LDCT scanning is effective in the detection of early stage lung cancers
(12,15-17). However, the published trial data has yet to ascertain if lung cancer screening
will significantly reduce mortality and morbidity within the at risk population. Investigations
have been launched by The National Lung Screening Trial (NLST) and the Dutch Belgian
randomized lung cancer screening trail (NELSON), to evaluate if lung cancer screening by
MDCT actually saves lives (3,18). For the NLST, at the time of enrollment closing, nearly
50,000 people with a smoking history were enrolled, making it the largest randomized,
controlled lung cancer screening study to date, the results of which are expected at the end
of 2010. Preliminary findings from the NELSON trial, which contained 733 participants,
have reported negative health-related quality of life affects for patients falling in the
indeterminate category following screening. This indeterminate category, reported as having
a less than 2.5% risk of cancer, experience lung-cancer-related-distress from the time of
initial screening until follow up imaging was completed (∼3 months) (3).

CT can be considered the current gold standard for the detection of lung nodules
(1,12,17,19,20). However, repeated follow-up CT examinations may be undesirable,
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especially for young patients, because of radiation exposure. Although radiation exposure is
usually no major issue for cancer patients and LDCT techniques have been proved feasible
to reduce the radiation dose, MR imaging does not require any ionizing radiation. MRI
might be a valuable tool for the detection of pulmonary nodules in a screening setting,
particularly if complex, contrast enhanced imaging protocols could be avoided. Although
nodules smaller than 5mm are ignored at CT due to limited specificity in this size, lesions
larger than 5mm can be detected using current MR techniques (17-21). In addition, when
considering the management guidelines following pulmonary nodule detection with CT,
published by the Fleishner Society (21), current pulmonary MR imaging techniques are
suggested as having potential for this purpose. Several investigators have addressed this
issue by using various sequences with 1.5 Tesla (T) and 3.0 T 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 (22-26). These studies assessed the detection rate for pulmonary nodules
which was verified by single-helical CT or MDCT. The detection rates or sensitivities of
MR imaging with various sequences on 1.5T and 3.0T systems ranged between 45.5 and
96.0 %, and detection rate or sensitivity of spin-echo sequences were better than those of
gradient-echo sequences (22-26).

Recently, Koyama, et al. directly compared capabilities of pulmonary nodule detection and
differentiation of malignant from benign nodules between non-contrast-enhanced MDCT
and MR imaging using 1.5T system in 161 patients with 200 pulmonary nodules(24).
Although overall detection rate of thin-section MDCT was superior to that of respiratory-
triggered STIR turbo spin-echo (SE) imaging, there were no significant differences in
malignant nodule detection rate between both methods (24). In this study, malignant nodule
detection rate including bronchioalveolar carcinoma had no significant difference between
thin-section MDCT and non-contrast-enhanced MR imaging, and significantly more benign
nodules were missed on non-contrast-enhanced MR imaging. These results are promising
for reductions in unnecessary follow-up examinations, intervention and thoracotomy.
Therefore, MR imaging on 1.5 T and 3.0 T may have potential for the detection of
pulmonary nodules without ionizing radiation exposure. (Fig. 1). In addition, further
improvements of MR systems and sequences can be expected to enable pulmonary lung
cancer screening as well as whole-body MR screening in the near future.

Pulmonary Nodule Evaluation and Management on CT and MRI
Dynamic CT and Dynamic MR Imaging

Since the asymptomatic pulmonary nodule is one of the most common findings on chest
radiographs and CT, it is important to differentiate malignant from benign nodules in the
least invasive way and to make as specific and accurate a characterization as possible.
Investigators have used CT, MR imaging and FDG-PET or PET/CT to evaluate the
radiological features, MR relaxation time, blood supply assessed on dynamic contrast
enhancement, water molecule diffusion and metabolism of pulmonary nodules to
differentiate malignant from benign nodules with promising results.

Dynamic perfusion CT for the evaluation of lung nodules involves the bolus administration
of iodine contrast media and the rapid sequence of CT scan acquisitions to capture the transit
of the iodine bolus through the lung nodule. Perfusion CT is a means by which blood flow
properties with in a lung nodule may be quantifiably measured in-vivo and presents the
opportunity to contribute dynamic features (blood volume, blood flow, permeability, mean
transit time, peak enhancement and time to peak enhancement) to those supplied by
volumetric CT (Hounsfield Unit, texture, size and shape). Histological markers of tumor
angiogenesis have been successfully correlated to diagnosis and prognosis (27-29) for lung
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cancer nodules. Hence recent studies have focused on validating perfusion CT outputs
against corresponding histological markers and hence to evaluate the diagnostic capabilities
of this modality (30,31).

Historically, non-contrast-enhanced MR imaging has shown limited potential for
characterizing peripheral lung nodules and masses and identifying the benign nature of
nodules due to the low intrinsic signal intensity of the lung parenchyma, the relatively poor
spatial resolution and patient-related motion artifacts (32-40). In general, many pulmonary
nodules, including lung cancers, pulmonary metastases and low-grade malignancies such as
carcinoids and lymphomas are demonstrated as low or intermediate signal intensities on T1-
weighted images and as slightly high intensity on T2-weighted images when SE or turbo SE
sequences are used (32-40) (Fig. 2). However, it may be possible to characterize several
histological types of pulmonary nodules, such as bronchocele, tuberculoma, mucinous
bronchioalveolar carcinoma (BAC), hamartoma and aspergilloma on pre- or post-contrast
enhanced T1-weighted images and T2-weighted image according to their specific MR
findings (41-47).

Recently, diffusion-weighted imaging (DWI) has been suggested as new method for nodule
detection and / or evaluation including subtype classification of pulmonary adenocarcinoma
(48-50). This technique is suggested as can assess water molecule diffusion within tissue by
using apparent diffusion coefficient (ADC) measurements or signal intensity ratio between
the lesion and spinal cord ratio. Although no direct comparisons between DWI and PET or
PET/CT were present, these studies may demonstrate the real significance of DWI for non-
contrast-enhanced MR assessment of pulmonary nodule in near future.

Although enhancement levels vary due to underlying microscopically 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
homogeneous enhancement but at a variety of levels on T1-weighted images after
administration of contrast media (32-40,51,52). Consequently, when using pre- and post-
contrast enhanced conventional T1-weighted images and T2-weighted images, clinicians in
routine clinical practice often face a diagnostic dilemma in distinguishing malignant from
benign pulmonary nodules such as organizing pneumonia, benign tumors and inflammatory
nodules (32-40) (Fig. 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 management of pulmonary nodules (32-40).

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) sequences 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 washout of contrast media under breath holding or repeated breath holding
during 5 minutes (32-40). Although there are various dynamic MR techniques for
distinguishing malignant nodules from benign nodules at small or large populations,
reported sensitivities range from 94 to 100%, specificities from 70 to 96%, and accuracies of
more than 94% (32-40). These specificities and accuracies for dynamic MR imaging are
superior to those reported for dynamic CT, and almost equal to or superior to those for FDG-
PET or PET/CT (40). In addition, dynamic MR imaging with 3D GRE sequence require the
less than 30 sec breath holding for all data acquisition, although FDG-PET or PET/CT need
almost 2 hour after injection of FDG. Therefore, dynamic MR imaging may perform a
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complementary role in the characterization of pulmonary nodules assessed with FDG-PET
or PET/CT.

Considering the management of pulmonary nodules in clinical practice, it may be helpful to
differentiate pulmonary nodules requiring further intervention and treatment (low- or high
grade 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. 3 and 4) (34,40)
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 (40). The value of this approach may be of limited value
in geographic regions where endemic fungal infections such as histoplasmosis or coccidiosis
occur.

Dual Energy CT for Lung Nodule Evaluation
Dual energy (DE) x-ray investigations began with digital CXR to allow advanced tissue
selectivity; eliminating the ribs in tissue selective images to augment nodule detection and
enhancing calcifications in bone selective images to distinguish calcified nodules (53). From
DE CXR the value in nodule detection and characterization has been confirmed and the
technology progressed to DE CT (54-56). Original experiments in DE CT focused less on
the impact on dose and more on the resulting image quality. However, with advanced CT
system technology the compromise is no longer required and the superior imaging
capabilities of DE CT can be achieved with minimal increases on radiation dose. One
drawback of DE CT is the increased cost of the hardware and maintenance fees due to the
inclusion of two x-ray tubes within the system.

Chae et al. examined the clinical utility of DE CT along with the dose implications using 49
patients (54). Comparisons were drawn between non-enhanced weighted average, virtual
non-enhanced, enhanced weighted average and iodine-enhanced images. The practical use
of these datasets are the ability to using a single scanning approach to generate both data
useful for evaluating calcification (virtual non-enhanced) and distinguishing benign from
malignant nodules (iodine-enhanced), there by maintaining diagnostic power for a reduced
radiation dose scanning procedure. Comparable diagnostic accuracy – 82% to 71% - was
found using the iodine-enhanced data versus the degree of enhancement. While the size of
detected nodules was smaller on the virtual non-enhanced data than on the true non-
enhanced weighted average data, the detection rate was 85%. Also, the radiation dose
between the DE CT and single-energy CT protocol was not significantly different (p = 0.67).

Visualization of Volumetric Medical Image Data
The escalating use of volumetric imaging modalities such as MR and CT within the clinical
environment, in conjunction with the increasing resolution of the resulting datasets has lead
to an exponential growth of data to be viewed and interpreted by radiologists. Challenges are
faced in the optimal method to visualize the 3D datasets, extracting out the valuable
information and balancing time efficient case management.

The most common approach for the visualization of volumetric medical image data is the
three window, cross-sectional view; with axial, sagittal and coronal view plane. The
advantage of this visualization method is the controlled progression through the data,
advancing through 2D axial image slices from the trachea to the diaphragm in thorax studies
to systematically scan the data for nodules. Until recently, the volumetric visualization of
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medical image datasets with rendered views required high performance computing power
and customized software development. Today, average desktop computer systems, with
relatively affordable upgraded graphics cards, are capable of manipulating 3D medial image
datasets and software packages are available to assist with visualization, segmentation and
rendering tasks of volumetric medical image data.

Volumetric projections and/or reconstructions can facilitate comprehension of spatial
relationships between structures and have been shown to improve the diagnosis of small
nodules (Fig 5). Eibel et al. compared the detection of small pulmonary nodules in CT using
maximum intensity projections (MIP) and the standard axial reconstructions. While the
detection of pulmonary nodules greater than 5mm was equal between the two visualization
methods, there was a statistically significant (p<0.05) improvement in detection of nodules
less than 5 mm using the MIP view (57). Differences, although not statistically significant,
were also observed by Wang et al. when studying the ergonomic efficiency between
standard axial view, MIP and stereoscopic (58). However, highlighted by this study was the
prevailing difficulty in comparing interpretation methods and compensating for the inherent
preference for routine, as is the standard axial view, versus the learning curve required with
alternative approaches. In many cases the practices and diagnostic measures have not
developed at the same rate as the technology being improved.

MR, for which the datasets can be large and complex, can greatly benefit from effective
visualization techniques. Recently, information visualization has been combined with data
mining to develop a novel analysis and visualization method for DCE-MR tumor datasets
(59). While this technique has not yet been applied to lung nodules, evidence of
correspondence between the boundaries identified by the approach and histologically
identified tissues was presented.

Computer Aided Detection and Diagnosis
Computer aided detection/diagnosis (CAD) algorithms incorporate image analysis and
pattern recognition techniques in order to identify and describe areas of interest in an image
dataset. In many cases, the area of interest is a specific pathology such as a lung nodule in a
digital image dataset, such as CXR, CT, CT/PET or MR. The relatively recent application of
MR for lung nodule detection and management means the CAD development for this
modality has not yet been reported in the literature. However, a great potential exists in the
use of CAD for exploring the many features captured by different MR sequences. The
development of CAD for MR should be greatly assisted by the techniques already
established for CT.

CAD systems are becoming increasingly important in the clinical setting, serving as a
second reader in image interpretation, effectively improving the detection accuracy and
consistency of pulmonary nodules in CXR (60) and CT (61,62). Awai et al. compared the
nodule detecting performance of five radiologists and five radiology residents in fifty chest
CT scans. Statistically significant improvements in lung nodule detection were achieved for
all radiologists using the CAD system (p < 0.1), with a true positive rate of 94% (61).

The challenge that is found with the early identification of small pulmonary nodules through
CT imaging is distinguishing those which require treatment, the so called ‘actionable
nodule’, from the benign lesions which do not require treatment. In some cases CAD will
extend beyond the detection of pathology, to also incorporate a diagnosis element which
aims to provide a likelihood of malignancy for detected nodules. Methods which utilize
features from unenhanced CT (63), perfusion CT (64,65) and PET/CT have been developed
(66).
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CAD system development for the volumetric segmentation of suspicious lung nodules is
also highly important for the long term evaluation of suspicious lung nodules or for the
evaluation of response to treatment of malignant nodules. There is a significant decrease is
precision accompanied by intra-observer/inter-observer variability induced through the
manual segmentation of lung nodules (67) which may be improved through CAD size
estimation techniques (68,69) and volumetry (70,71). This area of CAD development would
also be of immense benefit to MR in which the same challenges exist in determining and
monitoring nodule dimensions.

A current limitation in the comparison of CAD systems for lung nodule detection and
classification is the variation in training and testing datasets, making the cross comparison of
methods extremely challenging. Variability in the imaging system hardware, imaging
protocol and reconstruction protocol along with the diversity of the pulmonary nodule case
set contributes significantly to CAD performance. Some studies have been conducted using
phantom lung nodule datasets to investigate the influence of these image acquisition
variabilities in both CT and MR (72,73). In order to enhance the development of CAD
systems and their effective, unbiased, comparison the National Cancer Institute established
the Lung Image Database Consortium (LIDC) (74). The LIDC has developed an extensive
database of chest CT scans to be accessible to researchers for education, training and the
development and testing of CAD approaches. A similar database for chest MR scans is
required to facilitate the creation of effective MR based CAD approaches.

CT Assisted Biopsy for Diagnosis
Histology remains the ground truth for diagnosis of suspicious lung nodules and hence,
where possible, biopsy of the nodule is used to aid in the treatment planning process. CT
provides an accurate, 3D anatomical depiction of the lung, distinguishing not only the
nodule but also the surrounding structures such as airways, blood vessels and parenchyma.
Having a method of investigating the location and surrounding tissues of a nodule prior to
any intervention can be a great advantage in planning the biopsy approach. Recent advances
have extended upon this, to create user friendly systems to directly guide biopsy procedures.

Virtual bronchoscopy is achieved through the identification of the airways with in the
volumetric CT data and the computer graphic rendering of these structures to mimic the
standard bronchoscopy view (Fig 6). As the CT data also contains additional information,
including identified suspicious pulmonary nodules, these areas can be highlighted using the
virtual bronchoscopy view and used to guide bronchoscopic biopsy. Displayed along with
the virtual bronchoscopy view, are directional indicators to highlighted pulmonary nodules
to aid the bronchoscopists navigation to areas for biopsy (75). Initial approaches for the use
of virtual bronchoscopy, utilized a fixed movie generated from the CT data to train
bronchoscopists in navigation and targeting regions of interest (76), however, increased
computing power has allowed for real time virtual bronchoscopy in which the CT based
virtual bronchoscopy view is matched and continually updated to the current bronchoscopy
view, allowing superior navigation in the clinical environment (75,77).

Merritt et al. compared the performance of twelve bronchoscopists in localizing 10 artificial
lesions within a lung phantom using standard bronchoscopy procedure or bronchoscopy
accompanied by virtual bronchoscopy image guidance (77). Nodule localization, as defined
by a biopsy position error ≤ 5 mm, increased more than two fold from 43% using standard
procedure to 94% with the image guided approach (77). McLennan et al. investigated the
ability of virtual bronchoscopy image guidance in improving lymph node sampling, an
important aspect of lung cancer staging, and found an improvement from 66% using
standard procedure to 92% with imaging guidance (78). Building upon the success of virtual
bronchoscopy guidance, integrated bronchoscopy techniques have been explored in the
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literature, merging structure from CT with other assistive diagnostic tools such as
bronchoscopic color analysis and fluorescence or PET to aid the accurate localization of
biopsy targets (79,80). Based on the ability of ultra-fast dynamic MR to characterize lung
nodules into those requiring intervention (malignant and active infection) versus those not
requiring intervention (benign) the future incorporation of this modality into integrated
virtual bronchoscopy techniques may be beneficial (34,40).

Electromagnetic navigation bronchoscopy (ENB) is a novel technology which builds upon
the virtual bronchoscopy image guidance systems. Developed to assist the navigation to
peripheral pulmonary nodules which are inaccessible with a standard bronchoscopic
approach. A magnetic navigation board creates a magnetic field around the patient's thorax
and a sensor probe is used to track the progression of biopsy tools through the lung and
display the real-time location on the previously acquired volumetric CT images (81-84). One
of the largest advantages of the ENB is the correlation between the exact coordinates of the
nodule identified in the CT data and the corresponding location in the patient, accompanied
by the 360 degree steerable distal tip of the probe. Studies using ENB have progressed from
animal models (82) to human patients (83,84), to evaluate the safety and accuracy of the
technique. Conclusive diagnostic yield of between 69% and 77% have been reported and
have been coupled with 0 to 8% adverse outcomes (pneumothorax) (83,84). While these
results are promising, the diagnostic accuracy and adverse outcomes are challenging to
compare directly to the alternative biopsy method - CT-guided transthoracic needle biopsy
which reports accuracy of 83% although with 5.5% adverse outcomes (85) – due to
differences in inclusion criteria.

Linking Ground Truth Pathology to Radiological Imaging
Histological classifications of lung cancer have been established by the World Health
Organization (WHO) for treatment planning and prognostic purposes. However, in-vivo
imaging is playing an increasing role in the identification and preliminary characterization
of lung nodules. The correlation between in-vivo imaging representations of lung nodules
and the corresponding ‘ground truth’ histopathology is required to maximize the diagnostic
potential of imaging modalities such as CT and MR.

For many years, it has been acceptable to correlate histological findings with non-destructive
imaging observations by general comparison (31,86,87). However, due to the estimated
correspondence between the datasets, there is a heavy reliance on qualitative interpretation
by the human observer to link the information content. While approximated correlations can
provide valuable, qualitative insight to in-vivo representations, precise correlations are
required to generate more useful, quantitative results.

Recently, a process model was established which permits direct voxel-to-voxel association
between CT imaging and volumetric histopathological data in human lung cancer (88-90).
This process was established to relate the complex 3D histopathology of pulmonary nodules
to corresponding CT data and will allow future quantitative evaluation. Human patients with
identified lung nodules requiring surgical resection via lobectomy, were enrolled in the
study. Imaging was performed before the nodule was removed from the patient and on the
lobectomy specimen after surgery. The process model involved sequential imaging stages
which had increasing resolution, progressing from in-vivo CT to ex-vivo CT to 3D
microscopic evaluation. Incorporated was a specifically designed microscopy system, the
large image microscope array (LIMA), designed to serve as a reliable structural reference
between the radiological datasets and the histopathological sections (91). Through the
establishment of a structural reference (LIMA), rigid and non-rigid registration techniques
were employed to accurately align the CT data and the histopathological data to a common
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coordinate system (Fig. 7). Future expansion of this process model to include perfusion CT,
PET/CT and MR datasets to the underlying 3D histopathology content of pulmonary
nodules would be highly valuable.

Lung Cancer Staging
The international TNM classification proposed by the International Union against Cancer
(UICC) has been widely used in the investigation and treatment of lung cancer. Accurate
staging is essential for determining the appropriate treatment option for lung cancer patients.
Staging will indicate if treatment may be achieved through surgical resection and whom may
benefit from chemotherapy, radiotherapy, or both(92). Currently, CT, FDG-PET or PET/CT,
are considered useful for more precise assessment of tumor extent because of their
multiplanar capability and for accurate diagnosis of metastastic lymph nodes by analyzing
the glucose metabolism of cancer cells in lung cancer patients. However, since 1991 it has
been suggested that MR imaging may also be useful for mediastinal and chest wall invasions
due to its multiplanar capability and superior to CT contrast resolution of tumor and
mediastinum and/or tumor and chest wall (93). Recent advances in MR systems, improved
or newly developed pulse sequences and/or utilization of contrast media has resulted in
improved TNM staging for lung cancer patients.

Assessment of T Classification
Many surgeons consider minimal invasion of mediastinal fat as resectable (94), so that
clinicians want to know whether minimal mediastinal invasion (T3 disease) or actual
invasion (T4 disease) has occurred before considering surgical resection. The accuracy of
computed tomography (CT) for evaluating hilar and mediastinal invasion of lung cancer has
been investigated extensively over the last two decades. Sensitivity for assessment of
mediastinal invasion by single-detector or electron beam CT with or without the use of
helical scanning ranged from 40% to 84% and specificity from 57% to 94% (94-98).

Currently, PET or PET/CT is routinely adapted for lung cancer staging. FDG-PET imaging
is of potential use in assessing the metabolic activity of the primary lung cancer, which
reflects cell turnover rate and may indicate the biologic aggressiveness of the cancer.
However, no major papers discussed the capability for assessment of T-factor assessment on
PET or PET/CT. Only a paper recently published by Yi et al addressed this issue with
comparison with whole-body 3.0 T MR imaging(99). In this study, the primary tumor was
correctly staged in 101 (82%) patients at PET/CT and in 106 (86%) patients at whole body
3.0 T MR imaging, and the difference in accuracies between integrated PET/CT and whole-
body MR imaging was not statistically significant. Due to the limited accuracy of the
functional data from PET with the morphological information as derived from CT or MR,
PET is not useful in T-Staging.

Mediastinal Invasion Assessment—The RDOG study compared CT with MR imaging
for 170 patients with non-small cell lung cancer, although only T1-weighted images
obtained without the use of cardiac or respiratory gating techniques were assessed in this
study (93). 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 between T3-T4 tumors and T1-T2 tumors in this study, the RDOG reported
that 11 patients showed mediastinal invasion and that the superior contrast resolution of MR
imaging conferred a slight but statistically significant advantage over CT for accurate
diagnosis of mediastinal invasion. In addition, delineation of tumor invasion of pericardium
(T3) or heart (T4) was superior on MR imaging to that on CT scan when the cardiac-gated
T1-weighted sequence was used for improved avoidance of cardiac motion artifacts (100).
The normal pericardium has low signal intensity. Direct invasion of the cardiac chambers is
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readily demonstrated on T1-weighted images, because blood flowing through the cardiac
chambers is signal void, so that the tumor is conspicuous because of its higher signal
intensity. However, the accuracy of minimal mediastinal invasion assessment by both CT
scanning and MR imaging is limited because it depends on visualization of the tumor within
the mediastinal fat (101).

Recent advances in MR systems, improved pulse sequences and utilization of contrast media
have resulted in the introduction of new MR imaging techniques for assessment of
mediastinal invasion of lung cancer. Contrast-enhanced MR angiography has been used for
assessment of cardiovascular or mediastinal invasion (102,103). Ohno et al described a
series of 50 NSCLC patients with suspected mediastinal and hilar invasion of lung cancer
visualized with contrast-enhanced CT scans, cardiac-gated MR imaging, and non-cardiac-
and cardiac-gated contrast-enhanced MR angiographies (103). In this study, sensitivity,
specificity and accuracy of contrast-enhanced MR angiography for detection of mediastinal
and hilar invasion 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 (103). Thus, contrast-enhanced MR angiography is thought to improve
the diagnostic capability of MR imaging for mediastinal and hilar invasion.

Since clinical installation of MDCT, thin-section multiplanar reformatted (MPR) imaging
from thin-section volumetric MDCT data has been utilized for evaluation of T classification
in routine clinical practice. Higashino et al. suggested that mediastinal invasion that can be
assessed from thin-section coronal MPR images with 1 mm section thickness with greater
sensitivity (86 %), specificity (96 %) and accuracy (95 %) than can be achieved with routine
MDCT with 5 mm section thickness (sensitivity: 71 %, specificity: 93 %, accuracy: 90 %),
and with slightly better specificity (93 %) and accuracy (92 %) than with thin-section axial
MDCT with 1 mm section thickness, although statistical significance were not present (104).
Although MR imaging is considered to show superior tissue contrast to that of MDCT, with
similar multiplanar capability, faster scan time and better spatial resolution of thin-section
MPR imaging may result in better assessment of mediastinal invasion in NSCLC patients
than previously described MR techniques. Further investigations as well as comparative
studies of thin-section MPR imaging and previously described or newly developed MR
imaging techniques thus seem to be warranted to determine the actual significance of MR
imaging for assessment of mediastinal invasion in routine clinical practice.

Chest Wall Invasion Assessment—As well as mediastinal invasion, chest wall
invasion used to be considered a contraindication 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 provide patients a better chance of survival (105). Preoperative
visualization of chest wall invasion may therefore be helpful for surgical planning. On
conventional CT, 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 38-87% and specificities from 40-90% (94). In addition to the
technique of inducing artificial pneumothorax described elsewhere (106), Murata et al
reported that dynamic expiratory multi-section CT reviewed as a cine loop was 100%
accurate for identification of both chest wall and mediastinal invasion (107).

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
(93,108-111). Sagittal and coronal MPR images are better than axial CT images for
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displaying the anatomical relationship between tumor and chest wall structures
(93,108-112). MR imaging shows infiltration or disruption of the normal extra pleural fat
plane on T1-weighted images or parietal pleural signal hyper intensity on T2-weighted
images (93,108-112). In addition, when STIR turbo SE imaging is used for this purpose, it
can demonstrate lung cancer as high signal intensity within the suppressed signal intensities
of chest wall structures, enabling clinicians to determine the tumor extent within chest wall.
Moreover, Padovani et al have suggested that the diagnostic yield can be further improved
by intravenous administration of contrast media (110). In addition, superior sulcus or
Pancoast tumors have proven to be good indication for MR imaging. Since superior sulcus
tumors occur in close proximity to the lung apex, their imaging should 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 sagittal and coronal MR
images have been shown to be superior to CT for evaluating the local extent of disease in
patients with superior sulcus tumors (93,110,111).

Sakai et al used dynamic cine MR imaging rather than static MR imaging during breathing
for evaluating chest wall invasion in lung cancer patients (113). This study evaluated the
movement of the tumor along the partial pleura during the respiratory cycle displayed with a
cine loop in a manner similar to dynamic expiratory multi-section CT (107). Where the
tumor had invaded the chest wall, it was fixed to the chest wall, and without invasion, the
tumor was seen to move freely along the partial pleura. In this study, the sensitivity,
specificity, and accuracy of dynamic cine MR imaging for the detection of chest wall
invasion were 100, 70, and 76%, respectively, and those of conventional CT and MR
imaging were 80, 65, and 68% (113). Of special significance is that the negative predictive
value in this study was 100% without any need for ionizing radiation exposure. Dynamic
cine MR imaging, when used in conjunction with static MR imaging, should therefore also
be considered useful for further improvement of the assessment of chest wall invasion in
lung cancer patients.

Currently, multiplanar capability, faster scan time and better spatial resolution of thin-
section MPR images may improve the diagnostic capability of CT for evaluation of chest
wall invasion in NSCLC patients similar to that of mediastinal invasion, although MR
imaging is considered to have superior tissue contrast compared with MDCT (104). Thin-
section sagittal MPR imaging with 1 mm section thickness could significantly improve
diagnostic 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 (104). Therefore, further investigations as well as comparative
studies of thin-section MPR 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.

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 radiotherapy. While the therapeutic effect of
conservative therapy has been assessed by using World Health Organization (WHO) criteria
or response evaluation criteria in solid tumors (RECIST) criteria (114,115), 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 (52). In some cases, it can be difficult to distinguish
lung cancer from post-obstructive atelectasis or pneumonitis because these secondary
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changes tend to be enhanced to a similar degree as the central tumor on contrast-enhanced
CT scan. On T2-weighted MR imaging, however, post-obstructive atelectasis and
pneumonitis often show higher signal intensity than does the central tumor (93). Bourgounin
et al evaluated the histologic findings of obstructive pneumonitis or atelectasis in patients
who had undergone surgical resection of lung cancer and who had been evaluated
preoperatively with MR imaging (116). 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 described a
series of 27 patients with central lung cancer associated with atelectasis or obstructive
pneumonitis (39). These patients were examined with post-contrast enhanced T1-weighted
MR imaging and the central tumor could be differentiated from adjacent lung parenchymal
disease in 23 out of 27 patients (85%). The tumor was of lower signal intensity than the
adjacent lung disease in 18 cases (67%) and of higher signal intensity in five (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. Therefore, 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 effect
after conservative therapy and/or for comparative studies of standard and new chemo- and/
or radiotherapy regimens (117).

Assessment of N Classification
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 metastastic. Although an increase in the size of mediastinal lymph nodes
correlates with malignant involvement in patients with lung cancer, the sensitivity and
specificity of this finding are not very high because lymph nodes can be enlarged 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%, respectively (93), while the Leuven Lung Cancer Group (LLCG)
corresponding values of 69% and 71% (118). Due to the substantial limitation of CT for
depicting mediastinal lymph node metastases, additional mediastinoscopy with biopsy is
necessary for adequate assessment of hilar and mediastinal nodes (93,119,120).

Since the 1990s, FDG-PET has been used for differentiation between metastatic and non-
metastatic lymph nodes based on the biochemical mechanism of increased glucose
metabolism or tumor cell duplication (121-125). However, elevated glucose metabolism
may occur secondary to tumor, infection or inflammation, and spatial resolution in PET is
inferior to that of CT and MR, so that the diagnostic capability of the FDG-PET imaging is
limited (124).

Since the introduction of MR imaging for assessment of lung cancer, MR imaging criteria
for tumor involvement within lymph nodes depend on lymph node size, similar to CT
criteria. In some cases, however, histologic examination has proved that a normal-sized
regional lymph node may have metastases, and that nodal enlargement can be due to
reactive hyperplasia or other nonmalignant conditions. Detection by MR of calcium,
indicative of benignancy, is also limited compared with that by 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 (93,125).

Recently, cardiac- and/or respiratory-triggered conventional or black-blood STIR turbo SE
imaging has been recommended for detection of metastatic tumors and metastatic lymph
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nodes (126-128). This novel sequence may make it possible for the signal intensity of lymph
nodes to be quantitatively assessed by means of comparison with a 0.9% normal saline
phantom (126-128). The STIR turbo spin-echo (SE) is a simple sequence, which can be
easily incorporated into clinical protocols to yield net of T1- and T2-relaxation times. On
STIR turbo SE images, metastatic lymph nodes are indicated as high signal intensity and
non-metastatic lymph nodes as low signal intensity (Fig. 8 and 9). Several studies have
reported that sensitivity, specificity and accuracy of quantitatively and qualitatively assessed
STIR turbo SE imaging ranged between 83.7 % and 100.0 %, between 86.0 % and 93.1 %,
or between 86.0 % and 92.2 % on a per-patient basis (126-128). Direct and prospective
comparisons with CT on a per-patient basis demonstrated that sensitivity and accuracy of
quantitatively and qualitatively assessed STIR turbo SE imaging are significantly higher
(127). 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 (128). STIR turbo SE imaging thus should be considered as capable of
enhancing the diagnostic capability of N classification due to not only its multiplanar
capability but also its sensitive and accurate assessment of relaxation time differences
between metastatic and non-metastatic lymph nodes, and should therefore be considered at
least as valuable as FDG-PET/CT.

In the last decade, other MR techniques such as contrast-enhanced MR imaging with super-
paramagnetic or ultra-small super-paramagnetic contrast agents (129-131), combined
radiologic and metabolic information derived from T2-weighted image and PET (132), and
DWI (133) have also been suggested as useful similar to STIR turbo SE imaging. However,
these techniques have not been directly compared with FDG-PET or FDG-PET/CT, and
sample sizes in these studies were small. Therefore, further studies may be warranted to
demonstrate clinical significance of the above-mentioned technique in this setting.

Assessment of M Classification
Patients with distant metastases carry a very poor prognosis and are generally treated with
chemotherapy, radiotherapy, or both or with optimal supportive care. The observation of
metastasis in patients with NSCLC has major implications for management and prognosis.
Extra-thoracic metastases are present in approximately 40 % of patients with newly
diagnosed lung cancer at presentation, most commonly in the adrenal glands, bones, liver, or
brain (134,135). The accurate diagnosis of extra-thoracic metastases may be help clinicians
to provide the most appropriate treatment and/or management for lung cancer patients.
Therefore, for purpose of TNM classification, the current recommendation from the
American College of Chest Physicians (ACCP) indicates that further diagnostic testing is
necessary to confirm the presence of disease in patients with abnormal findings on clinical
evaluation (136).

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. Therefore, CT and/or
MR imaging remains the method of choice for screening brain metastases. However,
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 (137).

Recent advances in MR techniques such as fast imaging and moving table techniques make
it possible to perform total body MR imaging, and considered as a single, cost-effective
imaging test for patients with metastatic carcinoma in patients with various malignancies or
an unknown primary (138-146).
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When comparing whole-body MR imaging with FDG-PET for the M-classification
capability of head and neck metastases, including brain metastases, the accuracy (80.0 %) of
whole-body MR imaging was significantly better than that of FDG-PET (73.3 %).
Excluding 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 (145).

Recently, whole-body DWI is suggested as useful for oncology imaging. When this
technique adapted for M-stage assessment including brain metastasis in non-small lung
cancer, diagnostic accuracy of whole-body MR imaging with DW imaging (87.7 %) had no
significant difference with that of integrated FDG-PET/CT (88.2 %) on a per-patient basis
(146). In addition, accuracy of integrated FDG-PET/CT (90.4 %) was significantly higher
than that of whole-body MR imaging without DW imaging (85.8 %, p<0.05), when
excluded brain metastasis (146). Therefore, whole-body MR imaging with DW imaging can
be used for M-stage assessment in patients with NSCLC with accuracy as good as that of
integrated PET/CT; in addition, when whole-body DW imaging is adopted as an adjunct for
whole-body MR imaging without whole-body DW imaging, the diagnostic accuracy of
whole-body MR examination can be improved.

Conclusion
We have reviewed the current developments in the application of CT and MR for the
detection and management of pulmonary nodules and lung cancer staging. Due to its
superior resolution and scan time, CT has been accepted as the modality of choice for
pulmonary nodule investigations and the maturity of approaches and tools for CT based
analysis of pulmonary nodules places the modality as the clinical choice. Exciting
technological developments have been achieved using CT imaging, including virtual
bronchoscopy and biopsy guidance systems as well as CAD approaches for nodule
identification and characterization. The creation of an open access database of chest CT
datasets, featuring pulmonary nodules, by the LIDC will assist the development and
comparison of CAD techniques, further accelerating the progress of this technology.

Low-dose imaging protocols are being widely employed for the CT imaging of pulmonary
nodules, however, the increasing clinical applications of CT and the possibility of CT
screening in the future, continue to make medical radiation exposure a concern. The many
developments for the application of MR for the detection and evaluation of lung nodules
staging have been reviewed. Comparisons between the accuracies and sensitivities of CT
and MR have been drawn for the detection, staging and management of primary pulmonary
nodules. Of particular interest is the emerging application of dynamic MR imaging for the
distinction between nodules requiring follow up treatment (malignant or active infectious
nodule) and those requiring no intervention (benign or chronic infectious nodule).

While the potential of MR has been indicated, further development of protocols, clinical
trials and advanced analysis tools are required to define a place for MR in the clinical
setting. An advantage for the progression of MR applications is the ability to build upon
what has already been established for CT, such as existing CAD approaches. With new
developments in the direct association between in-vivo imaging and underlying 3D
histopathology of pulmonary nodules, quantitative exploration of the tissue specific
distinguishing powers of CT and MR is possible.
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Figure 1. 71-year-old female with adenomatous hyperplasia in the left upper lobe
Thin-section CT indicates ground-glass attenuation (GGA) in the left upper lobe (Fig.1a).
The diameter of this GGA is 8mm in diameter. Black-blood T1-weighted turbo spin-echo
(SE) (Fig.1b), T2-weighted turbo SE (Fig.1c) and STIR turbo SE (Fig.1d) images show a
nodule (arrow) as, respectively, low, intermediate and high signal intensity in the same lobe.
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Figure 2. 76-year-old male with adenocarcinoma in the left upper lobe
Thin-section CT shows a cavitary nodule in the left upper lobe (Fig. 2a). The diameter of
this nodule is 16mm in diameter. Black-blood T1-weighted turbo SE (Fig. 2b), T2-weighted
turbo SE (Fig. 2c) and STIR turbo SE (Fig. 2d) images show nodule (arrow) as, respectively,
low, intermediate and high signal intensity in the left upper lobe. Post-contrast enhanced
black-blood T1-weighted turbo SE image (Fig. 2e) showed homogeneous enhancement of
nodule.
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Figure 3. 48-year-old female with hamartoma in the right lower lobe
Thin-section CT with lung window setting (Fig. 3a) shows a solid nodule in the right lower
lobe (Fig. 3a). The diameter of this nodule is 20 mm. Black-blood T1-weighted turbo SE
(Fig. 3b), T2-weighted turbo SE (Fig. 3c) and STIR turbo SE (Fig. 3d) images show nodule
(arrow) as, respectively, low, intermediate and high signal intensity in the right lower lobe.
Post-contrast enhanced black-blood T1-weighted turbo SE image (Fig. 3e) showed
heterogeneous enhancement of nodule. Dynamic MR imaging (Fig. 3f) with ultrafast-GRE
technique (L to R: t=0.0 sec, t=8.8 sec, t=14.3 sec and t=22.0 sec) shows a slightly enhanced
nodule in the right lower lung field. The nodule is gradually enhanced in the lung
parenchymal phase (t=8.8 and 14.3 sec) and slightly enhanced in the systemic circulation
phase (t= 22.0 sec) due to low blood supply.
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Figure 4. 76-year-old male with adenocarcinoma in the right upper lobe
Thin-section contrast-enhanced CT shows a solid nodule in the right upper lobe (Fig. 4a).
The diameter of this nodule is 12mm. Black-blood T1-weighted turbo SE (Fig. 4b), T2-
weighted turbo SE (Fig. 4c) and STIR turbo SE (Fig. 4d) images show nodule (arrow) as,
respectively, low, intermediate and high signal intensity in the right upper lobe. Post-
contrast enhanced black-blood T1-weighted turbo SE image (Fig. 4e) showed homogeneous
enhancement of nodule. Dynamic MR imaging (Fig. 4f) with ultrafast-GRE technique (L to
R: t=0.0 sec, t=8.8 sec, t=14.3 sec and t=22.0 sec) shows a markedly enhanced nodule in the
right upper lung field. The nodule is enhanced in the lung parenchymal phase (t=8.8 and
14.3 sec) and the systemic circulation phase (t=22.0 sec) due to high blood supply.
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Figure 5. 51-year-old female with adenocarcinoma
A multi-detector computed tomography (MDCT) dataset displayed using the traditional
three cross-sectional image planes: sagittal (Fig. 5a), coronal (Fig. 5b) and axial (Fig. 5c). A
volumetric display created in AMIRA (Visage Imaging, Andover, MA, USA) clearly
portrays the nodule shape and proximity to nearby structures in the lung such as airways
within a single image (Fig. 5d).
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Figure 6. Virtual bronchoscopy guided biopsy of a peripheral pulmonary nodule
The planning of a virtual bronchoscopy path from the trachea to a peripheral airway is
illustrated in a number of views, including; the straightened lumen view, the axial cross
section with airway measurements, the 3D airway tree reconstruction with highlighted path
and the virtual bronchoscopy fly-through with airway labels (Courtesy of VIDA diagnostics,
Coralville, IA, USA).
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Figure 7. 79-year-old female with adenocarcinoma
A adenocarcinoma nodule was imaged prior to and following lobectomy resection, to
produce a 3D, cross-registered, multimodal, multi-resolution dataset. The dataset contains
density information from in-vivo multi-detector computed tomography (MDCT), MDCT of
the fixed lobectomy specimen and MDCT of the isolated nodule. Color information is
obtained from the purpose-built, macroscopic Large Image Microscope Array (LIMA).
Information regarding the histological content of the nodule is gained from the digitized
hematoxylin and eosin (H&E) histopathology slide which was utilized by a pathologist to
create a color coded tissue type map. The tissue type map shows solid cancerous tumor
(black), bronchioloalveolar tumor (purple), active fibrosis (green), inactive fibrosis (blue),
necrosis (grey), blood (red) and normal tissues (yellow).
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Figure 8. 76-year-old male with adenocarcinoma (N3)
Black-blood STIR turbo SE imaging on coronal plane (Fig. 5a) shows mediastinal and hilar
lymph nodes (arrows) and primary lesion (arrow head) as high signal intensity, and suggests
a diagnosis of N3. Black-blood STIR turbo SE imaging showed this case to be true-positive.
Integrated FDG-PET/CT (Fig. 5b) demonstrates high uptake of FDG in the mediastinal and
hilar lymph nodes (arrows) and primary lesion (arrow head). Both methods suggest a
diagnosis of N3. This case was pathologically proven as N3 according to the results of
biopsy.
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Figure 9. 77-year-old male with adenocarcinoma (N0)
Black-blood STIR turbo SE imaging on coronal plane (Fig. 5a) show no abnormal high
intensities in the mediastinal and hilar lymph nodes. Integrated FDG-PET/CT (Fig. 6a) also
demonstrates no abnormal uptake of FDG in the mediastinal and hilar lymph nodes. Both
methods suggest a diagnosis of N0. This case was pathologically proven as N0 after surgical
treatment.
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