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ABSTRACT: Helical computed tomography (HCT) allows for volume acquisition of
the entire thorax during a single apnoea. Combination of HCT acquisition with
synchronous vascular enhancement gives rise to HCT angiography (HCTA).

In the last decade, HCT and HCTA have revolutionized the diagnosis of thoracic
diseases, modifying many diagnostic algorithms. Because HCT provides for a true
volume acquisition free of respiratory misregistration, three-dimensional (3D) rendering
techniques can be applied to HCT acquisitions.

As these 3D rendering techniques present the HCT information in a different format
to the conventional transaxial CT slices, they can be summarized as virtual tools.

The purpose of this review is to give the readers the most important technical aspects
of virtual tools, to report their application to the thorax, to answer clinical and scientific
questions, and to stress their importance for patient management, clinical decision
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making, and research.
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Volume acquisition of the thorax during one
breath-hold is possible using helical computed tomo-
graphy (HCT) [1]. HCT of the thorax has become a
major noninvasive technique for the evaluation of the
airways, the mediastinum, the major thoracic vessels,
the chest wall, and, in some instances, the pulmonary
parenchyma [2-4]. It has replaced conventional or
slice-by-slice computed tomography (CT) acquisition,
except for high resolution computed tomography
(HRCT) of the pulmonary parenchyma. Because
HCT provides a thorough volumetric acquisition of
the thorax, HCT acquisitions can be reconstructed as
contiguous or overlapped transaxial CT images (the
conventional way to display CT images) or as three-
dimensional (3D) images by using various 3D soft-
ware [5-7]. 3D reconstructions are now widely
available and have gained popularity among radio-
logists who use them to answer specific clinical
problems [8]. Although 3D images contain no more
information than the axial CT images, they provide
information in other formats that can enhance the
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perception of the anatomy. These reconstructions
include multiplanar reformation (MPR), maximum
intensity projection (MIP) and minimum intensity
projection (IPmin), three-dimensional surface shaded
display (3D SSD), and volume rendering (VR).

The purpose of this review is to give the readers the
most important technical aspects of 3D wvirtual
images, their strengths and weaknesses, to report
their application to clinical and scientific questions,
and to stress their importance for patient manage-
ment, clinical decision making, and research.

Technical aspects

HCT acquisition is a major technical evolution of
CT that was introduced in the early 1990s [1]. It
combines the continuous rotation of the X-ray tube
with the advancement at a constant speed of the
patient through the gantry during the emission of
X-rays. Therefore, the X-ray beam describes a helical
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course around the patient and gives rise to a volume
of data.

Helical computed tomography protocols

Whatever software is used, generating 3D images
requires three main steps: data acquisition, data
processing, and data display.

Data acquisition

The choice of HCT parameters is of paramount
importance in generating accurate visualization of the
thoracic anatomy. Using different scanner models,
many reports [9, 10] have emphasized the importance
of selecting the thinnest collimation, pitch value (ratio
of the table increment per rotation and slice collima-
tion) around 1, and to reconstruct axial slices with an
overlap of >30%. In clinical practice, the radiologist
has to find a compromise between the slice thickness
and the pitch value compatible with the acquisition of
the thoracic volume of interest during a single breath-
hold. Of these parameters, slice thickness has the
greatest impact on the quality of 3D-reconstructions
[10]. Therefore, using state of the art single detector
HCT scanners with subsecond rotation time (0.75 or
0.8 s), an acceptable compromise is reached using
2-mm or 3-mm collimation, a pitch value ranging from
1.5-2.30% to 50% overlap index, and a low spatial
resolution algorithm. In some cases, a HCT scanner
using thinner collimation (1 mm) is required to
analyse the lung parenchyma or the subsegmental
bronchi. Introduction of the multiple detector-row
technology [11] permits the performance of faster
acquisitions for a given volume while using thinner
collimation, thereby increasing the overall quality of
3D simulations. Using this new technology, it is now
possible to acquire the entire thorax during one
apnoea with 1-mm slice sections.

Contrast media administration is usually needed to
analyse the vessels of the thorax and gives rise to HCT
angiography. A review of the protocols of contrast
media administration is beyond the scope of this
paper and can be found in a recent state of the art
study [4]. Analysis of the airways does not require
intravascular contrast injection, because of the great
natural contrast between the airways and their
environment.

Radiation dose to the patients is a great concern
and should be minimized at the lowest level possible
without making compromises in image quality.
Because of the great natural contrast (air-tissue inter-
faces) of the thorax, low kilovoltage (100-120 kV)
and milliamperage (100-150 mA) can be used. HCT
offers the opportunity to reduce the radiation dose
as compared to slice-by-slice contiguous acquisition
while acquiring the entire volume of data, if a pitch
value >1 is selected.

Once acquired, CT images are transferred via a
local network to a 3D workstation where they are
processed.

Image processing

Virtual tools can be divided into techniques that
create planar images such MPR and techniques that
produce 3D images.

Multiplanar reformation. MPR is the most popular
tool in clinical practice [7]. It consists of creating
images of 1 voxel thick in any arbitrary plane of
the volume of acquisition. MPRs eliminate super-
imposition of voxels lying outside the selected plane.
Planar or curvilinear MPR can be interactively and
instantaneously created along a structure of interest.
Images are displayed in the conventional Hounsfield's
scale, which precludes the loss of information due to
segmentation.

Three-dimensional reconstructions. 3D reconstruction
software uses three main algorithms: maximum and
minimum intensity projection, surface rendering, and
VR.

Maximum intensity projection and minimum intensity
projection. MIP and IPmin are based on the same
principal: imaginary rays are projected through a
subvolume of original data set [12]. The rays are
parallel (orthogonal projection) and select some
specific voxels along their route inside the volume.
MIP algorithm selects the voxel with the highest
attenuation along each ray, while IPmin algorithm
selects the voxel with the lowest attenuation along
the rays. This process is instantaneous. The final
image is, therefore, a projection of the highest or
lowest attenuation voxels of the initial volume with
no depth information. MIP has been the most popu-
lar method of obtaining CT angiographic images
[13].

MIP and IPmin algorithms have been applied to
high-resolution (1 mm) volume acquisition of a
selected volume of lung parenchyma without contrast
media injection [l14-16]. This technique is called
sliding thin slab (STS), or multiplanar volume recon-
struction (MPVR), MIP or IPmin. The main value of
both STS MIP and STS IPmin is that they extract
specific information based on density value within
the volume. The main drawbacks of MIP, STS, MIP,
and STS IPmin are the absence of depth information,
the superimposition of complex anatomic structures,
and the loss of density information [14].

Three-dimensional surface shaded display. 3D SSD
is the most frequently used algorithm to create 3D
views of the central airways, the pulmonary vessels,
and the thoracic wall. The goal of the 3D SSD
algorithms is to isolate the surface of an anatomical
structure of interest from the initial volume of data.
The voxels constituting the structure to display are
isolated from the surrounding voxels based on their
density properties using threshold segmentation [5].
Manual segmentation is often used. Segmentation
results in a binary classification of the voxels con-
stituting the volume of data: voxels within the thres-
hold values are retained for rendering and voxels out
of the threshold values are removed. The information
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loss is therefore remarkable. The impression of
depth and relief is given in illuminating the isolated
surface with an imaginary source of light.

Volume rendering

This is a sophisticated true volumetric rendering
technique in which the different tissues of interest are
encoded with varying opacity and colour. Voxels are
displayed according to the percentage of a given tissue
of interest included in each voxel. All voxels of the
initial data set are preserved in their original anato-
mical spatial relationships [5, 17].

Both surface and volume rendering can be used to
either create external models of the anatomy or
internal simulations.

External rendering. 3D SSD provides external views of
anatomical relationships of complex structures that
have high contrast such as bones, contrast enhanced
vessels, or the tracheobronchial tree. The main limit-
ation of this technique is that the selected surface is
highly dependent on the choice of an arbitrary thres-
hold level. As a result, the size of a structure can be
artificially reduced or increased depending on the
chosen threshold. Therefore, 3D SSD models must be
displayed with axial or MPR images to select adapted
threshold values. This tool can be time consuming
(15-30 min) in the case of complex anatomy.

VR has been introduced more recently. It requires
more computer power and time editing than 3D SSD.
It offers the opportunity to create semitransparent
tissue planes enhancing the perception of the ana-
tomy. At the level of central airways, VR allows
creation of virtual bronchography images that are
very similar to conventional bronchograms [18].

Internal rendering. Virtual endoscopy (VE) is one of
the most recently developed 3D techniques that is
applicable to the tracheobronchial tree [19, 20] or the
pulmonary artery [21]. VE simulates an endoscopist’s
view of the internal surface of the airways or the vessels
thanks to perspective rendering algorithm, with no
invasiveness. Both surface [19, 20] and VR [6] are used.

VE with surface shaded display requires defining
threshold values in order to isolate voxels that are
presumed to represent the inner wall of the structures.
The isolated structures are then displayed using
artificial grey scale based on their orientation and
position relative to the tip of the virtual camera. The
results of SSD VE simulations are highly dependent
on the choice of threshold values. Therefore, surface
discontinuities, artificial narrowing and floating pixels
may be present. SSD VE is also very sensitive to
partial volume effects. Careful review of VE images
along with axial CT or MPR images allows the
selection of optimal threshold values and minimizes
artefacts and pitfalls. The navigation through the
airways is performed manually with the computer
mouse or computed automatically [22]. During the
progression of the virtual endoscope, the position of
the camera is tracked on MPRs or 3D SSD that are
simultaneously displayed along with VE. The angle

of orientation and aperture (30-120°) of the virtual
camera is adaptable in real time. SSD VE requires less
computer power and proceeds more rapidly than VR
VE [4].

VR has been used to create VE. VR VE permits
visualization of peribronchial structures through bron-
chial or vessels walls and is less sensitive to partial
volume effects than surface rendering [4].

Powerful computers reconstruct VE simulations at
a speed that permits real time rendering (15-25
images-s') and, therefore, "flying" within the airways
in a virtual manner is possible [19]. With conventional
data workstations, screening of the proximal airways
requires between 15-45 min.

VE is applicable to the major airways up to a
segmental level using 2- or 3-mm slice thickness and to
subsegmental bronchi using 1-mm sections.

Virtual angioscopy has been applied to major
vessels (pulmonary artery, aorta, superior vena cava
(SVC)) [21]. It uses the same software as virtual
bronchoscopy but requires the selection of adapted
threshold values to visualize the internal surface of
contrast enhanced vessels.

Display

3D images are created on dedicated workstations.
Images are then available on the computer screen for
interactive display. They can be filmed on hard copy
films, recorded on video, or sent through the internet
to a distant computer.

Clinical applications

Although virtual tools can be applied to any
anatomical compartment of the thorax, -clinical
experience has shown that some tools are of greater
interest in some anatomical structures than in others.

Central airways

HCT has improved CT imaging of the central
airways by providing continuous thin sections of the
airways free of respiratory artefacts [23, 24]. However,
axial CT images are perpendicular or oblique to the
main axis of the trachea and bronchi, which creates
difficulties in detecting and depicting abnormalities.
Virtual tools offer the opportunity to visualize the
trachea and bronchi along their main axis, on external
3D views or on internal bronchoscopic images.

MPRs are of particular value for the evaluation
of focal airway stenoses (fig. 1). In a series including
27 patients, following lung transplantation, QUINT
et al. [25] showed that MPRs were 94% sensitive in
detecting focal airway stenoses as compared to 91%
for axial CT images. MPRs allowed an easier and
accurate evaluation of mild stenoses, extent of the
stenoses, and bronchial dehiscence. MACADAMS et al.
[26] confirmed the usefulness of MPRs through the
assessment of bronchial anastomoses following lung
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Fig. 1.- A 64-yr-old female with history of tracheal tumour. A stent was inserted in the trachea 3 yrs ago. The patient complains of
recurrent dyspnoea 3 months after insertion of a stent in the oesophagus because of severe dysphagia. a) Sagittal multiplanar reformation
shows the stent in the trachea (arrows), the stent in the oesophagus (arrowheads), and a stenosis of the trachea above the stent (empty
arrow), which is due to extrinsic compression by the stent inserted in the oesophagus. b) Three-dimensional surface shaded display in a
lateral projection allows for precise measurement of the length of the tracheal stenosis before stenting. c¢) Virtual endoscopy shows the
tracheal stenosis and the prints of the stent (arrows). d) Fibreoptic bronchoscopy at the same level as lc.

transplant. In a series including 64 patients with
stenoses of the central airway, MPR was found to be
as accurate (99%) as axial CT images in the detection
of obstructive airway lesions, detected using fibreoptic
bronchoscopy (FOB) [27], and was more accurate
than 3D SSD (90%) and IPmin (81%). Concerning the
characterization of the stenoses (i.e. severity, length,
and shape), axial CT images, MPR, 3D SSD, and
IPmin were not statistically different. The resectability
of bronchogenic carcinoma and hilar and mediastinal
structures can be assessed by HCT with MPRs of the
airways and the pulmonary vessels [28]. MPRs were

found to provide a better understanding of tumour
implantation as compared to cross-sectional images
and endoscopic examination [29]. Finally, MPRs are
useful in understanding congenital airway diseases
[30].

STS MIP is not indicated as detecting central
airway stenoses because it selects the highest attenua-
tion voxels, which artificially increases the size of
stenoses in eliminating air-containing voxels. In
contrast, STS IPmin artificially decreases the size of
asymmetrical stenoses by specifically selecting air-
containing voxels [27].



VIRTUAL TOOLS FOR IMAGING OF THE THORAX 385

External 3D SSD images allow for a better under-
standing of the longitudinal extent of airway stenoses
than axial CT images [31]. These images offer an
overview of the pathology and have been found useful
in complex airway anatomy, including congenital
airway diseases, and in identifying extraluminal air
(i.e. tracheobronchial diverticuli, fistulae, and air
leaks, bronchial distortion following surgery). REmy-
JARDIN et al [19] evaluated external VR (virtual
bronchography) images in comparison with axial CT
images in a series of 74 patients known or suspected of
abnormalities of the airways (benign stenoses: 47;
complex airway lesions: 15; bronchiectasis: 12). These
authors concluded that VR added diagnostic or
morphological information in 31% of patients,
improved confidence in the interpretation of congeni-
tal airway diseases in 8%, and corrected interpretative
errors in 5% of cases. VR was of particular interest in
diagnosing mild changes in airway calibre and under-
standing complex tracheobronchial abnormalities
[18].

Internal simulations of the airways (e.g. virtual
bronchoscopy (VB)) produce remarkably high-quality
and accurate reproductions of major endoluminal
abnormalities (fig. 2) [19, 32, 33]. VB has some advan-
tages over real bronchoscopy: it is noninvasive, recur-
rent views can be created, and directions of view of
the virtual endoscope may be changed interactively.
However, in comparison to FOB, VB has many
limitations: it does not show the mucosa, its colour,
vascularity, oedema, friability or the dynamic of the
bronchi, and does not provide for biopsy or bacterio-
logical samples [34]. Many potential clinical applica-
tions of VB have been proposed [34], such as screening
airways for endobronchial tumours, characterizing
endobronchial abnormalities, guiding transbronchial
needle aspiration, guiding interventional broncho-
scopy, and assessing tracheobronchial stenoses.

Regarding the detection of endobronchial tumours,
VB is limited to the demonstration of tumours that
modify the calibre of the airways. All space occupying
tumours >5 mm in diameter were demonstrated using
SSD VB [32]. However, mild stenoses, submucosal
infiltration, and superficial spreading tumours are

Fig. 2.— A 58-yr-old patient with tracheobronchial fistula. a) Virtual bronchoscopy view, the tip of the virtual endoscope being positioned
in the end part of the trachea, shows the fistula (arrow). b) Real endoscopic view of the fistula. c) Sagittal multiplanar reformation shows
the communication between the left main bronchus and the oesophagus (arrow).

not identified [32,33]. Furthermore, VB is unable to
identify the causes of bronchial obstruction (ie.
bronchogenic carcinoma, benign tumour, mucus
plugging, blood clot, or foreign body) [33, 35]. Many
series have shown the excellent correlation between
VB images and FOB results regarding the location,
severity, and shape of airway narrowing [19, 32, 36].
VB is able to pass severe airway stenoses or
obstructions, which is not possible using FOB. Auto-
matic detection of polypoid lesions of the airways has
been proposed by SumMERS et al [37], but the
sensitivity of the technique has to be improved. The
added diagnostic value of VB in patients known to
have benign abnormalities and carcinoid tumours of
the airways [38] has been studied in a series of 28
patients with 32 abnormalities. The sensitivity for
detection of abnormal bronchial segments was 89%
using axial CT images, and 92% using axial CT images
with VB. Specificity reached 99% in both cases.
Regarding the potential role of VB in characterizing
benign endobronchial lesions, VB added little infor-
mation to axial CT images [38], as the correct diag-
nosis of the nature of bronchial abnormalities
increased from 68% with axial CT images to 76%
when VB where interpreted together with axial CT
images. However, display of VB images increases the
confidence of pulmonologists in CT results [38].

VB with VR has been proposed to guide transbron-
chial needle aspiration (TBNA) [39]. Simultaneous
display of the real endoscopic views and the virtual
views, showing the inner wall of the airway and
the nodes to biopsy as well as the vessels to avoid,
increased the confidence of bronchoscopists, short-
ened the preparation time of TBNA, and shortened
the time of the procedure [39]. In a preliminary study
that included 17 patients with mediastinal adeno-
pathy, the sensitivity of TBNA reached 88% on a per
node basis analysis. These encouraging results should
be confirmed in a larger series involving broncho-
scopists on a learning curve [34]. Computer-assisted
transbronchial biopsy system was described [40]. The
aim of the software is to match VB images showing
the target to sample with FOB in real time. HCT is
acquired before FOB. VB simulations showing the
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target to biopsy are generated. FOB is then per-
formed, the images being captured on a computer.
Registration of the position relative to the tip of the
real endoscope is obtained without an external device
by image analysis of the bifurcations. As real and
virtual images are similar, matching is performed in
real time during the FOB procedure. Preliminary
results showed promising localization accuracy of
1.1 mm.

VB has been proposed as a virtual tool for
preparing various interventional bronchoscopic pro-
cedures, such as stent placement, laser photocoagula-
tion, endobronchial cryotherapy, and endobronchial
brachytherapy [24, 34]. To the best of the authors’
knowledge, the real role of VB in these procedures has
not been evaluated.

VB may be used as a complementary tool to axial
CT images for the noninvasive follow-up of patients
that had endobronchial procedures [9, 34].

The potential of virtual tools to provide images of
the airways for synopsis should be emphasized at a
time when multiple detector-row CT scanners may
acquire the thorax in one apnoea with 1-mm sections,
thereby generating up to 300 axial images [34].

Evaluation of physiological and pharmacological
events in the lung may benefit from high-resolution
HCT scanning and application of virtual tools, as it
provides quantifiable information about regional
responses of the bronchial tree and lung parenchyma
to physiological and pharmacological stress [41].

In summary, axial CT images remain the basis for
the review and interpretation of CT examinations of
the airways. Owing to the number of 3D reconstruc-
tions that can be generated from HCT acquisitions,
the time needed to create and review these images, and
the clinical usefulness of each technique, radiologists
usually use MPRs. Other virtual tools may highlight
specific abnormalities and should be considered as
complementary tools to axial CT images and MPRs.
However, there may be rapid developments thanks to
improvements in computer science.

Lung parenchyma and emphysema
Lung parenchyma

MIP and IPmin has been applied to high-resolution
(1-mm section) focal volume acquisitions of lung
parenchyma to either increase the perception and
definition of infiltrative lung diseases (MIP) or to
increase the perception of emphysema (IPmin) [14-16].
In a study including 26 patients suspected (n=6) or
known (n=20) to have diffuse infiltrative lung disease,
BHALLA et al. [14] showed that micronodules and
peripheral pulmonary vessels were more obvious on
MIP images than on conventional HRCT images. In a
study including 81 patients with suspicion of pneu-
moconiosis (n=25), sarcoidosis (n=19), smoker
bronchiolitis (n=17), and bronchiolitis of miscella-
neous causes (n=20), REmMy-JARDIN et al. [15] found
three main advantages of MIP images over high-
resolution (1-mm) and 8-mm CT images: 1) MIP
images increased the sensitivity of CT examination in

detecting micronodules as MIP images, using 5-mm
sliding slabs, had a 100% sensitivity to detect micro-
nodules versus 73% for HRCT images and 57% for
8-mm sections CT images; 2) MIP images allowed a
more precise definition of the distribution of micro-
nodules within the secondary pulmonary lobule,
which is of particular importance in establishing
the differential diagnosis of micronodular patterns;
3) in patients with inconclusive HR and 8-mm CT
findings regarding the presence of micronodular
opacities (17 of 81 patients), MIP images allowed
for the detection of micronodular patterns that
involved <25% of the lung surface. However, in
patients with obvious micronodular pattern (46 of 81
patients) at conventional CT and in patients with
normal HRCT (18 of 81 patients), MIP did not show
any diagnostic superiority over HRCT. Therefore,
MIP images are an additional tool used at second
attention for adequate evaluation of mild forms of
micronodular infiltration [§].

IPmin sliding thin slabs have the potential to select
the voxels with the lowest density in the slab (fig. 3).
This property has been used in a study including 29
patients without radiographical evidence of emphy-
sema before surgery for lung cancer [16]. Pathological
examination showed emphysema in 21 of 29 patients.
IPmin images displayed a better sensitivity than

Fig. 3.— A 40-yr-old patient with a history of cigarette smoking. a)
High-resolution computed tomography shows pulmonary emphy-
sema (window width, 480 Hounsfield units (HU), window level,
-720 HU). b) Sliding thin slab, minimum intensity projection (slab
of seven 1-mm sections) at the same level and same window width
and level increases the difference between normal and emphysema-
tous lung. Note that peripherally located vessels are not displayed
as clearly as on figure 3a.
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Fig. 4.— A 55-yr-old patient with a history of cigarette smoking
and severe emphysema. Helical computed tomography before lung
volume reduction surgery. HCT acquisition with 7-mm sections,
reconstruction index of 3.5-mm. a) Three-dimensional surface
shaded (3D SSD) model of the lungs using threshold values of
(-1024, -400 Hounsfield units (HU)). b) 3D SSD model of the
emphysematous lung using threshold values of (-1024, -950 HU
shows heterogeneous distribution of emphysema.

HRCT in detecting emphysema, with a sensitivity of
71% versus 54%. IPmin has the potential to enhance
density changes related to small airway disease as
compared to HRCT [42].

The sliding slab technique has the following
limitations: 1) loss of information due to the selection
of the lowest or highest value voxel along the slab
requires the review of these virtual images along with
the native 1-mm sections; 2) the need for a dedicated
HCT acquisition which increases the radiation dose to
the patient; and 3) great sensitivity to motion (cardiac,

Fig. 5.—A 53-yr-old female with clinical suspicion of acute
pulmonary embolism. Helical computed tomography angiography
was performed with 3-mm sections. a) Axial computed tomo-
graphy image at the level of the left pulmonary artery raises the
suspicion of chronic pulmonary embolism (arrow). b) Coronal
multiplanar reformation shows that low-density structure is due to
externally located structure (arrow).

respiratory) which creates severe artefacts. This tech-
nique is, therefore, used at second attention in selected
clinical cases in which it has been proved to be useful.

Quantification of pulmonary emphysema

HRCT quantification of emphysema is correlated
with pulmonary function tests [43]. With the recent
development of Iung volume reduction surgery,
attempts have been made to use 3D reconstructions
of HCT data for quantifying emphysema and
evaluating its distribution (fig. 4) [44-46]. In three
series, the authors used 3D SSD models of the lungs
and various threshold values to select pulmonary
parenchyma and emphysema [44-46]. Their basic idea
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Fig. 6.— A 78-yr-old female with history of chronic dyspnoea and scimitar syndrome. Contrast enhanced computed tomography (CT) was
acquired with 3-mm sections. a) Axial CT image at the level of the left atrium shows absence of left upper pulmonary vein (arrow). b)
Axial CT image at the level of the right inferior pulmonary vein (arrow) shows enlargement of the vein that enters the right atrium (star).
¢) Coronal multiplanar reformation shows the enlargement and abnormal position of the right pulmonary vein (arrow) and the continuity
with the right atrium (star). d) Three-dimensional surface shaded display view in a coronal projection of the malformation (arrow).

was that an abnormal emphysematous lung shows
lower attenuation than a healthy lung. All authors
concluded that 3D reconstructions correlated well
with pulmonary function tests and provided accurate
quantification and distribution of pulmonary emphy-
sema. These considerations are of great value in
improving the prediction of the postoperative func-
tional outcome of patients. 3D SSD has been used in
order to evaluate changes in lung volumes after lung
volume reduction surgery [47]. HOLBERT et al. [47]
showed that the volume of the surgically reduced lung
decreased 22% and that the volume of the healthy lung
increased 4%.

One series including 70 patients with severe emphy-
sema (intermediately heterogeneous: 18; markedly
heterogeneous: 42; homogeneous: 10), showed that
functional improvement after lung volume reduction
surgery was more closely correlated with the degree of
emphysema heterogeneity showed by CT than with

the degree of perfusion heterogeneity assessed by
perfusion lung scintigraphy [48].

Pulmonary vessels

Computed tomography angiography (CTA) has
dramatically changed the diagnostic approach to
diseases of thoracic vessels [4] and has replaced
conventional angiography in diagnostic algorithms.
Although axial CT images remain the initial display
mode, virtual tools have been used in selected
indications.

In acute pulmonary embolism (PE), assessment
of the pulmonary artery is performed by axial CT
images. MPRs have been proposed in two major
indications: to reconstruct obliquely-oriented arteries
along their longitudinal axis in order to suppress partial
volume effects that are responsible for false-positive
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Fig. 7.— A 33-yr-old patient with pectus excavatum. a) Sagittal multiplanar reformation shows the compression of the mediastinum by the
sternum. b) Three-dimensional surface shaded display of the thoracic wall gives an overview of the malformation.

diagnosis of PE in arteries [49]; to discriminate between
peripherally located thrombi and externally located
structures (fig. 5). Experience with virtual angioscopy
is limited to one clinical report [21]. The other virtual
tools have no indication in imaging acute PE.

HCT has been shown to be more accurate than
MRI and conventional angiography in the diagnosis
of chronic pulmonary thromboembolism of the
central pulmonary artery [50]. In patients with such
a condition, coronal and sagittal MPRs are comple-
mentary images to axial CT views in the disclosure of
centrally located chronic thrombi and the definition of
surgical approach [13].

External 3D imaging using surface or VR as well as
STS MIP reconstructions, have been used to display
pulmonary arteriovenous malformations (PAVM) [51,
52]. These virtual tools offer a noninvasive diagnostic
approach in patients with hereditary haemorrhagic
telangiectasia, a pretherapeutic map to guide inter-
ventional angiography and a noninvasive technique
for follow-up after embolization [51]. Therefore,
conventional angiography is currently dedicated to
the embolization of PAVM that were previously
investigated using HCT.

The same virtual techniques are useful in identifying
and characterizing pulmonary vein abnormalities
(fig. 6) [52, 53].

In patients with superior vena cava syndrome, CTA
with MPRs and MIP highlight the cause of venous
obstruction and allow preparation of endovascular
stent placement by providing precise measurements
[54]. CTA has replaced conventional phlebography
for the diagnosis of superior vena cava syndrome.

Detection of arterial stenosis due to thoracic outlet
syndrome, is eased by VR [55] as compared to axial

CT images and MPR. HCTA and virtual tools may
replace catheter angiography in this indication.

Pulmonary nodules

Low-dose HCT has recently been proposed as a
technique for screening patients with a high risk of
developing lung cancer [56]. Assessing the growth rate
or more precisely the doubling-time of pulmonary
nodules, is one of the best predictors of tumour
malignancy. Volumetric growth estimation based on
repeated 3D volumetric measurements of small
pulmonary nodules was more accurate than estima-
tion of growth rate on axial CT images [57]. 3D
analysis of small pulmonary nodules may be one of
the key tools for noninvasive assessment of the growth
rate and morphology of small pulmonary nodules
[58].

Diaphragm

HCT has enhanced the capabilities of CT in
imaging the diaphragm [59]. Sagittal and coronal
reformations are of particular importance in the
evaluation of the peridiaphragmatic area [59]. A
recent report underlines the role of HCT with MPR
in sagittal and coronal planes in the diagnosis of
diaphragmatic rupture after blunt trauma [60]. HCT
with 3D reconstructions has been used to evaluate the
effect of chronic hyperinflation on diaphragm length
and surface area [61]. It has also been used after
single-lung transplantation [62].
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Chest wall

The natural high contrast of bony structures allows
for the creation of spectacular 3D SSD or VR images
of the thoracic wall (fig. 7). HCT scans were acquired
in eight children who had corrective surgery for pectus
excavatum and developed constricted thorax resulting
from disturbed chest wall growth [63]. VR images
were useful in preoperatively and postoperatively
defining the orientation of the ribs and costal
cartilages and their relationship to the sternum.
Lung volumes were estimated before and after surgery
with the same acquisition.

The respective roles of CT and magnetic resonance
imaging (MRI) for the structural analysis of the chest
wall remain controversial. Although MPR, 3D SSD,
and VR have increased the value of CT in assessing
the chest wall, MRI has superior contrast resolution,
offers multiplanar imaging capabilities and high-
resolution images by using surface coils. Therefore,
MRI provides better results than CT in evaluating
chest wall involvement in lung cancer [64], including
the evaluation of superior sulcus tumour [65].

Conclusion

HCT has become a major technique for noninvasive
assessment of the thorax. In clinical practice, it has
nearly replaced more invasive radiological procedures
such as pulmonary angiography and bronchography.
Although axial CT images continue to be the basis
for the review of the HCT acquisitions, 3D images
enhance axial CT information in many clinical
problems. Virtual tools may expand the clinical use
of HCT by minimizing the requirement for invasive
procedures such as bronchoscopy.

In the future, the use of virtual tools will certainly
increase. Multiple detector-row computed tomo-
graphy acquisition will provide isotropic (cubic)
voxels, thereby increasing the quality of all types of
three-dimensional visualization [66]. However, the
total amount of generated axial computed tomo-
graphy images will increase dramatically, creating
difficulties in reviewing, interpreting, archiving, and
filming computed tomography images. At the same
time, increases in computer speed and power will
allow for the performance of virtual simulations in
real time. Three-dimensional and virtual images may
become an alternative format for reviewing computed
tomography acquisitions for interpretation [5]. How-
ever, the value of these images has to be assessed in
comparison with axial computed tomography and
anatomical images.
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