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Abstract Combining helical volu-
metric CT acquisition and thin-slice
thickness during breath hold pro-
vides an accurate assessment of both
focal and diffuse airway diseases.
With multiple detector rows, com-
pared with single-slice helical CT,
multislice CT can cover a greater
volume, during a simple breath hold,
and with better longitudinal and in-
plane spatial resolution and im-
proved temporal resolution. The re-
sult in data set allows the generation
of superior multiplanar and 3D im-
ages of the airways, including those
obtained from techniques developed
specifically for airway imaging, such
as virtual bronchography and virtual
bronchoscopy. Complementary CT
evaluation at suspended or continu-
ous full expiration is mandatory to
detect air trapping that is a key find-
ing for depicting an obstruction on
the small airways. Indications for CT
evaluation of the airways include: (a)
detection of endobronchial lesions in

patients with an unexplained hemop-
tysis; (b) evaluation of extent of tra-
cheobronchial stenosis for planning
treatment and follow-up; (c) detec-
tion of congenital airway anomalies
revealed by hemoptysis or recurrent
infection; (d) detection of postinfec-
tious or postoperative airway fistula
or dehiscence; and (e) diagnosis and
assessment of extent of bronchiecta-
sis and small airway disease. Im-
provement in image analysis tech-
nique and the use of spirometrically
control of lung volume acquisition
have made possible accurate and re-
producible quantitative assessment
of airway wall and lumen areas and
lung density. This contributes to bet-
ter insights in physiopathology of
obstructive lung disease, particularly
in chronic obstructive pulmonary
disease and asthma.
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New frontiers in CT imaging of airway disease

Introduction

Helical CT is the recommended imaging technique for
assessing the airways. Owing to its capability for contin-
uous volume acquisition during a single breath hold, he-
lical CT provides a super tool to visualize even minor in-
tra- and extraluminal pathology in the trachea and proxi-
mal bronchi. Bronchial tumors and inflammatory steno-
ses can be reliably depicted. Postprocessing analysis
techniques including multiplanar reformation, 3D sur-
face display, volume-rendering technique and virtual

bronchoscopy are valuable in the evaluation of extent of
stenosis for planning treatment and follow-up. Thin-sec-
tion (high-resolution) CT at inspiration and expiration
has gained wide acceptance of the imaging modality of
choice in the evaluation of distal airways. It is particular-
ly appreciated for the diagnosis and assessment of extent
of bronchiectasis and small airway disease. To date, by
combining both helical volumetric acquisition and thin
slice thickness over the entire lungs during a single
breath hold, multislice CT offers the advantage of pro-
viding an accurate assessment of focal or diffuse, proxi-
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mal or distal airway disease. Continued improvement in
quantitative image-analysis techniques and the use of
spirometrical control of the lung volume at acquisition
make it possible to more easily assess airways lumen and
wall areas and lung density. This quantitative assessment
of the airways will lead to the increasing use of CT as a
research tool for better insights in physiopathology of
obstructive lung disease, particularly in chronic obstruc-
tive pulmonary disease (COPD) and asthma, with an ul-
timate benefit in clinical practice

Acquisition parameters and image processing

Using state-of-the-art single-detector helical CT scanners
with subsecond rotation time (0.5–0.8 s), an acceptable
compromise is reached using 2- or 3-mm collimation, a
pitch value ranging from 1.5 to 2, 30–50% overlap index
in reconstruction, and a low spatial resolution algorithm
[1, 2, 3]. Introduction of the multidetector-row technolo-
gy allows now the performance of fast acquisitions of
around 20 s for the entire thorax while using 1-mm slice
thickness. Because slice thickness has the greatest im-
pact on the quality of 3D reconstructions [2], the overall
quality of 3D simulations is increased [1, 4].

Because of the great natural contrast between the air-
ways and their environment, low kilovoltage
(100–120 kV) and milliamperage (100–150 mAs) may
be used [1]. Visualization of the overlapped thin axial
images sequentially in a cine mode allows the bronchial
divisions to be followed from the segmental origin to the
distal bronchial lumens down to the smallest bronchi
which can be identified on thin section images. This
viewing technique helps indicate the segmental and sub-
segmental distribution of any airway lesion and may
serve as a roadmap for the endoscopist. Moving up and
down through the volume at the monitor has become an
alternative to film-based review. Image processing in-
cludes multiplanar reformations and techniques that pro-
duce 3D images, such as minimum intensity projection,
3D surface-shaded display and volume rendering [1]. In
all cases the first procedure is the acquisition of a prima-
ry volume data set from a helical CT consisting of over-
lapping transaxial images, which provide the highest
morphologic detail [3]. The z-axis resolution is directly
related to the effective slice thickness. The smaller the
effective slice thickness, the more precise are 2D refor-
mats or 3D reconstructions [3]. The optimal effective
slice thickness is therefore of 1.5 mm or less. It is critical
to point out that any technique used to view the CT data
through any plane other than the transverse plane or pro-
jection other than the craniocaudal projection results in
an image with anisotropic pixels. The in-plane resolution
is defined y the reconstruction kernel and field of view,
whereas the through-plane or z-axis resolution is defined
by the collimator width, pitch, and interpolation algo-
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rithm. Therefore, as the angle of the reformation plane
increases relative to the plane of acquisition, spatial reso-
lution decreases. The highest resolution views for evalu-
ating helical CT scans, regardless of application, are the
unedited transverse CT sections. They should always be
carefully reviewed at appropriate window and level set-
tings regardless of additional rendering techniques em-
ployed [5].

Multiplanar reformations

Multiplanar reformations allow to obviate the underesti-
mation of the limits of the craniocaudal extent of a verti-
cally oriented disease such as tracheobronchial stenosis
(Fig. 1). They are of particular value for better detection
and evaluation of mild focal stenosis [6]. They are also
well appreciated in the assessment of congenital abnor-

Fig. 1a, b Tracheal stenosis occurred as a complication of tra-
cheostomy. a Coronal oblique image of the trachea reformatted af-
ter helical CT acquisition showing the exact location and degree
of the stenosis (left). The 3D surface shadowing display image
(right) demonstrates the asymmetric aspect of the stenosis. b De-
scending virtual endoscopy view assesses the internal morphology
of the stenosis
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malities of the tracheobronchial tree and in the diagnosis
of bronchial dehiscence following lung transplantation or
surgery [7]. Whereas the thickness of the displayed pla-
nar image is 0.6–0.8 mm, depending on the dimension of
the field of view, multiplanar volume reconstruction
(MPVR) consists of a slab with a thickness of several
pixels and of a less noisy reformation [8]. Underestima-
tion of a stenosis, however, may occur if the reformation
plane is not adequately chosen. This can be avoided by a
simultaneous reading of the native cross-sectional imag-
es and a selection of reformation plane from the 3D re-
constructed image of the airways [7].

Minimum intensity projection imaging

Minimum intensity projection (MIP) imaging is a simple
form of volume rendering that is able to project the tra-
cheobronchial air column into a viewing plane. It is usu-
ally applied to a selected volume of the thorax contain-
ing the airways under evaluation (sliding thin slab or
MPVR-MIP technique). Pixels encode the minimum
voxel value encountered by each ray. Airways are visual-
ized because air contained within the tracheobronchial
tree is lower in attenuation than surrounding pulmonary
parenchyma, with a small density difference between
pulmonary parenchyma and airways between 50 and

150 HU [5]. Minimum intensity projection, however, is
rarely used in the evaluation of the airways because nu-
merous drawbacks have limited its indications in assess-
ing airway disease. The size of asymmetrical stenoses
may be artificially decreased [8]. The technique is very
vulnerable to varying width of volume of interest and to
partial-volume effects [3]. Even minor partial-volume
averaging leads to underestimation of the airway caliber.
This effect grows with increasing effective slice thick-
ness, decreasing bronchial diameter, and horizontal
course of a bronchus [3]. Sometimes, high-grade steno-
ses can be imaged as pseudo-occlusions. The intralumi-
nal growth of eccentric tumors is generally underestimat-
ed and may even be completely missed. Intraluminal
structures of higher density (e.g., stents) are not dis-
played. Other air-containing structures, such as esopha-
gus, may simulate tracheal fistulas if careful analysis of
all angles of view is not performed (Fig. 2).

Fig. 2 Minimal intensity projection in the coronal direction of the
proximal airways after multislice CT acquisition with thin slice
thickness. A linear hypoattenuation area lying perpendicular to the
long axis of the trachea (black arrow) corresponds to the presence of
air in the esophagus. This is an artifact simulating a tracheal fistula

Fig. 3a, b Tracheal diverticula. a Axial thin slice of the trachea
showing a rounded air collection (d) located right and posterolat-
eral to the trachea (T). That air collection is connected to the tra-
cheal lumen by a tiny tracheal wall dehiscence (arrow). At sur-
gery, this lesion was resected and corresponded to a congenital di-
verticula of the trachea. b The 3D surface-shaded display image
shows the relationships between the diverticula (D) and the trache-
al lumen (T) on a right lateral view
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3D surface rendering technique with shaded display

The surface of the volume of air contained in the airways
is isolated from the initial volume data by thresholding
segmentation [7, 8, 9]. The depth impression is optimally

rendered by shading the surface obtained from depth en-
coding. The technique allows for a better understanding
of the longitudinal extent of airway stenoses than axial
CT images (Fig. 1). The 3D images offer an overview of
the pathology, particularly appreciated in complex air-
way anatomy (i.e., bronchial distortion following sur-
gery). It also may identify extraluminal air (i.e., tracheo-
bronchial diverticuli, fistulae, and air leaks) (Fig. 3). The
major limits of this technique are related to thresholding
range. The degree of airway stenosis rendered by a 3D
surface-rendering technique will increase with the
threshold of segmentation, and vice versa. The result of
reconstruction is also sensitive to partial-volume arti-
facts, stair-step artifacts, and motion-related artifacts [7].
In addition, voxels fractionally composed of the tissue
and air are not integrated in the final image [8].

Virtual bronchography

Volume-rendering technique applied at the level of cen-
tral airways allows reconstruction of 3D images of the
airways visualized in semi-transparent mode similar to
conventional bronchograms (Figs. 4, 5). This leads to a
new functionality called virtual bronchography. To seg-
ment the lumen–wall interface of the airways, Rémy-

Fig. 4 Volume rendering of the airways and lung parenchyma af-
ter multislice CT acquisition in a patient with Wegener’s granulo-
matosis. A narrow and regular stenosis is visualized on the left
main bronchus (arrow). Note the presence of emphysema in the
right lower lobe

Fig. 5a–c Left retrotracheal
pulmonary artery in a 4-year-
old boy. a Volume rendering of
the airways and lung parenchy-
ma after multislice CT acquisi-
tion in the coronal view show-
ing the left displacement and
abnormal course of the distal
part of the trachea, carina, and
right main bronchus. The lu-
men of the distal part of the tra-
chea (t) is reduced in caliber.
Air in the esophagus is also de-
picted (e). b Axial CT scan
with bolus injection of contrast
material showing the abnormal
position and course of the main
pulmonary artery. The left pul-
monary artery is in a right posi-
tion to the trachea (t) then runs
to the left (arrow) behind the
trachea (t). c Volume rendering
of the vessels in the axial view
confirms the relationships be-
tween the left pulmonary ar-
tery, tracheal lumen, and spine
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Jardin et al. used a continuous rim of peripheral voxels
(70% of opacity value) and the volume-rendering algo-
rithm [10]. They demonstrated in a series of 74 patients
known or suspected of airway disease, that virtual bron-
chography added diagnostic or morphologic information
in 31% of patients [11]. Virtual bronchography was of
particular interest in diagnosing mild changes in airway
caliber and understanding complex tracheobronchial ab-
normalities. With Fetita et al., we have developed a fully
automatic method for 3D bronchial tree reconstruction
[12]. It is based on bronchial lumen detection within the
thoracic volume data set obtained from a helical CT ac-
quisition with thin slice thickness during breath hold. The
reconstruction approach relies on a region-growing tech-
nique conditional to a Markovian model. It involves dif-
ferent potential functions which exploit the structural and
topologic features of the airways, thus making it possible
to achieve the reconstruction of the bronchial tree up to
the seventh-order division (Fig. 6). The initial kernel
which originates the growth is automatically located in-
side each connected component of the bronchial lumen
(even in the regions where the lumen presents with severe
stenosis or contains mucoid impaction), to avoid inclu-
sion of small non-bronchial air areas present in the pul-
monary parenchyma. The growth initiation procedure ex-
ploits a new concept in mathematical morphology called
topographical constrained connection cost which is able

to extract from a gray-level volume the local valleys (air-
ways) whose spatial extent is locally comprised in a giv-
en interval chosen between the noise and the diameter of
the tracheal lumen. In order to increase the investigation
capabilities of the reconstructed bronchial tree, two com-
plementary tools have been developed:

1. Automatic delimitation and indexation of anatomical
segments making possible local and reproducible
analysis at a given level of the bronchial tree

2 An automatic extraction of the central axis of the
bronchial tree which simplifies the interactivity dur-
ing the navigation within virtual bronchography or
virtual endoscopy modes

These tools can also be used for quantitative assessment
of the wall and lumens of the airways on cross-sectional
images of the bronchi reconstructed perpendicular to
their central axis.

Virtual bronchoscopy

Virtual bronchoscopy provides an internal rendering of the
tracheobronchial walls and lumen. Owing to a perspec-
tive-rendering algorithm, this simulates an endoscopist’s
view of the internal surface of the airways. The observer
may interactively move through the airways. This tech-
nique may be obtained from both 3D surface rendering
and volume-rendering techniques (Figs. 7, 8). Volume-
rendering technique is less sensitive to partial-volume ef-
fects than surface rendering. Powerful computers permit
real-time rendering (15–25 images/s) making flying with-
in the airways in a virtual manner possible. Virtual endos-
copy is applicable to the central airways including the
subsegmental bronchi. The technique allows accurate re-
production of major endoluminal abnormalities with an
excellent correlation with fiberoptic bronchoscopy results
regarding the location, severity, and shape of airway nar-
rowing [13]. Virtual endoscopy is also able to visualize
the bronchial tree beyond an obstructive lesion and thus to
perform a retroscopy when looking back toward the distal
part of the stenosis. In addition, volume-rendering tech-
nique permits visualization of peribronchial structures
through bronchial walls. This helps plan transbronchial,
transtracheal, or transcarinal needle punctures [14]. De-
spite these appreciable abilities, virtual endoscopy re-
mains very sensitive to the partial-volume averaging effect
and motion artifacts. Discontinuities in the walls of air-
ways can be artifactually created and structures typically
appear irregular due to the polygonal modeling applied to
the surfaces [4, 5]. In addition, we must never forget that
virtual endoscopy is unable to identify the causes of bron-
chial obstruction [1]. Mild stenosis, submucosal infiltra-
tion, and superficial spreading tumors are not identified
[8]. In all cases axial CT images remain the major modali-
ty for an accurate assessment of the airways. 

Fig. 6 Virtual bronchography (volume rendering of the segmented
airways after multislice CT acquisition, 1-mm slice thickness, and
0.6-mm overlap in reconstruction) in the oblique view (left poste-
rior oblique). Normal appearance of the airways in a mild inter-
mittent asthmatic patient
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Fig. 7a, b Virtual bronchoscopy. Patient with Wegener’s granulo-
matosis. a Thin-slice axial image showing a small nodular lesion
on the internal margin of the tracheal lumen suggesting a granulo-
matous lesion. b Virtual endoscopy in the same patient after multi-

slice CT acquisition showing the same lesion (arrow) and a multi-
ple nodular appearance of the internal wall of the trachea com-
pletely concordant with the appearance at the real bronchoscopy

Fig. 8a, b Tracheoesophageal fistula occurring in a patient with cancer of the
esophagus treated by endoesophageal graft. a Two successive axial CT scans
showing the graft within the esophageal lumen behind the tracheal lumen. A
large communication (fistula) between the tracheal and esophageal lumens is no-
ticed (arrow). b Sagittal reformation permits assessment of the exact size and lo-
cation of the fistula just above the anterior part of the upper end of the graft. The
different (volume rendering) virtual endoscopic descending views are added on
the right and left parts of the figure. The exact location of the virtual endoscope
for each view is pointed out by a yellow arrow. (Courtesy of Y. Martin-Bouyer)

Quantitative CT assessment of airways

Airway lumen and airway wall areas may be quantita-
tively assessed on CT images by using specific tech-
niques that must be reproducible as well as accurate in
order to compare the airways pre- and postintervention

(bronchoprovocation, bronchodilatation, therapeutic re-
sponse) and to carry out longitudinal studies of airway
remodeling. Airway lumen and wall areas measured on
axial images depend on the lung volume, and angle be-
tween the airway central axis and the plane of section.
Volumetric acquisition at controlled lung volume is re-



3D allow determination of the central axis of the airways
and reconstruction of the airway cross section in a plane
perpendicular to this axis (Fig. 10). This analysis tech-
nique overcomes the major limitation to the use of
HRCT in quantitative analysis, which is that accurate or
true airway lumen and airway wall area can only be mea-
sured from airways which are oriented approximately
perpendicular to the plane of scanning.

Different image analysis techniques have been devel-
oped to make measurements of airways dimension on
CT scans. McNamara et al. [15] modified a method de-
veloped by Webb et al. [16] based on visual analysis of
photographed images. They found that it was crucial to
use a window level of –450 HU. Amirav et al. [17] de-
veloped a computerized algorithm for measuring airway
lumen area, based on an edge detection method using the
full width at half maximum principle, which has advan-
tages of less subjectivity and greater speed than the
method of McNamara et al. [15]. With Prêteux et al., we
developed an automatic method for segmentation and
calculation of airway lumen areas based on mathematical
morphology theory, marking techniques derived from the
concept of connection cost, and conditional watershed
segmentation [18]. Wood et al developed an algorithm to
measure airway lumens and the airway angle of orienta-
tion using a 3D reconstruction of the lung [19]. This
technique allowed cross-sectional images of the airways
to be generated irrespective of airway of orientation.
King et al. more recently developed an automatic CT im-
age analysis algorithm to measure not only the airway
lumen areas but also the wall areas and angle of orienta-
tion of airways [20]. Perot et al. [21] had a different ap-
proach with results similar to those of King et al. [20].
These results proved to be more accurate than those ob-
tained with manual methods. All these analysis algo-
rithms have been validated using data from phantom
studies [15, 17, 18, 19, 20] and excised animal lungs [20,
21], or by developing a realistic modeling of airways and
pulmonary arteries included in CT scans of animal lungs
obtained in vivo [18]. Their accuracy in measuring the
airways lumen [15, 17, 18, 20] and wall [20, 21] areas
was very good only for bronchi measuring at least 2 mm
in diameter. These techniques have been used to quantify
the magnitude and distribution of airway narrowing in
excised lung animals and in animal lungs in vivo as well
as in normal and asthmatic subjects [15, 17, 22, 23, 24].
Although they have been used almost exclusively for re-
search purposes, they will, with continued refinements,
eventually be of benefit in the clinical practice of radiol-
ogy [25].

Expiratory CT

Expiratory air trapping is a key finding for depicting an
obstruction on the small airways [26]. Normally, with
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quired in order to precisely match the airways of an indi-
vidual on repeated studies. The control of lung volume at
CT is obtained by spirometrically triggering. During ex-
halation the spirometer and associated microcomputer
measure the volume of gas expired and trigger CT after
the specific volume is reached (Fig. 9). When the trigger
signal is generated, air flow is inhibited by closure of
mechanical occlusion device attached to the spirometer
and scanning starts.

Measurements of airway lumen and wall area have to
be restricted to airways that appear to have been cut in
cross section based on the apparent roundness of the air-
way lumen. Measuring airway lumen and airway walls
when they are not perpendicular to the scanning plane
may lead to significant errors, the magnitude of which
will depend on how acutely the airways are angled, the
collimation, and the field of view. The larger the angle
and field of view and the thicker the collimation, the
greater the overestimation airway wall area. Most of the
airways examined in axial CT slices are also more likely
to be running obliquely to the plane of the section, rather
than perpendicularly owing to the anatomy of the lung.
With the new generation of multislice CT scanner, it be-
comes possible to acquire a volume of lung with 0.6- to
0.75-mm slice thickness or less and to reconstruct axial
images every 0.6 mm or less by interpolation. In such a
maneuver, the CT voxels may be converted into cubic
dimension (isotropic voxels). Then the segmentation of
bronchial lumens and reconstruction of the airways in

Fig. 9 Spirometrically triggered CT. View of a patient breathing
through a small spirometer while positioned on the CT scan table
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expiration, lung attenuation increases due to a reduction
in gas volume within the lung, whereas the cross section
area surface of the lung decreases. Usually, dependent
lung regions show a greater increase in lung density dur-
ing expiration than do non-dependent lung regions. As a
result, the anteroposterior attenuation gradients normally
seen on inspiratory scans are significantly greater on ex-
piratory scans. The anteroposterior lung attenuation gra-
dient can have a lobar component on expiratory scan.
Often the posterior aspect of the upper lobe, anterior to
the major fissure, appears denser than the anterior aspect
of the lower lobe, behind the major fissure. Some focal
areas of low attenuation may also be seen near the tip of
the lingula. Air trapping may be depicted in some indi-
vidual lobules in dependent regions of the lungs. The
phenomenon of greater density and physiologic air trap-

ping in some individual lobules in dependent regions of
the lung may be present irrespectively to the patient’s
position. All these physiologic low attenuation areas in-
volved less than 25% of the cross-sectional area of one
lung at one scan level.

Air trapping may be depicted on expiratory CT scans
in approximately of 50% of asymptomatic subjects. The
frequency of air trapping increases with age and its se-
verity increases with age and smoking [27]. In smokers,
the extent of air trapping is related to the smoking histo-
ry independently of current smoking habits [28]. Air
trapping can be considered abnormal when it affects a
volume of lung equal to or greater than a pulmonary seg-
ment and are not limited to the superior segment of the
lower lobe (Fig. 11). Abnormal air trapping is the finding
of small airway disease, but it may also be seen beyond

Fig. 10a–c Quantitative as-
sessment of the airways. a A
3D representation of the central
axis of the bronchial tree ob-
tained from virtual bronchogra-
phy. b Navigation (red) through
the central axis of the bronchial
tree permits selection of a spe-
cific point for quantitative as-
sessment of the airway. c A 2D
reformatted image of a selected
bronchus in a plane perpendic-
ular to the bronchial central ax-
is (1); 2 illustrates the result of
the segmentation of the exter-
nal contour of the bronchial
cross section and calculation 
of the airway area (green); 
3 shows the results of the seg-
mentation of the internal con-
tour and calculation of the air-
way lumen (red), and by sub-
tracting both, airway wall area
(yellow) can be segmented and
calculated (4)
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any bronchial obstruction, or in patients with asthma,
COPD, emphysema, and sarcoidosis [29, 30, 31].

Expiratory CT technique

The most commonly used technique for the assessment
of air trapping at CT is based on postexpiratory thin-sec-
tion CT scans, obtained during suspended respiration
following a forced exhalation. The postexpiratory scans
are invariably obtained in conjunction with a routine ex-
amination obtained at full inspiration, with scans at
spaced intervals from the lung apices to bases. Postexpi-
ratory scans at four to five levels are commonly used.
Each of the postexpiratory scans is compared with the
inspiratory scan that most closely duplicates its level in
order to detect air trapping. Dynamic CT acquisition dur-
ing continuous expiration, which can be used to collect
data at a fixed level during expiration, is the second tech-
nique available. Electron-beam CT initially was per-
formed with a scanning time of 100 ms per image to as-
sess the dynamic changes in lung attenuation and in ar-
chitecture during expiration, with minimal motion arti-
facts [32]. More recently, a dynamic expiratory maneu-
ver performed during helical CT acquisition was de-
scribed in a small number of patients with good results
in spite of a longer scanning time per image [33]. Motion
artifacts, which increase as temporal resolution decreas-
es, represent the major limitations of continuous expira-
tory CT. The use of 180° linear interpolation algorithms
with a 0.5-s rotation time provides images representing
scanning periods of approximately 250 ms. Motion arti-

facts are at maximum during the early phase of expira-
tion and at a minimum during its late phase, which there-
by allows good visualization of lobular air trapping with
helical CT. With Lucidarme et al. we compared continu-
ous expiratory CT performed with helical scanner and
suspended end-expiration CT for the assessment of air
trapping in a series of 49 patients who had a chronic air-
way disease [34]. For the 39 (80%) of those 49 patients
with areas of air trapping on at least one expiratory CT
scan the air trapping extent and the relative contrast
scores obtained with continuous expiratory CT were sig-
nificantly higher than those obtained with suspended end
expiratory CT (Fig. 12a). The improvement provided by
continuous expiratory CT can be explained by a small
increase in the degree of expiration, which leads to a bet-
ter detection of air trapping. Patients can have greater

Fig. 11 Abnormal expiratory air trapping in a patient with postin-
fectious constrictive bronchiolitis and bronchiectasis. Postexpira-
tory thin section scan at the level of the right inferior pulmonary
vein shows a decrease in lung attenuation and perfusion areas
within the right middle and left lower lobes (stars). Some patchy
lobular areas of air trapping are also visible in the right lower and
left upper lobes. Cystic bronchiectasis is present in the right mid-
dle lobe (arrow)

Fig. 12a, b Continuous expiratory CT in a case of postinfectious
constrictive bronchiolitis. a Thin-section expiratory scan acquired
with helical CT acquisition during continuous expiratory maneu-
ver, showing air trapping in the postero- and laterobasal segments
of the left lower lobe. Multiple lobular areas of air trapping are
also visible in the right lower lobe and lingula. b Minimal intensi-
ty projection in axial direction obtained from the data set (10-mm-
thick volume scanned with helical acquisition and 1.5-mm colli-
mation) increasing the contrast in attenuation between the areas of
air trapping and normal parenchyma



difficulty maintaining the residual volume after an exha-
lation than during an active exhalation when they have to
continue the expiratory effort until the end of the acqui-
sition [34]. On the basis of this information, when sus-
pended end-expiration CT images are ambiguous or
when patients have difficulty performing the suspended
end-expiration maneuver adequately, complementary
continuous expiratory CT can be performed with a heli-
cal scanner to improve the conspicuity and the apparent
extent of air trapping at a given anatomic level. Using
low-dose CT, this technique has become routine in some
institutions to depict air trapping [35].

Lateral decubitus CT has been proposed as a helpful
alternative in the detection and visualization of air trap-
ping in a small number of patients with suboptimal, in-
conclusive, or uninterpretable supine expiratory CT
scans. Lateral decubitus positioning causes the depen-
dent hemithorax to be relatively splinted, thereby re-
stricting movement of the thoracic cage on that side. The
lateral decubitus position allows the observer to take ad-
vantage of gravitational gradients, thereby accentuating
the differences in lung attenuation [36].

Thin-section CT signs of expiratory air trapping can
be enhanced with image postprocessing, particularly by
using minimal intensity projection technique after helical
CT acquisition with thin collimation at suspended expi-
ration. Minimum intensity projection images are associ-
ated with increased observer confidence and agreement
as compared with thin-section CT alone (Fig. 12b) [37].

Extent of air trapping

The extent of air trapping present on expiratory scans
can be measured using a semi-quantitative scoring
system which estimates the percent of lung that appears
abnormal on each scan. In the scoring system proposed
by Stern et al estimates of air trapping were made at each
level and for each lung on a four-point scale: 0=no air
trapping; 1=1–25%; 2=26–50%; 3=51–75%; and 4=
76–100% of cross-section areas of lung affected [32].
The air-trapping score is the summation of these num-
bers for the different levels studied. According to Ng et
al. this scoring system allows good interobserver agree-
ment [38]. An automatic technique may also be used to
obtain an accurate and reproducible assessment of extent
of air trapping. By thresholding at –900 HU all the pixels
included in areas of air trapping may be highlighted and
automatically counted. This permits to calculate the pix-
el index that is defined as the percentage of pixels in
both lungs on a single scan that shows an attenuation
lower than a predetermined threshold value [39]. Using
multislice CT with 1-mm slice thickness over the lungs
performed at full expiration, an exhaustive assessment of
the volume of air trapping may be provided as well as a
3D visualization of distribution of air trapping. Acquisi-

tion performed at maximum expiration can be insured by
spirometrically triggering CT scans at 10% of the vital
capacity. Using this method, quantitative assessment of
CT images with respect to lung attenuation, lung cross-
section surface, or lung volume can be performed with
excellent precision [40].

Tracheobronchial stenoses

Helical CT can improve detection, evaluation of extent,
and characterization of tracheal or bronchial stenosis. It
may orientate the endoscopist and serve as a guide for
the taking of a biopsy specimen.

Detection

Computed tomography has proven to be a reliable meth-
od to demonstrate tumoral lesions of the proximal air-
ways including those located beyond the bronchoscopic
range [41, 42]. Although unable to demonstrate early
mucosal changes, bronchitis, squamous metaplasia, and
benign papillomas, all found at bronchoscopy, helical CT
is recommended to be performed prior to bronchoscopy
for all patients with unexplained hemoptysis [43, 44].

Extent

Multiplanar reformations, 3D images of bronchial tree,
and virtual endoscopy may prove valuable in patients
with tracheal or bronchial stenosis from central tumors
as well as from inflammatory diseases or fibrosis after
surgery or interventional endoscopic or radiologic treat-
ment (Figs. 1, 4). Main clinical applications include lo-
calization and measurement of bronchial stenosis [45].
Imaging may contribute to image guidance of endobron-
chial treatment modalities such as endobrachytherapy,
laser treatment planning, or endoprothesis. Imaging is
also helpful in the follow-up after such treatment to
search for complications such as recurrence of stenosis,
stent misplacement, or displacement. It provides infor-
mation that allows to direct a more focused real bron-
choscopy, including demonstration of the length of a
stricture and depiction of additional areas of strictures
beyond an area of narrowing that is not traversable by
the bronchoscope. This capacity is particularly important
in patients who are prone to multiple strictures such as
those with Wegener’s granulomatosis or relapsing poly-
chondritis (Fig. 13) [45]. It may also be easier to mea-
sure the degree of stenosis at CT compared with the view
obtained at bronchoscopy. Whereas the extraluminal ex-
tent of an abnormality is not visible at bronchoscopy, it
can generally be demonstrated at CT. In addition, imag-
ing may help to precisely visualize the attachment site of
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a benign bronchial tumor which can strongly influence
the surgical decision making [7].

Characterization

Analysis of the shape, content, density, and anatomic re-
lationships of the lesion on the successive contiguous CT
images can contribute to determining the precise etiolo-
gy of a bronchial stenosis. Focal or diffuse fat infiltration
visible within an endoluminal bronchial mass is charac-
teristic of hamartoma [46]. The association with central
or popcorn calcification reinforces this diagnosis. Bron-
cholithiasis, a condition in which peribronchial calcified
nodal disease erodes into or distorts an adjacent bron-
chus, is recognized at CT by the presence of a calcified
endobronchial or peribronchial lymph node, associated
with bronchopulmonary complication due to obstruction
(including atelectasis, pneumonia, bronchiectasis, and air
trapping), in the absence of an associated soft tissue
mass [47]. Focal or diffuse bronchial stenosis can be ob-
served in several inflammatory diseases, such as sarcoi-
dosis, Wegener’s granulomatosis, amyloidosis, and re-
lapsing polychondritis (Fig. 13) [48, 49]. Computed to-
mography can demonstrate regular or irregular narrow-
ing of the airways, thickening of the bronchial wall,

sometimes with dense calcium deposits, or extrinsic air-
way compression by enlarged nodes.

Guiding bronchial or transbronchial biopsy

When bronchial tumors are not visible at endoscopy, CT
can be useful to guide the taking of bronchial or trans-
bronchial biopsy by showing the relationships between
the bronchial tree and peripheral carcinomatous lesions
[43, 50]. The ability to make a definite diagnosis after
bronchial forceps biopsy and bronchial brushing has
proven to be better for lesions characterized by a bron-
chus cutoff or bronchus contained within a tumor. Trans-
bronchial needle aspiration has proven to be best able to
provide a diagnosis in patients with a bronchus com-
pressed by the tumor or with a thickening and narrowing
of the bronchus leading to the tumor [50].

Airway fistula and dehiscence

Helical CT with thin collimation is the most accurate
technique to identify peripheral bronchopleural fistulas
that are most commonly caused by necrotizing pneumo-
nia or secondary to traumatic lesions [51]. Nodobronchi-

Fig. 13a–c Relapsing poly-
chondritis. a Axial thin-section
scan showing a reduction of the
lumens of the right intermedi-
ate bronchus and left main
bronchus and a stenosis of the
left upper lobar bronchus with
calcified abnormal thickening
of the anterior wall of the air-
way (arrowheads). c Coronal
reformation image showing
thickening of the lateral walls
of the trachea containing multi-
ple calcified deposits and calci-
fied thickening of the walls of
the left main bronchus (curved
white arrows) inducing stenosis
of the left main bronchus and
occlusion of the left upper lo-
bar bronchus. b Sagittal refor-
matted image showing abnor-
mal thickening partially calci-
fied of the anterior wall of the
trachea (open arrows)
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al and nodobronchoesophageal fistulas that are most
commonly caused by Mycobacterium tuberculosis infec-
tion are depicted by the presence of gas in cavitated hila
or mediastinal lymphadenopathy adjacent to the airways.
Direct visualization of the sinus tract between the bron-
chial lumen and the hypertrophied cavitated lymph node
and/or the esophagus can be helpful in planning therapy.
Tracheal diverticula and tracheo-broncho-esophageal fis-
tula may also be diagnosed even in adults (Figs. 3, 8)
[52].

Computed tomography has a high degree of sensitivi-
ty and specificity for depicting bronchial dehiscence oc-
curring after lung transplantation [53]. Bronchial dehis-
cence is seen as bronchial wall defect associated with ex-
traluminal air collections. Schlueter et al. showed that in
patients with small dehiscences (<4 mm) and patients
with a tiny or small amount of extraluminal air, the anas-
tomosis tends to heal without sequela [54]. When pa-
tients have larger amounts of extraluminal air or larger
(>4 mm) dehiscences at presentation, CT cannot help
predict which patients will require intervention [54].

Congenital abnormalities of the airways

Helical CT easily detects as an asymptomatic incidental
finding congenital anomalies of the bronchial branching
pattern such as ectopic bronchi, supernumerary anoma-
lous bronchus, bronchial atresia, and lobar hypoplasia
[55, 56]. A focal mucoid impaction projecting into a hy-
perinflated and oligemic segment or lobe is highly sug-
gestive of the diagnosis of bronchial atresia. Segmental
or lobar hyperinflation distal to the atretic bronchus
which develops early in life as a result of collateral ven-
tilation is easily identified on CT scans, whereas the

bronchoscopy is usually interpreted as being normal
(Fig. 14) [57]. Multiplanar reformation enables the visu-
alization of the linear opacity connecting the broncho-
cele and the bronchial tree corresponding to the atretic
bronchial segment [57].

Hemoptysis or recurrent infection, as secretions can
be retained with resultant inflammation and hypervascu-
larity, can reveal an ectopic bronchus, particularly the
tracheal bronchus or accessory cardiac bronchus which
are easily analyzed by CT using cine viewing, multipla-
nar reformation, and 3D techniques [55].

Bronchiectasis

In spite of its decreased prevalence in developed coun-
tries, bronchiectasis remains an important cause of he-
moptysis and chronic sputum production. The CT cardi-
nal sign of bronchiectasis is dilatation of the bronchi
with or without bronchial wall thickening. The CT crite-
ria for diagnosing cylindrical bronchiectasis include a
bronchial diameter greater than that of the accompanying
pulmonary artery, lack of tapering of the bronchial lu-
men, and visualization of a bronchial lumen within 1 cm
of the costal pleura or a bronchus abutting the mediasti-
nal pleura (Figs. 15, 16) [58]. Varicose bronchiectasis is
characterized by a beaded appearance when bronchi lie
parallel to the scanning plane. Cystic bronchiectasis is
seen as thin-walled cystic spaces that may contain fluid
levels. The topographic distribution of cystic spaces
along a segmental distribution permits to differentiate
bronchiectasis from the other cystic lesions. Strings of
cysts set in line from the hilum to peripheral lung zones
or joined cysts abutting the mediastinal pleura or the ver-
tebral pleura within completely collapsed lobes or seg-

Fig. 14a, b Bronchial atresia
of the segmental bronchus of
the upper segment of the right
lower lobe. a Coronal and 
b sagittal reformatted images
after multislice CT acquisition
and thin-slice thickness. De-
creased lung attenuation and
perfusion of the upper segment
of the right lower lobe is asso-
ciated with a hyperinflation of
that segment as shown by the
bulging of the right major fis-
sure (white arrows). The right
parahilar tubular opacity (open
arrow) reflects the bronchocele
beyond the atretic bronchial
segment
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ments are particularly suggestive of bronchiectatic air-
ways (Fig. 11). Secretion accumulation within bronchi-
ectatic airways is generally easily recognizable as lobu-
lated glove-finger, -V or -Y shaped densities. Typically,
the diagnosis of dilated bronchi filled with pus, secre-
tions, or mycetoma, is based on the recognition on a few
successive slices of the segmental distribution of the cor-
responding densities and the observation of the homolo-
gous pulmonary arteries, whose diameters are smaller
than those of the dilated filled bronchi (Fig. 17) [59].

The pattern and distribution of abnormalities revealed by
CT in patients with bronchiectasis are influenced by the
underlying cause. Although the correct diagnosis may be
suggested on the basis of CT findings in many cases,
considerable overlap in the pattern and distribution of
bronchiectasis was found between the diseases [60, 61]. 

Thin-section CT has proven to be a reliable and non
invasive method for the assessment of bronchiectasis and
has largely eliminated the need for bronchography [62].
Although thin-section CT with 10-mm intervals allows

Fig. 15 Cylindrical bronchiec-
tasis in the right a upper and 
b middle lobes. Axial 2.7-mm-
thick slices after helical CT ac-
quisition showing the lack of
tapering of subsegmental bron-
chi

Fig. 16a, b Cylindrical bron-
chiectasis. Axial thin-section
scans targeted on the a right
and b left lungs. Cylindrical
bronchiectasis is recognized on
the basis of the visibility of
bronchial lumens abutting the
mediastinal pleura (open ar-
rows) in the right middle lobe,
and bronchial lumen within the
1-cm from the costal pleura
(black and curved white ar-
rows) in the lingula. The signet
ring sign is also present in the
posterobasal segment of the left
lower lobe (white small ar-
rows)
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confident diagnosis of the presence and extent of bron-
chiectasis in the majority of patients, several limitations
of the technique need to be recognized [63, 64]. These
limitations include:

1. Artifacts resulting from both respiratory and cardiac
motion

2. Overlooking of areas of focal bronchiectasis located
exclusively in skipped areas

3. Difficulty of perceiving the slight dilatation of mild
cylindrical bronchiectasis

Motion degradation of bronchial images can be reduced
by using a 180° interpolation algorithm to reconstruct
axial images after helical scanning. Electrocardiographic
gating can be used to reduce cardiac motion artifacts that
may mimic disease [65]. In addition, volumetric helical
acquisition during breath holding eliminates the potential
risk of missing small subtle bronchiectasis in areas
skipped by the interspacing between thin-section CT
scans (Fig. 15) [66]. Because of many factors that can
cause transient or permanent changes in diameter of the
relatively compliant pulmonary arteries, invalidating the
finding of cylindrical bronchiectasis based on the bron-
choarterial diameter ratio >1, the lack of tapering of
bronchial lumen has proven to be the most reliable sign
of cylindrical bronchiectasis [64]; however, this finding
is difficult to perceive on successive spaced thin-section
CT scans and its assessment is significantly improved by
using helical CT with thin collimation and viewing the
contiguous scans in a cine mode. As mucoid impaction
filling bronchiectatic bronchi can simulate pulmonary

Fig. 17 Bronchiectasis and inflammatory bronchiolitis. Thin axial
CT section targeted on the right lung. Cylindrical bronchiectasis is
present in basal segments of the right lower lobe (curved arrows).
Mucoid impaction in a dilated bronchus taken a nodular appear-
ance (open arrow) is also present. Small centrilobular nodular and
linear branching opacities (tree-in-bud sign) are visible in the pos-
terobasal segment (white arrows)

Fig. 18a, b Focal bronchiecta-
sis in the lingula. a Thin axial
section showing varicose bron-
chiectasis in the lingula. b On
the reformatted sagittal oblique
image dilated bronchi (open ar-
rows) are seen within both seg-
ments of the lingula that is
partly collapsed as emphasized
by the ascension of the lower
part of the fissure (small white
arrows)



is present. For all these reasons, multislice CT with thin-
slice thickness using low dose should become the recom-
mended routine protocol for the diagnosis and assessment
of bronchiectasis. In addition, virtual bronchography re-
constructed after multislice CT acquisition with thin-slice
thickness should permit to increase the confidence level
of diagnosis of mild cylindrical bronchiectasis or to im-
prove the differential diagnosis between cystic bronchiec-
tasis and lung cysts (Fig. 19) [10, 11]. 

Small airway disease

The diagnosis of small airway disease is challenging for
the clinician, as there is no pathognomonic clinical and
functional feature. The chest radiograph is normal or
may show non-specific findings. Thin-section CT scan is
currently the best imaging technique for assessment of
diseases of the small airways [67]. As the normal bron-
chioles measure less than 1 mm in diameter and have a
wall thickness of less than 0.1 mm, they are below the
limit of visibility on thin-section CT scans and thus are
too small to be visualized. The fact that bronchioles are
centrilobular structures being clustered near the center of
a secondary pulmonary lobule accounts for the charac-
teristic centrilobular distribution of bronchiolar abnor-
malities on thin-section scan.

For the pathologist, small airway disease has the same
meaning as bronchiolitis. The current pathologic classifi-
cation divides bronchiolitis into three main categories:
cellular bronchiolitis; bronchiolitis obliterans with intra-
luminal polyps; and constrictive (obliterative) bronchio-
litis.

Cellular bronchiolitis

Cellular bronchiolitis is characterized by inflammatory
cellular infiltrates that involve the lumen and/or the wall
of bronchioles. It is seen in various infections including
bacterial, viral, mycoplasma pneumonia, invasive airway
aspergillosis, as a result of toxic fumes inhalation, or in
association with chronic airway disease, such as bronchi-
ectasis, asthma, and COPD, or distal to any obstructive
bronchial lesion. Other conditions may also feature a cel-
lular bronchiolitis (follicular bronchiolitis, respiratory
bronchiolitis, hypersensitivity pneumonitis, diffuse pan-
bronchiolitis, and diffuse aspiration bronchiolitis) [68,
69, 70, 71].

Thin-section CT findings consist predominantly of
centrilobular nodular and branching linear opacities. The
association of both nodular and linear branching opacities
gives the “tree-in-bud” appearance (Fig. 17) [72]. These
abnormalities represent enlarged bronchioles filled with
mucous or pus coursing perpendicular and parallel to the
CT plane of section. The centrilobular nodules may have

1036

nodules or masses on a single thin-section CT scan and
pulmonary arteries are not recognized because of intense
vasoconstriction in hypoventilated areas (Fig. 17), heli-
cal CT with thin collimation provides a multiplanar dis-
play of the radiopaque tubular structures converging to-
ward the hilum in a segmental or subsegmental distribu-
tion, corresponding to bronchiectasis.

Lucidarme et al. compared helical CT acquisition with
3-mm collimation and thin-section CT scans with 10-mm
intervals in a series of 50 consecutive patients with suspi-
cion of bronchiectasis [66]. The presence of bronchiecta-
sis was noted in 22 patients and 70 segments on thin-sec-
tion CT scans with 10-mm interval and in 26 patients and
90 segments with helical CT scanning [66]. The interob-
server agreement was significantly better with helical CT
than with thin-section CT scans for the presence or ab-
sence of bronchiectasis on a per-segment basis, and also
for assessing the extent of bronchiectasis in a given lobe
and the distribution of disease in a given segment [66].
Such an accurate assessment of extent of disease is par-
ticularly required before surgery for focal bronchiectasis
(Fig. 18). Indeed, the surgeon must identify with certainty
which segments are diseased, since surgical techniques
frequently permit preservation of one or more normal
pulmonary segments from a lobe in which bronchiectasis

Fig. 19 Bronchiectasis on a virtual bronchogram. Coronal view of
virtual bronchography after multislice CT acquisition and thin
slice thickness targeted on the right lung. Cylindrical bronchiecta-
sis is seen involving several bronchi in the right middle and lower
lobes. Irregularities in bronchial caliber are well displayed. Dis-
continuities in bronchial lumen (arrows) reflect the filling of bron-
chial lumen by retained secretions
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either well-defined and regular-shaped margins, and are
of soft tissue density, or have only poorly defined mar-
gins and are of hazy density. Some nodules may appear
larger and ill-defined in contours, reflecting the extent of
the inflammatory lesions to the adjacent peribronchiolar
air spaces. Linear branching centrilobular opacities with-
out nodules have the same meaning as tree-in-bud sign.
Although less specific, small centrilobular nodules with-
out linear opacities can also be seen in cellular bronchio-
litis [73]. Small, ill-defined centrilobular nodules, homo-
geneously and diffusely distributed throughout the lungs,
is a pattern highly suggestive of hypersensitivity pneumo-
nitis [74]. Small, ill-defined centrilobular nodules more
or less associated with bronchial wall thickening and cen-
trilobular emphysema and ground-glass attenuation in
heavy smokers is highly suggestive of respiratory bron-
chiolitis (Fig. 20) [75].

Cellular bronchiolitis, depending on its cause, may re-
cover under specific or anti-inflammatory treatment or
be followed by one of the two types of bronchiolitis obli-
terans.

Bronchiolitis obliterans with intraluminal polyps

Histologically, bronchiolitis obliterans with intraluminal
polyps is characterized by polypoid endobronchial con-

nective tissue masses (composed of myxoid fibroblastic
tissue) that appear to float freely within a bronchiolar lu-
men or be only focally attached to the wall. In many
cases the fibroblastic proliferation is continuous with a
similar process in the more distal air spaces called orga-
nizing pneumonia. When patchy organizing pneumonia
is present, the two lesions are combined in the name
bronchiolitis obliterans with organizing pneumonia
(BOOP). Bronchiolitis obliterans with intraluminal pol-
yps is a common reparative reaction that occurs in nu-
merous settings (infection, toxic fumes inhalation, radia-
tion or drug therapy), whereas idiopathic BOOP, named
cryptogenic organizing pneumonia (COP), is currently
regarded as an idiopathic interstitial pneumonia instead
of an airway disease [76].

When organizing pneumonia is present, the main CT
findings include unilateral or bilateral areas of air-space
consolidation [77, 78]. The distribution of abnormalities
may be predominantly subpleural or peribronchial. Such
distribution is also found when air-space consolidation
takes the appearance of large nodular opacities with ir-
regular margins, containing air bronchogram associated
with relatively broad pleural and parenchyma bands [79].
When organizing pneumonia is absent, the CT findings
consist of centrilobular nodular opacities that may reflect
the presence of intrabronchiolar granulation tissue pol-
yps or peribronchiolar consolidation.

In most of the cases bronchiolitis obliterans with in-
traluminal polyps is well responsive to steroids. Al-
though many of the causes of bronchiolitis obliterans
with intraluminal polyps are similar to those of constric-
tive bronchiolitis the former evolving into the latter is
rarely documented.

Constrictive bronchiolitis

Constrictive (obliterative) bronchiolitis is characterized
mainly by concentric narrowing of the bronchioles
caused by submucosal and peribronchiolar irreversible
fibrosis. The lesions may extend along the long axis,
impairing in this way the collateral ventilation and caus-
ing an obstruction to the air flow. It may be seen as the
result of childhood viral infection, mycoplasma pneu-
monia, or toxic fume inhalation, in association with
bronchiectasis, cystic fibrosis, and bronchopulmonary
dysplasia. It is one more common pulmonary complica-
tion in patients with rheumatoid arthritis, particularly
those treated with penicillamine [67]. It is a manifesta-
tion of chronic graft-vs-host disease following bone
marrow transplantation and chronic rejection after
heart–lung transplantation [80]. It is rarely seen in asso-
ciation with inflammatory bowel disease. It has been de-
scribed in association with pulmonary neuroendocrine
cell hyperplasia, and as a result of ingestion of sauropus
androgynus [67, 81, 82].

Fig. 20 Respiratory bronchiolitis in a heavy smoker. Thin-section
CT scan targeted on the right lung showing small ill-defined centri-
lobular nodules associated with ground-glass opacities that reflect
macrophage accumulation in the distal air spaces and bronchioles
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Obstruction of the bronchiolar lumen results in hyp-
oxia of the underventilated lungs, reflex vasoconstric-
tion, and air trapping. On CT scans the combination of
local vasoconstriction and air trapping results in de-
creased attenuation of the affected areas of the lung.
There is associated blood flow redistribution to areas of
normal lung that are therefore of higher attenuation.
These changes are usually patchy in distribution and re-
sult in adjacent areas of abnormal low attenuation lung
and relatively overperfused higher attenuation normal
lung. This combination is referred to as mosaic perfu-
sion. Although the mosaic perfusion CT pattern can also
be caused by primary pulmonary arterial abnormalities,
such as pulmonary arterial hypertension and chronic pul-
monary thromboembolism, in patients with small airway
diseases, the regional differences in lung attenuation and
lung perfusion are increased on expiratory scans due to
air trapping (Figs. 11, 12) [26, 83].

Occasionally lesions of constrictive bronchiolitis may
be seen predominantly affecting one lung as is character-
istic in Swyer James syndrome which is a variant of con-
strictive bronchiolitis due to viral bronchiolitis occurring
in childhood or infancy. Thin-section CT findings in-
clude unilateral lung hypoattenuation, thin-walled bron-
chiectasis, and air trapping. Most often, similar changes
are present in the other lung but to a lesser extent [84].

In case of more global involvement of the small air-
ways, the lack of regional homogeneity of the lung den-
sity is difficult to perceive on inspiratory scans. Mosaic
perfusion becomes visible only on expiratory scans. In
patients with particularly severe and widespread involve-
ment of the small airways, inspiratory scans appear with
an apparent uniformity of decreased attenuation in the
lungs, and scans taken at end expiration may appear un-
remarkable [83]. In these patients the most striking fea-
tures are paucity of pulmonary vessels and lack of
change of the cross-section areas of the lung at compara-
ble levels on inspiratory and expiratory scans (Fig. 21).
In such a situation the distinction between constrictive
bronchiolitis and panlobular emphysema may be difficult
on the basis of CT appearances alone.

The clinical course of constrictive bronchiolitis is
highly variable. The majority of cases of postviral con-
strictive bronchiolitis are self-limiting with no long-term
consequences. In contrast, patients with constrictive
bronchiolitis in association with rheumatoid arthritis and
some patients developing constrictive bronchiolitis fol-
lowing heart–lung transplantation often have a more rap-
idly progressive disease with survival measured in
months rather than in years [67, 85].

CT air trapping and pulmonary function

The extent of air trapping rather than the lung attenua-
tion better predicts pulmonary function tests findings of

obstruction. Although abnormal expiratory air trapping
may be depicted in patients with normal pulmonary
function tests, significant correlations have been shown
between extent of air trapping at expiratory CT and indi-
ces of air-flow obstruction at pulmonary function tests in
patients with various types of small airway disease, in-
cluding constrictive bronchiolitis, and hypersensitivity
pneumonitis [81, 86, 87, 88, 89]. The CT features of
small airway diseases are common findings in patients
with bronchiectasis, and a recent work has suggested that
the extent of CT evidence of small airway disease (de-
creased lung attenuation and expiratory air trapping) is
the major determinant of air-flow obstruction. In con-
trast, the obstructive defect found at pulmonary function
tests was not related to the degree of collapse of large
airways on expiratory CT or the extent of mucous plug-
ging of the airways [90].

Fig. 21 Diffuse constrictive bronchiolitis. a Inspiratory and b ex-
piratory thin-section scans in a patient with chronic obstructive
lung disease due to constrictive bronchiolitis. Mosaic perfusion
pattern is present in both scans but difficult to perceive. Decreased
lung attenuation and oligemia is diffuse in distribution on both in-
spiratory and expiratory scans. Note the lack of change of the
cross-sectional areas of the lungs at comparable level on inspirato-
ry and expiratory scans



Chronic obstructive pulmonary disease

Involvement of proximal airways includes bronchial wall
thickening, saber-sheath trachea, and expiratory airway
collapse due to abnormal flaccidity.

Bronchial wall thickening

Bronchial wall thickening is commonly present on thin-
section CT scans of patients with COPD. It is considered
to be related to chronic bronchitis [91].

Saber-sheath trachea

The saber-sheath trachea is a deformity defined as exces-
sive coronal narrowing of the intrathoracic trachea in
tandem with widening of the sagittal tracheal diameter.
In pronounced examples the tracheal index (coronal–sag-
ittal diameters ratio) can be less than 0.6. Concurrently,
the cross-sectional diameter of the trachea decreases to
less than 60% of normal [92]. This deformity is highly
characteristic of COPD. It affects primarily the intratho-
racic trachea and the main bronchi and usually spares the
cervical trachea, which retains normal dimensions and a
normal configuration. The tracheal wall is slightly thick-
ened, rigid, smooth, or slightly corrugated with occa-
sional ossification or calcification of the cartilaginous el-
ements.

Tracheobronchomalacia

Tracheobronchomalacia is another abnormality that can
also occur in patients with COPD. The increase in com-
pliance is due to the loss of integrity of the wall’s struc-
tural components and is particularly associated with
damaged or destroyed cartilages. The coronal diameter
of the trachea becomes significantly larger than sagittal
one, producing a lunate configuration to the trachea. The
flaccidity of the trachea or bronchi is usually most appar-
ent during coughing or forced expiration. In patients
with COPD with high downstream resistance, particular-
ly high dynamic pressure gradients can be generated
across the tracheal wall, and it is likely that caliber
changes of more than 50% can occur at expiration with
normal tracheal compliance. As a result, only a decrease
in cross-section area of the tracheal lumen greater than
70% at expiration indicates tracheomalacia [32]. Dynam-
ic expiratory multislice CT may offer a feasible alterna-
tive to bronchoscopy in patients with suspected tracheo-
bronchomalacia. Dynamic expiratory CT may show
complete collapse or collapse of greater than 75% of air-
way lumen (Fig. 22). Involvement of the central tracheo-
bronchial tree may be diffuse or focal. The reduction of
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airway may have an oval or crescentic shape. The cres-
centic form is due to the bowing of posterior membra-
nous trachea [93].

Involvement of distal airways

Involvement of distal airways is commonly present in pa-
tients with COPD. Small centrilobular nodules or linear
branching opacities may represent mucous plugging of
bronchioles and small bronchi more or less associated
with inflammatory bronchiolitis. These abnormalities are
non-specific of COPD and can also be present on thin-
section CT scans of cigarette smokers (respiratory bron-
chiolitis) before the development of COPD (Fig. 20) [94,
95]. These abnormalities could be the precursors of small
airway obstruction and of centrilobular emphysema but
they can disappear if the patient stops smoking [95].

Fig. 22a, b Tracheobronchomalacia. a Inspiratory and b expirato-
ry thin sections. On the inspiratory scan the lumen of the right in-
termediate bronchus is reduced (arrow), whereas the lumen of the
main and upper lobar bronchi is normal. On expiratory scan (b),
the lumen of the right intermediate bronchus is completely col-
lapsed, whereas the reduction in caliber of the left main and upper
lobar bronchi is >70%



cy of the findings observed in asthmatics with a control
group [100, 101, 102, 103]. Park et al. demonstrated that
only three findings were significantly more frequent in
asthmatic patients than in normal individuals: bronchial
wall thickening; bronchial dilatation; and expiratory air
trapping [103]. Bronchial wall thickening is a frequent
abnormality related to the severity of asthma [100]. Iden-
tification of bronchiectasis in patients with asthma but
without ABPA is plausible because bronchiectatic
changes are seen at autopsy in patients who have died
with long-standing asthma. The true prevalence of bron-
chiectasis in patients with uncomplicated chronic asth-
ma, however, remains unclear [100, 101, 102]. Mild cy-
lindrical bronchiectasis based on a mild elevation of the
bronchoarterial ratio may occur in patients with asthma,
due to hypoxic pulmonary vasoconstriction related to lo-
calized areas of air trapping [101]. A visual illusion is
that thick-walled bronchi appear larger than the adjacent
vessel, even if their internal diameters are the same. So
mild cylindrical bronchiectasis should be diagnosed with
caution in patients with asthma and should not be the
sole criterion for suggesting the diagnosis of ABPA in
these patients. Abnormal expiratory air trapping has been
observed in 50% of asthmatic patients [103]. This re-
flects the luminal obstruction of the airways and is po-
tentially but not always reversible. Other abnormalities
less frequently observed in asthma include mucoid im-
pactions and linear bands reflecting subsegmental atelec-
tasis. They have been proven to be reversible. Centrilob-
ular thickening observed in patients with severe asthma
expresses the small bronchial or bronchiolar wall thick-
ening. Focal and diffuse areas of decreased lung attenua-
tion seen in 20–30% of asthmatic patients are likely due
to a combination of air trapping and pulmonary oligemia
due to alveolar hypoventilation [100, 101].

The real current challenge for CT in asthma is to visu-
alize and quantify the lumen and wall of airway and lung
attenuation to assess the extent of airway obstruction, the
degree of inflammation in small airways, and to evaluate
in vivo the airway wall remodeling. This will become
crucial in the monitoring of current and future therapy.

Airway obstruction and hyperresponsiveness

We demonstrated recently that patients with mild inter-
mittent asthma present with baseline bronchoconstriction
compared with normal subjects when examined with CT
performed at a controlled lung volume (65% of total
lung capacity after full inspiration), as they had stopped
all treatment 48 h prior to study [24]. This was con-
firmed by the fact that inhalation of salbutamol after
methacholine challenge brought their bronchi not only
back to cross-sectional areas comparable to those of the
control group, but also above their own baseline values
(Fig. 23). This suggests that bronchoconstriction is due
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Expiratory air trapping

As with other airway diseases, COPD may result in expi-
ratory air trapping [91]. Using CT scans performed at
10% of vital capacity, Lamers et al. showed that patients
with chronic bronchitis had lower attenuation than that
of normal individuals. This lower attenuation at expira-
tion was considered as a finding of bronchiolar lumen
obstruction [96]. When emphysema is present, air trap-
ping can be due to either airway obstruction caused by a
loss of alveolar attachment to the airways directly related
to emphysema, or to intrinsic bronchial or bronchiolar ab-
normalities associated with cigarette smoking. Gevenois
et al. demonstrated in patients with emphysema that thin-
section CT scans obtained at the end of maximum expi-
ration (10% of vital capacity) and a threshold attenuation
value of –910 HU provided better correlation with mea-
surement of air-flow obstruction at pulmonary function
tests than did thin-section CT scans obtained at full in-
spiration (90% of vital capacity) and using a –950 HU
threshold [97]. This finding probably reflects air trap-
ping due to airway obstruction at expiration rather than
reduction of the alveolar wall surface. By contrast the
use of –950 HU threshold on inspiratory scans provides
the best correlation with the extent of emphysema [98].

Asthma

Asthma is a chronic inflammatory condition involving
the airways. The precise component of this inflammation
remains to be elucidated and the causes are uncertain.
This inflammation of the airways causes increases in the
existing bronchial hyperresponsiveness answering to a
variety of stimuli. This is commonly used in practice to
confirm the clinical diagnosis of asthma. In susceptible
individuals, this inflammation induces recurrent episodes
of wheezing, chest tightness, breathlessness, and cough-
ing usually associated with widespread but variable air-
flow obstruction that is often reversible either spontane-
ously or with treatment. Chronic inflammation process
leads to structure changes such as new vessel formation,
airway smooth muscle thickening and fibrosis which
may result in irreversible airway narrowing. The current
therapy is based in most instances on an inhaled steroid
as a controller medication (anti-inflammatory). When
necessary bronchodilator (β2 agonist) is used.

The clinical indications for CT in patients with asth-
ma have included to detect bronchiectasis in patients
with suspicion of allergic bronchopulmonary aspergillo-
sis (ABPA), to document the presence and extent of em-
physema in smokers with asthma, and to identify condi-
tions that may be confused with asthma, such as hyper-
sensitivity pneumonitis [99]. The CT abnormalities on
airway and lung parenchyma have been reported in sev-
eral studies, but only few of them compared the frequen-
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to an increased baseline tone or an impaired stretching in
asthmatic patients. In the same study bronchial cross-
section area was not influenced by methacholine chal-
lenge more in asthmatics than in normal subjects. In ad-
dition, the presence of expiratory air trapping, induced
by methacholine challenge and partly reversible after
salbutamol inhalation in asthmatic patients, confirmed
that the methacholine induced bronchoconstriction in-
volves mainly or exclusively the smallest airways [24].

Airway inflammation

Because lung attenuation can be quantified in a repro-
ducible way with CT and values for normal subjects (ex-
amined at a controlled lung volume) lie within a normal
range, we applied the same approach as Wollmer et al.
used to assess various stages of inflammation in smokers
[104]. The lung attenuation and anteroposterior attenua-
tion gradient values found for intermittent asthmatic pa-
tients at a selected lung volume (65% of total lung ca-
pacity), monitored by pneumotachography, were signifi-
cantly higher than in normal subjects [24]. We hypothe-
sized that the well-known peribronchial and small air-
way inflammation occurring in asthma explains the at-

tenuation and gradient increases. The observation that
these increased attenuation values were not affected by
methacholine and salbutamol challenges supports the hy-
pothesis that bronchoconstriction played only a small or
no role in attenuation changes, and that distal inflamma-
tion was a more likely contender. The ability to follow-
up bronchial reactivity and lung attenuation by CT over
time in cohorts of patients receiving different treatments
can provide an independent tool to assess and monitor
current and new therapy in asthmatic patients.

Airway wall remodeling

Asthma is known to induce structural changes in the air-
ways including subepithelial fibrosis, mucous gland and
goblet cell hyperplasia, and smooth muscle hypertrophy
and hyperplasia. The latter change defines airway wall
remodeling which is responsible for the faster and higher
decrease related to age of forced expiratory volume per
second (FEV1) in asthmatics than in controls [105].
Bronchial wall thickness measured at CT has proven to
be prominent in patients with more severe asthma. This
correlated with the duration and severity of the disease
and the degree of air-flow obstruction [106]. This obser-
vation supports the concept that quantitative assessment
of bronchial wall area at CT could be used to assess air-
way wall remodeling in asthmatic patients for longitudi-
nal studies to evaluate the effects of new therapies. Such
longitudinal prospective studies are needed to be carried
out to monitor changes in airway wall remodeling and
potential reversibility.

Fig. 23a–c Airway hyperresponsiveness in mild intermittent asth-
ma. Thin-section CT scans targeted on the right lower lobe at 65%
of total lung capacity controlled by spirometrical triggering, a at
baseline, b after methacholine inhalation, and c 10 mm after sal-
butamol inhalation. The cross sections of two thick-walled subseg-
mental bronchi of the posterobasal segment of the right lower lobe
(white arrows) present with a certain degree of constriction after
methacholine (b). After salbutamol (c), the bronchial lumens dilat-
ed and appear larger than before challenge. Other small bronchial
lumens (open arrows) not previously visible have dilated suffi-
ciently to be depicted after salbutamol
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