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Rationale and Objectives. Efforts to establish a quantitative approach to the computed tomography (CT)-based character-
ization of the lung parenchyma in interstitial lung disease (including emphysema) has been sought. The accuracy of these
tools must be site independent. Multi-detector row CT has remained the gold standard for imaging the lung, and it pro-
vides the ability to image both lung structure as well as lung function.

Material and Methods. Imaging is via multi-detector row CT and protocols include careful control of lung volume dur-
ing scanning. Characterization includes not only anatomic-based measures but also functional measures including regional
parameters derived from measures of pulmonary blood flow and ventilation. Image processing includes the automated de-
tection of the lungs, lobes, and airways. The airways provide the road map to the lung parenchyma. Software automati-
cally detects the airways, the airway centerlines, and the branch points, and then automatically labels the airway tree seg-
ments with a standardized set of labels, allowing for intersubject as well intrasubject comparisons across time. By warping
all lungs to a common atlas, the atlas provides the range of normality for the various parameters provided by CT imaging.

Results. Imaged density and textural changes mark underlying structural changes at the most peripheral regions of the
lung. Additionally, texture-based alterations in the parameters of blood flow may provide early evidence of pathologic
processes. Imaging of stable xenon gas provides a regional measure of ventilation which, when coupled with measures of
flow, provide for a textural analysis regional of ventilation-perfusion matching.

Conclusion. With the improved resolution and speed of CT imaging, the patchy nature of regional parenchymal pathology
can be imaged as texture of structure and function. With careful control of imaging protocols and the use of objective im-
age analysis methods it is possible to provide site-independent tools for the assessment of interstitial lung disease. There
remains a need to validate these methods, which requires interdisciplinary and cross-institutional efforts to gather appropriate
data bases of images along with a consensus on appropriate ground truths associated with the images. Furthermore, there is the
growing need for scanner manufacturers to focus on not just visually pleasing images, but on quantitatifiably accurate images.
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There is currently considerable interest in developing
methods for quantitative imaging of the lung to identify
disease early and to follow disease progression or to eval-
uate the result of interventions. There is a hope that imag-
ing will accelerate drug discovery processes and that
quantitative measures based on lung imaging will provide
surrogate markers that have enhanced sensitivity and
specificity relative to more conventional pulmonary func-
tion tests or other more subjective clinical parameters and
thus accelerate the evaluation of disease interventions.
The first report from the National Emphysema Treatment
Trial (1), following the closure of patient enrolment,
showed that radiologists reported information from com-
puted tomography (CT) scans regarding relative distribu-
tion of emphysema emerged as one of only two of the
primary evaluation parameters, defined at the study onset,
that were found to be predictive of a successful surgical
outcome. Computer-based quantitation of the lung is still
under evaluation because this was entered into the study
mid-course. Despite the importance of the radiologist’s
interpretation, there is increasing recognition that the hu-
man observer, unaided by computer-based image evalua-
tion tools, is poorly reproducible in quantitating extent of
disease or even in disease discrimination without relying
on non–image-based patient history entries in the patient
record (2). The need for improving the ability to detect
and quantify lung pathology via computer-based image
processing tools is reflected in a number of National Insti-
tute of Health-based initiatives seeking to gather ground
truth databases associated with image data sets so that the
process of developing and validating computer methodol-
ogies can be accelerated. Detection and characterization
of lung nodules is an important example (3) with the Na-
tional Lung Screening Trial (4) under way. Detection and
characterization of interstitial lung disease (ILD) with the
inclusion of emphysema has been recently identified as
important, through a specific request from the National
Institute of Health to establish a National Lung Tissue
Research Consortium with an associated Radiology Cen-
ter (NHLBI RFP HR 04-01) coordinating the gathering of
volumetric CT data sets. The CT images, if gathered un-
der carefully controlled protocols, will allow for cross-
correlation of pathology and radiographic-based data and
will begin to allow for the direct correlation of image
density and texture (regional gray scale patterns) with
pathologic findings. In this article, we will focus on im-
age-based methodologies that our laboratory has devel-
oped to address the need for quantitating interstitial pa-

thologies and for following lung regions of interest over
time.

INTERSTITIAL LUNG DISEASES

Interstitial lung diseases are a complex grouping of
disorders that affect the lung parenchyma and lead to re-
spiratory failure if the cause is not removed or if therapy
fails. Interstitial lung diseases may be loosely and simply
classified into those associated with an acute inflamma-
tory response predominantly mediated by neutrophils (a
common example is adult respiratory distress syndrome);
those that have a subacute/chronic inflammatory response
predominantly mediated through lymphocytes (common
examples are extrinsic allergic alveolitis or sarcoid-
osis), with or without granuloma formation; and those
that have a chronic inflammatory response predomi-
nantly mediated by monocytes or macrophages (com-
mon examples are nonspecific interstitial pneumonia
and emphysema). Additionally, there are other ILDs
where the predominant abnormality is excessive fibro-
sis with minor inflammation, suggesting a defect in the
fibroblast cellular control. Early CT quantification of
pulmonary fibrosis and emphysema has been based on
identifying those CT voxels in the lung field falling
outside of an empirically derived Houndsfield Unit (at-
tenuation) threshold (5–7).

There is a large list of known causes of ILDs, includ-
ing inhaled organic and inorganic dusts, including ciga-
rette smoke. However, there is also a large group of idio-
pathic interstitial disorders that have become increasingly
well understood over the last decade. The etiology of
these disorders remains unknown, although there is often
some link to cigarette smoking. The notion that we and
others have previously described (8), that the responses to
cigarette smoking can either be an inflammatory response
with fibrosis or an inflammatory response with lung de-
struction and emphysema formation, is probably too sim-
ple an explanation. The notion that inflammation leading
to pulmonary fibrosis is a very good one was recently
rearticulated and clearly discussed and now significantly
revised (9). There is increased understanding now that
emphysema, while usually characterized as an obstructive
airway disease, is increasingly primarily an ILD with the
airflow limitation being a secondary, yet very important
event.

The idiopathic interstitial pneumonias can be classified
into five pathologically distinct categories: usual intersti-
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tial pneumonia (9–11); desquamative interstitial pneumo-
nia (12); acute interstitial pneumonia (13); nonspecific
interstitial pneumonia (14); and cryptogenic organizing
pneumonia/bronchiolitis obliterans organizing pneumonia
(15).

Research into these diseases is currently driven by
the pathologic reclassification, now shown to be associ-
ated with different clinical outcomes. This splitting of
what was formerly called “idiopathic pulmonary fibro-
sis” into the five major categories above has been a
significant advance in the understanding of these disor-
ders. This has allowed different theories of pathogene-
sis as well as different approaches to therapy based on
the perceived therapeutic target (16). For instance,
some therapies are now being directed not at anti-in-
flammatory measures, such as corticosteroids and meth-
otrexate or azathioprine, but at fibroblast proliferation
and reactivity. It is increasingly very important to cor-
relate the CT changes of the lung parenchyma with the
histopathology, and therefore extremely important that
lung samples are taken from representative areas de-
scribed by CT appearances.

The extent of disease on high-resolution CT certainly
correlates with fibrosis on biopsy, as well as with physio-
logic impairment in these disorders. The CT scan has
been used to direct the surgeon to biopsy specific abnor-
mal regions of the lung under either thorascopic condi-
tions or open thoracotomy (17), but often, because of the
clinical features and CT findings, lung biopsy may not be
needed (18).

Each of the subsets of the family of idiopathic intersti-
tial pneumonias has a different natural history and out-
come with current therapy. For idiopathic pulmonary fi-
brosis, the median survival is less than 3 years, with cur-
rent therapies not changing the rapid decline in
pulmonary function and the onset of pulmonary hyperten-
sion and cor pulmonale.

Chronic obstructive pulmonary diseases (COPD) are a
family of diseases that include chronic bronchitis, emphy-
sema, bronchiectasis, and chronic asthma. They are also
frequently associated with cigarette smoking, either as a
cause or as a major exacerbating factor. There is a large
amount of literature on COPD, from new animal models
(19) to community guidelines for home oxygen therapy
and safety of procedures (20). The elastase/antielastase
hypothesis still has interest in the pathogenesis and possi-
ble therapy in these disorders, but increasingly there is
also interest in the notion of the “sick” fibroblast, with
underactivity, as well as interest in the various polymor-

phisms of elastin. Therapy currently remains supportive.
Of interest, and not unexpected given the common role of
cigarette smoking in many of these disorders, is that the
idiopathic interstitial pneumonias may frequently co-exist
with the chronic obstructive airway diseases, especially
emphysema.

Emphysema is defined as a condition of the lung char-
acterized by abnormal, permanent enlargement of air
spaces distal to the terminal bronchiole, accompanied by
the destruction of their walls and without obvious fibrosis.
Destruction in emphysema is defined as non-uniformity in
the pattern of respiratory air space enlargement so that the
orderly appearance of the acinus and its components is
disturbed and may be lost. Emphysema has historically
been identified and classified according to the macro-
scopic architecture of the removed, inflated, and fixed at a
standard-pressure whole lung. Such patterns of destruction
are clearly a target for objective tissue characterization
methodologies using high-resolution CT imaging.
Quantitative approaches to date have used only first-
order measures and have largely been limited to mean
lung density and assessment of the location of the
lower fifth percentile cut-off on the lung density histo-
gram (plotting number of pixels vs Houndsfield unit)
(6,7,21–32).

Recently, there has been increased focus on not only
the parenchyma but also the airways in emphysema pa-
tients. Coxson et al (33) have presented early evidence
that suggest that there may be a familial basis for airway
wall thickening in some patient groups with COPD.
These early reports have not used careful control of lung
volume during scanning protocols, and the data has not
been evaluated volumetrically. Thus, it is not known if
the observed changes in airway wall thickness are be-
cause of real wall thickening or the evaluation of varying
airway generations with shifting cross sectional areas. It
will be desirable to implement careful methods of assur-
ing scanning at well-controlled lung volumes (either per-
cent of vital capacity or at a given airway pressure).

Computed tomography provides an opportunity for
evaluating the lung parenchyma and the bronchial tree,
both structurally and functionally, in a cross-sectional and
longitudinal study design, using the human observer, or
more recently computer-assisted classification methods.
However, relational databases of the complex CT findings
with the lung pathology have not been available to ask
fundamental questions that might also require lung tissue
for ground truth.
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QUANTITATIVE COMPUTED TOMOGRAPHY
APPROACHES

Volumetric CT is accurate in determining lung vol-
umes (34) and regional lung density (35,36). The primary
steps in evaluating the lung, particularly for the purposes
of detecting and following ILDs include:

1. Segmentation (identification of regional boundaries)
of the lungs, lobes, and airways;

2. Identifying the airway center lines and thus branch
points to match lungs across volumes and over
time;

3. Automatically label airway segments to allow for
the matching of subjects to a normative atlas;

4. Categorize lung field voxels according to their at-
tenuation values (Houndsfield Units) and according
to their place within the lung attenuation histogram;

5. Categorize lung regions according to texture-based
attributes;

6. Categorize lung regions according to functional pa-
rameters such as ventilation and perfusion and ac-
cording to the regional “texture” of the functional
parameters.

IDENTIFICATION OF LUNG COMPONENTS
(“SEGMENTATION”)

Lungs

Automated segmentation of the lungs from a three-
dimensional (3D) set of CT images is a crucial first step
in the quantitative analysis of pulmonary physiology or
pathophysiology. With large 3D image volumes becoming
commonplace, routine manual segmentation to identify
regions of interest is too cumbersome and time-consum-
ing. In addition, manual analysis has significant inter-
observer and intra-observer variability.

We have developed and validated a segmentation
method to accurately extract the lungs from CT images
(37) (see Fig 1). This approach, which can be used auto-
matically or semi-automatically, relies on thresholding to
obtain approximate initial lung masks. These lung masks
are refined using topologic analysis (to delete cavities and
small disconnected pieces, for example) and specialized
processing to enforce anatomic constraints (such as using
a graph search to find the most likely location of the line
separating the left and right lung). Experimental studies
using images acquired from humans have shown our

method to be very accurate: computer-generated and man-
ually defined lung areas (in pixels) correlated very well in
individual slices (r � 0.99, y � 1.01 � �1,162).

We have developed new algorithms that directly ad-
dress the pulmonary arteries, are more robust in the pres-
ence of disease, and generate contours that more closely
matched those defined by the human observer. In the case
of pneumonia, the pixels in a region with pneumonia are
segmented into the lung region, rather than the chest re-
gion, even though the region with pneumonia is charac-
terized by an abnormally high x-ray attenuation coeffi-
cient.

Lobes
We have developed a semi-automatic method for iden-

tifying the fissures in CT images (38) (Fig 1). Our
method uses a combination of anatomic features and CT
image features to identify the fissures on two-dimensional
transverse slices. These features are combined into a cost
function that reflects the likelihood that a pixel lies on the
fissure. A graph search, which is a heuristic cost-based
search technique, is used to find a path between the end-
points. Graph searching finds the minimum cost path be-
tween the two endpoints, where the cost function defini-
tion reflects the problem of interest. The user must initial-
ize the process once for each fissure of interest, but once
the procedure has been initialized the entire 3D surface

Figure 1. Lung, lobe and airway segmentation. Right and left
lungs are found along with major fissures. In this image, the right
horizontal fissure is not identified because of thick slice imaging.
This fissure is found readily if 1.5 mm thick sectioning is achieved
at scanning time.
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Figure 2. (a) Adaptive region growing-based airway segmenta-
tion; (b) Extraction of centerlines-topologically and geometrically
correct thinning; (c) Partitioning segmented tree via isotropic label
propagation; (d) Mathematical graph representation of the individ-
ual tree. The tree shown in d is stored in an XML file, which pro-
vides associated measures for each part of the tree. These mea-
sures include segment length, branch angles, regional lumenal
area, wall thickness, segment luminal volume, segment surface
area, regional minimum diameter, and the diameter of the orthog-
onal as well as regional maximum diameter.
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can be automatically identified. The overall root mean
squared (RMS) error between manual tracing of the fis-
sure and our semi-automatic method is about 2 pixels.
Under development are methods to automatically initiate
the lobe segmentation process through the development of
a standard lung atlas representing the average shape of
the normal human lung. The individual is then matched to
the atlas and the location of the fissures in the atlas serve
as the initial guess for the search initiation. More recent
work from the laboratory has used an anatomic pulmo-
nary atlas with a priori knowledge about lobar fissure
shapes from a set of presegmented training data sets to
achieve a fully automatic lobe segmentation (39).

Airway Lumen and Walls
The borders of the inner and outer airway walls have

been detected to subvoxel resolution (40). Airways of
interest range in size from 1–15 mm inside diameter. The
small airways have very thin walls, typically on the order
of 10%–15% of the inner diameter. The established full
width at half-maximum method for measurement can give
very inaccurate results for these small, thin-walled struc-
tures. To address this problem, we use a new method of
estimating the airway wall locations. We first assess the
point spread function of the particular scanner/slice selec-
tion/reconstruction algorithm of interest and then use a
model-based deconvolution to account for blur introduced
in the scanning process. This is more accurate than exist-
ing wall detection methods, especially for thin-walled
structures. Phantom studies show the new method to be
applicable across a wide variety of airway sizes (40,41).

Fully Automated Segmentation, Skeletonization,
and Branchpoint Matching in Human Airway
Trees

As part of our efforts to use the airways as a roadmap
to the lung, we recently developed a system outlined by
the steps shown in Figure 2 (42,43).

Main System
The developed system consists of three main blocks:

airway tree segmentation (Fig 1A), skeletonization (Fig
1B), and branchpoint localization (Fig 1D), and segment
identification (Fig 1C) along with branchpoint matching.

Airway Tree Segmentation
The airway segmentation uses a seeded region grow-

ing, starting from an automatically identified seedpoint
within the trachea. The algorithm is designed so that it
can overcome subtle gray level changes (eg, beam-hard-
ening). On the other hand a “leaking” into the surround-
ing lung tissue can be avoided. The implementation of the
algorithm uses graph algorithms that make it fast and
memory-friendly. The method reliably segments the first
five to six airway generations.

Skeletonization and Branchpoint Localization
The binary airway tree formed in the previous step is

skeletonized to identify the 3D center lines of individual
branches and to determine the branchpoint locations. A
sequential 3D thinning algorithm reported by Palágyi et al
(43) was customized for our application. False branches
are pruned, and the resulting skeleton is guaranteed to lie
in the middle of the cylindrically shaped airway seg-
ments. The automatically determined branchpoint posi-
tions match very well with the positions determined by
human experts. The overall quality of the skeletonization
output is exceptionally high (compared with published
results from other groups). The complete skeletonization
process executes in a very short time (less than 50 sec-
onds for a 512 � 512 � 550 voxel volume, measured on
standard PC hardware).

Branchpoint Matching
The goal of branchpoint matching is to find anatomi-

cally corresponding branchpoints in two different airway
trees. The output from the skeletonization process is rep-

•

Figure 3. Regional airway geometric parameters are calculated from 3D images along planes selected to be perpendicular to the re-
gional airway long axis. After automatically applying a naming template to the extracted airway tree, we mapped out the area changes in
response to lung volume changes. As a sample set of measures from such an analysis, we graphed the percent change in airway cross-
sectional area as a function of fractional lung volume change relative to total lung capacity for seven paths within the bronchial trees of
six normal volunteers. The lower left panel represents airways with a total lung capacity cross-sectional area between 250 and 450 mm2

and the lower right panel represents airways with a total lung capacity cross-sectional area between 25 and 50 mm2. Note the increased
dispensability of the steeper slope of the smaller airway segments. Because both airways and parenchymal alter their anatomic proper-
ties considerably with lung volume, it is important to image the lung at standardized lung volumes if one is to reach meaningful conclu-
sions from quantitative measures derived from the CT images. FRC, functional residual capacity, TLC, total lung capacity.
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resented as a mathematical tree, and graph algorithms are
applied that match corresponding branchpoints. The algo-
rithm executes in less than 2 seconds when matching two
trees with 150–200 branchpoints each (measured on stan-
dard PC hardware). An evaluation using phantom data as
well as in vivo scans showed a high agreement between
the automatically obtained matches and matches provided
by human experts (between 85% and 97% agreement be-
tween computer-determined vs independent standard, less
than 1% wrong matches).

Methods have been established to automatically label
the airway tree with a nomenclature that we have estab-
lished which takes into account the most common vari-
ability between individuals. This nomenclature (shown in
Fig 3) can be applied to images of multiple lung volumes
of the same individual to allow us to track the change in
airway dimensions along an airway path as well as the
change in airway dimensions with change in lung volume.
Our airway segmentation methods have been shown to be
robust in the presence of significant emphysema and
when applied to images acquired using low-dose scanning
protocols. The changes in airway area as a function of
fractional changes in lung volume along seven major
paths leading to the individual lung lobes are shown in
Figure 4 (44).

DYNAMIC VERSUS STATIC IMAGING

Because respiration is a dynamic process, and many
pathologic conditions of the lungs are based on processes
that are altered only during active breathing (such as fre-
quency dependence of compliance, dynamic compression
of the airways, and so on) and because many of the very
people whom one might wish to image are the very peo-
ple who have difficulty with breath holding, even for

short periods of time, there is considerable interest in cap-
turing the complete lung volume at multiple points within
the respiratory cycle during active respiration.

Respiratory Gating and Lung Volume Control
Methods have emerged which allow for the retrospec-

tive reconstruction of a spirally collected data set of the
heart if the electrocardiogram has been simultaneously
recorded with the raw projection data. However, because
respiration is considerably slower than the heart beat, and
because the respiratory cycle is not as repeatable from
breath to breath, the retrospective method is not very
practical for the lung. Therefore, we have devised a
method to scan the lung axially and to gate the image
acquisition to fixed volumetric locations within the respi-
ratory cycle. With a four-slice multi-detector row CT
(MDCT) scanner, we have scanned the lung at two points
within the respiratory cycle while moving the table loca-
tion by the combined thickness of two of the four slices
between each gated scan acquisition. This process is re-
peated for the same two volume locations within sequen-
tial respiratory cycles until one has imaged the full extent
of the lung.

It is common to monitor airflow at the mouth and lung
volumes within any standard pulmonary function labora-
tory. However, the accuracy required by the above de-
scribed respiratory-gated image acquisition requires much
tighter tolerances and is much more demanding than most
pulmonary function testing equipment. We continue to
test the various approaches to following lung volumes
accurately for the purposes of gating slice acquisitions.
Methods include the use of mouth-based air flow methods
including a pneumotachometer, ultrasound probe, or a
turbine, and a chest-wall–based inductance plethysmo-
graph (Respitrace, North Bay Village, FL). The images in

–

Figure 4. By use of a pneumotachometer or other lung volume-tracking device (left panel) we are able to follow respiration and to gate
axial scans to specific points within the respiratory cycle. Using a MDCT, a set of axial sections are obtained at multiple points within a
respiratory cycle and then the table is advanced to acquire the adjacent set of slices at the same lung volumes of the next respiratory
cycle. The right panel of this image shows a volume rendering of the 3D lung and a coronal section sampled from the center of the
stacked image data set. Note that every four slices used to produce these 3D images were from a different respiratory cycle than the
adjacent four slices and yet anatomy is depicted as being continuous from apex to base of the lung.
Figure 5. Assessment of the lung parenchyma based on the lung density (attenuation) histogram. (Upper left panel) Density histo-
gram; (upper middle panel) Accumulation histogram; (upper right panel) Quantitative report based on the lung density evaluation. (Mid-
dle row) Coronal, transverse, and sagittal sections of volumetric CT image of the chest with a color overlay showing the location of the
voxels falling below the selected threshold (yellow vertical line in the upper row graphs). Also shown are the regions automatically se-
lected for the core and rind measurements. In these images the lungs are also divided into thirds based on the apical to basal distance
measure. With thinner section scanning, the lung can be divided into actual lobes. (Lower row) Three views of a volume rendering of the
lung with the distribution of voxels falling below the selected threshold depicted in green.
Figure 6. Characterization of regional lung parenchyma based on the adaptive multiple feature method (AMFM).
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Figure 4.

Figure 5.

Figure 6.
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Figure 4 show a subject lying within the MDCT scanner
breathing quietly in preparation for scanning. In this case,
the subject is breathing through a pneumotachometer. The
images to the right show a volume rendering and a coro-
nal section of the resulting volumetric image of the lungs
calculated from the stacked set of axial images. Note that
every four axial slices used to generate these images were
gathered during sequential respiratory cycles and yet all
anatomic structures from base to apex of the lungs are
well aligned demonstrating the ability to very accurately
track lung volumes over short time frames. In the config-
uration shown on the left of Figure 4, there is a mouth
piece with an associated high-frequency balloon valve
that can be occluded during scanning such that the sub-
ject’s lung volume is held at a fixed percent of the vital
capacity. Alternatively, the subject can relax against vari-
ous levels of positive end expiratory pressure and scan-
ning occurs during prolonged expiratory pauses. We have
recently completed a study in which we have compared
multiple methods of lung volume monitoring and image
acquisition (41).

PARENCHYMAL ANATOMY

Regional Lung Air Content

With the grey scale of a CT image calibrated such that
air is �1,000 and water is 0, blood is approximately 45,
and dense bone is �1,000, it is possible to calculate the
amount of air and “tissue” (tissue in this context includes
blood volume) in each voxel (35). If one is able to follow
the motion of a specific location in the lung through mul-
tiple points in a respiratory cycle, and one can identify a
specific anatomic volume through the cycle, it becomes
possible to measure change in local air content and thus
regional specific ventilation. It is critical to assure that
scanners remain within appropriate calibration specifica-
tions, and it is our recommendation that purpose-built
phantoms be used on a regular basis to verify the accu-
racy of the scanners. These phantoms must extend across
the full range of densities between air and water.

Histogram-Based Analysis of Parenchymal
Pathology

With the growing interest in quantitating peripheral
lung disease, there is a need to develop objective mea-
sures of pathology, not just yes or no answers regarding
the presence of disease. With the recognition that many
peripheral pathologic processes either increase or decrease
regional lung density, there has been a growing focus on

quantitating the distribution of lung intensity values
within CT images. This is commonly achieved through
use of a histogram plot (shown in the upper left panel of
Fig 5). Through largely empirical means, investigators
have found that when the lung is scanned with volume
held near total lung capacity and CT slice thickness set to
be near 1cm, the emphysematous regions of the lung in
patients with significant disease fall roughly below �910
Houndsfield Unit. When slice thicknesses are thinner, the
cut-off value is closer to �950. Coxson et al (29) com-
pared pathology measures of lung surface area versus in
vivo CT images of the same lung and developed criteria
for assessing the lung to be severe, moderate, and mild
emphysema-like. The calibration is a linear transformation
of the Houndsfield Unit values and thus is subject to the
same variability as Houndsfield Unit values in regards to
assigning surface area values and emphysema cut-offs
relative to specific scan protocols. In addition to assigning
cut-off values for emphysema, others have sought to iden-
tify the value at which one finds the lowest 15th percen-
tile of the histogram plot of voxel intensities.

Changes in this value when following a group of sub-
jects with emphysema also serve as an index of change
over time. Figure 5 shows the software implementing this
histogram approach to parenchymal assessment. One can
visualize the distribution of regions assigned as being
within the emphysematous range either as orthogonal
cross sections or within the context of 3D lung displays.
By dividing the lung into either thirds or actual lobes,
inner core, outer rind, etc, one can further characterize the
amount and extent of these emphysematous regions. We
have validated our software in three ways:

1. We replaced the voxel values within the lung fields
of a series of subjects with a known random set of
values from a look-up table and verified that the
know distribution of numbers are returned when the
images are sent through our analysis software.

2. We recently compared our analysis versus the anal-
ysis of Coxson et al for the same group of 14 em-
physema patients. Measures of percent emphysema
obtained by the two software packages match to
within a fraction of 1% of each other (45).

3. We have had three different image analysis techni-
cians with experience varying from 10 years to 1
week analyze 20 lung data sets three times each,
and the intra and inter subject variability in percent
emphysema scores and total lung air and tissue
measures differed by less than 1% of each other.
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Because early evidence in the literature suggests that
the distribution of emphysematous like voxels in the
“rind” versus the “core” of the lung may be predictive of
surgical outcomes for lung volume reduction surgery (21),
we have implemented a 3D version of a core-rind algo-
rithm which allows the user to identify the thickness of
the rind, and includes within the core that portion of the
lung that is contiguous with the mediastinum encompass-
ing the extra-pulmonary airways, veins, and arteries.

Parenchymal Texture
While the histogram-based method of lung parenchy-

mal assessment has proven to be highly useful in building
quantitative tools for assessing patients with moderate to
severe emphysema, simple histogram-based methods are
unsatisfactory for mild disease, and when there is mixed
pathologic processes present. To address this, we have
made significant advances in the use of tissue character-
ization to classify parenchymal patterns in reconstructed
CT data sets (46–48).

A texture-based computer-assisted method, called the
Adaptive Multiple Feature Method (AMFM), has been
developed and involves three steps: (a) feature extraction
from the region of interest; (b) optimal feature selection
based on a training set; and (c) classification of the test
set. The AMFM uses mathematical formulations of the
bright/dark pattern within the lung field to establish “fea-
ture” sets. These features include first order measures
based on density histograms such as mean lung density,
kurtosis, and skewness, but also uses higher order mea-
sures including entropy, run-length encoding, and stochas-
tic fractal dimensions. Training and test sets are estab-
lished by having panels of experts reach consensus re-
garding regional image classifications such as nodular,
ground glass, broncho-vascular, emphysema-like, and nor-
mal. Using a Bayesian classifier, the AMFM is then
trained to identify the best subset of features that will
separate one tissue type from another or simultaneously
separate multiple tissue types.

Three studies using the AMFM have been reported to
date that show the power of such an approach in separat-
ing multiple simultaneous tissue types (46–48). In the
first study, we sought to simply differentiate disease types
globally. However, radiologists do not tend to simply di-
agnose diseases, but rather evaluate regional appearances
of the lung field and then, based on the pattern of pathol-
ogy along with the patient history, an evaluation of the
image is reported. In the second experiment, a 31 � 31
pixel window stepped across the lung field was used to

classify regions of tissue. Fifteen features were selected
by AMFM for this window size. In a study comparing
five observers’ ability to classify the same 31 � 31 pixel
lung regions as the computer, three repeat readings were
obtained; two with the observers blinded to the patient’s
diagnosis and supporting clinical materials and in a third
reading the observers were given full access to the pa-
tient’s clinical records and the final pathology reports
when available. In all cases, the within and between ob-
server agreement amongst themselves and with the com-
puter were on the order of 35%–60%. The computer
agreed with itself 100% of the time. On the third reading
when the observers (well-trained radiologists and pulmo-
nologists) were given access to the clinical records, in all
cases, the observers significantly increased their agree-
ment with the computer (48).

In further studies, using the AMFM approach, we
sought a means of identifying an index of our sensitivity
to early parenchymal pathology (2). This is of particular
challenge because of the lack of gold standards. We ob-
tained a unique CT data set from Dr Paul Enright, gath-
ered as part of a National Institute of Health Lung Special
Center of Research (SCOR) carried out at the University
of Arizona (Tucson, Arizona). Data divided into three
groups: never-smokers with normal pulmonary function
tests (NONSMK); smokers with normal pulmonary func-
tion tests (SMK); and smokers with COPD (COPD). We
sought to determine if the AMFM would be able to dif-
ferentiate between “normal” regions selected from normal
nonsmokers and those selected from the COPD subjects.

Discrimination Between Traced “Normal”
Regions

To test this premise, we performed regional classifica-
tion studies where example regions of normal lung from
NONSMK subjects (NN) were outlined along with exam-
ple regions of emphysema lung from COPD subjects
(EC), “normal appearing” lung from COPD subjects
(NC), and mild emphysema lung from COPD subjects
(MC). The regions were outlined by an experienced pul-
monologist and physiologist. The AMFM was trained to
differentiate these groups using half of the 31 � 31 pixel
block samples from these regions, and it was tested on
the remaining half. The purpose of this experiment was to
determine (a) if these groups could be successfully differ-
entiated, and (b) if so, then what percent of a NONSMK
lung, a SMK lung, and a COPD lung fell into each of
these groups. These four groups were differentiated with
an overall accuracy of 85.3%, showing that the four
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groups could be discriminated successfully using our tis-
sue characterization technique. Of importance is the fact
that normal-looking lung from NONSMK subjects is in-
deed different from what appears to be normal in COPD
subjects. The differences may be so subtle that they are
not apparent to the human eye. An example of display
methods used to visualize patterns of tissue classifications
is shown in the right panel of Figure 6.

Hole Size
Recently, Mishima et al (49) have put forward the no-

tion that, if the destruction of lung parenchyma in emphy-
sema is initially a random process and then later is gov-
erned by the notion that the presence of small “holes”
increase the likelihood of further destruction to occur in
that lung region, thus causing small holes to join to form
larger holes, the initial hole distribution, when plotting
holes versus hole size on a log-log plot should provide a
linear relationship and then the process of small holes
joining to form larger holes should progressively alter the
slope of the log-log relationship. We have implemented
such an analysis within our Pulmonary Analysis Software
Suite, as seen in Figure 7. Note that all the holes falling
below a given size are plotted in yellow and all of the
larger holes (interactively selected on the log-log plot) are
mapped in green on the CT images. It is striking, and of
interest, that the color overlay, identifying the larger holes
in the patient shown in Figure 7, is so tightly limited to
the lower lobe that the color overlay provides a clear de-
marcation of the lobar fissure.

FUNCTIONAL IMAGING

Perfusion

In addition to imaging structure and dynamic changes
in structure and associated changes in regional air con-
tent, it is also possible to begin to use sub-second MDCT
to assess regional ventilation and perfusion as a means of
additional features for characterizing regional lung pathol-
ogy. Perfusion is measured by injecting iodinated contrast
agent as a bolus and to then axially image (nonspiral
mode where table sets in a fixed location during scan-
ning) during a breath hold with the scanner gated to the
same point in each cardiac cycle. Regional perfusion
quantitation assumes that the height of the curve is a
measure of the flow within that tissue regions of interest
(50–54). This is based on a standard indicator dilution
model with the additional assumption that the entire indi-
cator resides within the regions of interest for a finite pe-

riod of time before exiting. This then allows analysis to
proceed similarly to standard microsphere methods.

Subvoxel Resolution of Perfusion and Kinetic
Parameters to Evaluate Microvascular Physiology

With the concern that time-attenuation curves (because
of bolus transit) obtained from voxels in the lung paren-
chyma do not represent flow solely at the air/blood inter-
face, but may also represent flow in small arteries (partial
volume effect). We sought a method to separate the arte-
rial and capillary bed time-attenuation curves on a voxel
by voxel basis. Our early efforts used an fast Fourier
transform (FFT)-based deconvolution algorithm to recover
regional residue functions that describe the inherent re-
gional pulmonary vascular transport characteristics (ie,
distribution of tracer particle residence times, hence tran-
sit times, within the regional vascular bed).

Deconvolution of the pulmonary artery and regional
parenchymal time-attenuation curves consistently yield
bimodal regional residue functions consisting of a sharp,
narrow peak and a second, overlapping more dispersed
curve component. By separating out the first sharp, nar-
row curve component from the second more dispersed
component and re-convolving the second component with
the original arterial curve, we are able to derive a new
parenchymal curve which more closely reflects the micro
vascular blood flow parameters.

Findings to date (54) support our notion that we are
able to recover both microvascular and arterial curves
within a peripheral regions of interest. The ability to im-
age regional distribution of micro vascular transit times is
of considerable interest, in part, because we hypothesize
that a disruption of the normal local patterns of this mea-
sure may indicate early inflammatory processes whereby
there is a margination of neutrophils and a thickening of
arteriolar walls, both of which might be expected to alter
mean transit times in the micro vascular bed (55).

Ventilation
The measurement of lung ventilation, lung volume,

and tidal volume has traditionally been made for the en-
tire lung, despite the fact that lung function in both health
and disease is inhomogeneous. Xenon-enhanced CT is a
method for the noninvasive measurement of regional pul-
monary ventilation, determined from the wash-in and/or
wash-out rates of the radio dense, nonradioactive gas xe-
non as measured in serial CT scans. While the prospect
of measuring regional ventilation with stable xenon has
been established for many years (56,57), advances in CT
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Figure 7. Evaluation of the distribution of
holes within the lung where holes are defined
by contiguous voxels in two or three dimen-
sions with an x-ray attenuation falling below a
given threshold. The upper left graph plots log
of hole area on the x-axis and number of
holes on the y-axis. The middle graph in the
upper row plots percentage of holes rather
than absolute number of holes on the y-axis.
An upper and lower threshold is set by the
green and yellow lines on the graphs, respec-
tively, and the location of the large (green)
and small (yellow) holes are color coded onto
the coronal, transverse, and sagittal images,
respectively, in the lower row. The slope of
the log-log graph data in the middle panel of
the upper row is displayed in the upper right
panel. The slope of the relationship is given
as Alpha and the goodness of fit is given as R2.

Figure 8. Prone anesthetized sheep imaged at functional residual capacity during a breath-hold for perfusion and at end expiration for
ventilation measures. The upper left panel represents a color map of raw blood flow. The upper right panel represents a color map of
raw ventilation calculated for a xenon wash-in protocol. Both the blood flow and ventilation color scales range from 0 to 0.06 mL/min.
Note that neither blood flow nor ventilation are normalized here to regional voxel parenchymal content. The normalization, which is im-
portant for the evaluation of etiher parameter alone and is routinely calculated as part of our studies, is not necessary here because the
goal is a ventilation/perfusion (V/Q) map, where both V and Q normalization values cancel. The lower left panel shows a map of V/Q with
the color scale set to range between 0 and 2. The software performs a rigid body rotation and translation to identify the optimal match
between the V and Q scans. Once the MDCT scanners begin to broaden the cone beam to allow for larger Z-axis coverage in the axial
scanning mode, we will be able to perform 3D warping of the datasets based on the airway and vascular branch points and the lobar
surfaces. Note that while there is a ventral heterogeneity in regional ventilation and perfusion, the matching of the two measures takes on
a greater homogeneity than is seen in either of the independent parameters, indicating that physiologic and physical mechanisms are at
work to assure regional matching of V and Q. The lower right panel shows a histogram plot where voxels of various V/Q ranges have
been binned together. Note that in this example, the mode of the histogram plot is approximately 0.8, which is what standard respiratory
textbooks report as being the standard normal, global V/Q relationship. While we believe that the absolute values of V, Q, and V/Q are of
great interest, of likely greater value is the information embedded in the regional texture features of these measures as shown in Figure 9.
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technology have increased the speed and resolution of
imaging studies and now make practical the application of
this technique for physiologic and clinical studies.

Recently, the methods for xenon-enhanced CT to mea-
sure regional pulmonary ventilation have been updated
(58–62). While monitoring respiration and gating axial
scans (ie, 16 slices at a time on a 16-slice MDCT scan-
ner) to a fixed lung volume during tidal breathing, an in-
dividual breathes a mixture of xenon gas and oxygen. The
time-based regional attenuation changes in the lung asso-
ciated with regional wash-in and/or wash-out of the xenon
gas mixture provide the information needed to calculate
regional time constants of gas turnover which, when com-
bined with measures of the initial air volume of the lung

region, provide measures of regional ventilation. Com-
bined with the unique capability of CT to describe ana-
tomic detail and regional pulmonary perfusion (53,54);
CT, as a single imaging modality, can provide a complete
noninvasive structural and functional characterization of
the lung. With the development of high-speed, gated,
volumetric image acquisition technology the xenon-en-
hanced CT method can now be further advanced to mea-
sure detailed ventilation distributions throughout the entire
lung. The images in Figure 8 demonstrate a regional map-
ping of ventilation (V), perfusion (Q), and V/Q matching
for an anesthetized sheep studied prone in a four-slice
MDCT scanner. Slice thickness is 2.5mm, rotation time
was 0.5 seconds. Exposures settings were 120 mAs and

Figure 9. Blood flow (middle column) and mean transit time (right column) maps
in a prone sheep followed through the time course before (upper row) and flowing
administration of papain to the right lung (middle row) On day 16, note that while the
visible evidence in the gray scale images (left column) has largely cleared, the blood
flow maps remain as clear evidence of the presence of interstitial pathology. Also,
note the unexpected finding of the involvement of the dorsal region of the left (un-
treated) lung. Color scales for the images (blue to red) are 4–12 mL/sec/g tissue and
3–7 seconds for pulmonary blood flow (PBF) and mean transit time, respectively.
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90 kV. Note that the heterogeneity of V/Q is considerably
less than that of the individual V and q measures, show-
ing the close matching of the two physiologic parameters.
The lower right panel of Figure 8 shows the number of
voxels falling with bins of V/Q values with the mode fall-
ing at approximately 0.8, which is what one would expect
for a normal lung based on reports in almost any respira-
tory physiology text book. Here, however, we have the
region by region values, tied to anatomic detail rather
than a single value describing global lung function.

Texture of Functional Parameters
While we have made significant advances in our abil-

ity to use anatomic texture to characterize the regional
state of the lung, regional texture of functional parameters
are expected to provide important signs of the early
pathophysiologic processes that lead to parenchymal pa-
thology. Figure 9 shows the changes in pulmonary blood
flow and mean transit times in a sheep model of emphy-
sema where papain is infused into the lung and then the
lungs are studied over time (55). An unexpected observa-
tion was made in this animal: note that the inflammatory
process is detected not only in the right lung that received
the intended papain lavage, but also in the left dorsal lung
region that clearly received an unintentional papaine ex-
posure. This effect of papain on the left lung would have
gone unnoticed had we been looking only at the lung
density images.

CONCLUSIONS

With careful attention to the scanning protocols, in-
cluding the lung volume at which one scans, it is now
possible to establish a normative atlas of the human lung
based on CT imaging and to use these normal values to
detect pathologic processes related to the ILD. The quan-
titative measures reflect both the structural as well as
functional attributes of the lung. There has been a com-
mon misperception that CT imaging is limited to the
study of anatomic detail. While x-ray CT is the modality
of choice for studying lung anatomy, it is also capable of
providing significant functional information. There re-
mains a critical need for establishing ground truth data
against which the emerging quantitative CT data can be
compared and calibrated, especially with the recent ad-
vances in the pathology and the cellular understanding of
the ILDs.
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