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Abstract Histological examination has always been the
gold standard for the detection and quantification of lung
remodeling. However, this method has some limitations
regarding the invasiveness of tissue acquisition. Quantita-
tive imaging methods enable the acquisition of valuable
information on lung structure and function without the
removal of tissue from the body; thus, they are useful for
disease identification and follow-up. This article reviews
the various quantitative imaging modalities used currently
for the non-invasive study of chronic obstructive pul-
monary disease, asthma, and interstitial lung diseases.
Some promising computer-aided diagnosis methods are
also described.
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Introduction

Pulmonary diseases lead to lung functional limitation by
causing destruction or remodeling of the parenchyma and/
or airway wall. Although histological examination is the
gold standard for the assessment of lung remodeling, non-
invasive methods enable the investigation of disease
pathogenesis and changes over time, as well as the evalu-
ation of new therapeutic interventions [1].

Quantitative imaging of the lung has been proven to be
useful for disease identification and follow-up. Valuable
information on lung structure can be obtained by quantitative
computed tomography (CT) techniques, including high-
resolution computed tomography (HRCT) and multidetector
computed tomography (MDCT). To overcome the inter- and
intraobserver variability inherent to radiologists’ interpre-
tation of CT images, the use of computer-aided diagnosis
(CAD) systems has been improved since its introduction in
the 1980s [2]. Increasing concerns about health risks related
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to the ionizing radiation needed to acquire CT images have
led to the consideration of alternative methods, such as
magnetic resonance imaging (MRI). MRI techniques, such
as perfusion and diffusion weighting, allow the acquisition of
morphological and functional lung images [3].The present
article reviews the imaging methods and CAD systems
available for the quantification of pulmonary changes in
chronic obstructive pulmonary disease (COPD), asthma, and
interstitial lung diseases (ILDs).

Chronic Obstructive Pulmonary Disease

COPD is characterized by irreversible airflow limitation, as
demonstrated by a post-bronchodilator forced expiratory
volume in the first second/forced vital capacity (FEV,/
FVC) <70 % [4]. Airflow limitation in COPD is caused by
a combination of factors, such as parenchymal lung
destruction (emphysema) and loss or narrowing of small
airways [5]. Because of its implications for the patient’s
response to therapeutic intervention, efforts have been
made to evaluate the relative contributions of these two
pathological processes to airflow limitation [6]. CT is
currently the most widely available and precise imaging
method for the characterization of COPD, although imag-
ing techniques that do not require ionizing radiation are
preferred for longitudinal monitoring.

Computed Tomography
Emphysema

Emphysema is characterized by abnormal, permanent
enlargement of air spaces distal to the terminal bronchioles,

Mon BE imags

Fig. 1 45-year-old woman with alpha-1

antitrypsin deficiency.
a Coronal CT image demonstrating extensive areas of low attenuation
and bronchial wall thickening, mainly in the lower lobes. b Three-
dimensional CT reconstruction demonstrating emphysematous areas
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accompanied by the destruction of their walls [7]. On CT,
emphysema appears as a set of areas with low attenuation
values similar to those of air (Fig. 1). Currently, the ref-
erence standard for evaluation of the extent of disease on
CT images is visual examination. This method, however, is
subject to high degrees of inter- and intraobserver vari-
ability, and demands significant amounts of time and
financial resources. Automated quantification of emphy-
sema, on the other hand, provides objectivity and repro-
ducibility [8].

On CT, the emphysematous lung is represented by
image voxels with densities <—950 Hounsfield units (HU)
(Fig. 2) [9]. The identification of all voxels with densities
below this threshold is a process referred as density
masking. The predetermined threshold can vary, however,
depending on CT acquisition parameters, such as section
thickness and reconstruction algorithm. Madani et al. [10]
found that a threshold of —960 to —970 HU was suit-
able for the quantification of emphysema in continuous-
volume MDCT datasets. Another approach—the percentile
technique—consists of choosing a point on the percentile
scale where the cumulative percentage of lung voxels is
less than the cut-off value, and determining the corre-
sponding attenuation value at that point. The 15th per-
centile has been proven to serve as a measure of lung
destruction [1].

Numerous studies have assessed the usefulness of den-
sitometric analysis in predicting clinically significant
metrics, such as lung function. Although previous studies
have shown that the extent of emphysema is not always
correlated with the severity of airflow limitation [11, 12],
the degree of emphysema measured by CT was found more
recently to be correlated with levels of dyspnea, FEV,
diffusing capacity of carbon monoxide, frequency of

(in red). ¢ Three-dimensional CT reconstruction of total lung volume,
overlaid with emphysematous areas (in red). Automated quantifica-
tion revealed a total lung volume of 5.5 L and an emphysema index of
32.8 %, using a threshold of —950 HU
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Fig. 2 65-year-old male
smoker with dyspnea. a Axial
CT image demonstrating
extensive areas of emphysema.
b Three-dimensional CT
reconstruction demonstrating
emphysematous areas (in red).
¢ Three-dimensional CT
reconstruction of total lung
volume, overlaid with
emphysematous areas (in red).
Automated quantification
revealed a total lung volume of
7.5 L, an estimated normal lung
index of 52 %, and an
emphysema index of 34.9 %,
using a threshold of —950 HU

COPD exacerbations, the BODE index [composed of the
body mass index (B), degree of airflow obstruction (O),
level of functional dyspnea (D), and exercise capacity (E)],
and quality of life scores [13]. Moreover, quantitative CT
has been considered for the monitoring of emphysema
progression and response to therapy [14].

However, the quantification of emphysema by auto-
mated methods has some limitations that cannot be
ignored. First, quantification using density measures relies
on a single threshold and independent voxel information. In
addition, the level of inspiration during image acquisition,
noise, scanner model, and reconstruction filter are all
possible interfering variables [15-18]. Finally, another
major limitation is the relative inability of these methods to
provide information about the distribution of emphysema-
tous changes, which differs according to emphysema sub-
type and should be taken into consideration to determine
the appropriate therapeutic intervention [19].

In an attempt to overcome these problems, texture-based
quantification of emphysema has been developed. Texture
analysis involves the selection of a discrete region of
interest in the lung and the assessment of several parame-
ters in this constrained region, such as density and patterns
of changes therein [1]. The simplest textural approach

involves the identification of discrete and isolated zones of
emphysema, and quantification of zones that are connected
or clustered together [20].

Several CAD systems using texture analysis have been
proposed to automate quantitative analysis and avoid intra-
and inter-reader variability. The texture-based adaptive
multiple feature method (AMFM), for example, uses
mathematical formulations of the bright/dark pattern within
the lung field to establish feature sets, which include
measures such as mean lung density, kurtosis, skewness,
entropy, run-length encoding, and stochastic fractal
dimensions [7]. Uppaluri et al. [21] showed that the AMFM
was more accurate than mean lung density for the dis-
crimination of regional normal and emphysematous tissues.
However, both methods correlated poorly with pulmonary
function test results in the normal and emphysema groups.

Airway Measures

Small airway changes are considered to be among the
earliest signs of COPD, preceding the development of
emphysema [5]. The examination of air trapping on expi-
ratory CT images is becoming quite popular for the
assessment of small airway disease [22]. Air trapping,
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which appears on these images as areas with less-than-
normal increases in attenuation, is the retention of air distal
to an obstruction (Fig. 3) [23]. The magnitude of change in
lung attenuation after expiration is quantified using den-
sitometric parameters, such as the difference between
inspiratory and expiratory CT scans in the proportion of
lung volume with a particular attenuation value (usually
—856 HU), or the expiratory—inspiratory attenuation ratio
(the ratio of mean lung attenuation on expiratory CT to that
on inspiratory CT) [24].

Because pulmonary emphysema also corresponds to
areas of reduced lung attenuation and is in itself a cause of
air trapping, it acts as a confounding factor in the quan-
tification of air trapping. In an effort to solve this problem,
Matsuoka et al. [24] determined the attenuation threshold
value for the detection and quantification of air trapping
using paired inspiratory and expiratory volumetric MDCT
images. The densitometric parameter of relative volume
change using the threshold of —856 HU in impaired lungs
was correlated closely with airway dysfunction in COPD,
regardless of the degree of emphysema.

Several studies have shown that indexes derived from
attenuation values on expiratory or paired expiratory and
inspiratory CT images reflect airway obstruction in COPD.
Lee et al. [2] demonstrated that expiratory lung density was
correlated with the BODE index, and that CT and physi-
ological measures of air trapping were correlated. Akira
et al. [25] found that expiratory CT features were associ-
ated with pulmonary function in subjects with severe
obstruction alone. Both studies showed that air trapping
detection is enhanced when assessed on expiratory images,
compared with inspiratory images.

One drawback of the use of expiratory CT is that it
exposes the subject to extra radiation associated with a
second CT examination. The radiation dose influences the
signal-to-noise ratio: the noise level increases with
decreasing dose [26]. Increased noise reduces the contrast

between the airway wall and surrounding tissue, thereby
reducing measurement accuracy. In addition to radiation
exposure, the need for two CT acquisitions constitutes a
disadvantage of the technique because expiration is diffi-
cult to obtain in patients with COPD. Quantification using
expiratory CT also provides an assessment only of the
consequences of pathological airway changes, and thus
cannot be compared with pathological measures [27].

Magnetic Resonance Imaging

A substantial amount of research in lung imaging has
focused on the development and application of inhaled and
intravenous contrast agents to improve data collection [1].
The development of inhaled hyperpolarized helium-3 (*He)
and xenon-129 ('?°Xe) contrast agents has overcome the
low proton density issues inherent to lung tissues, which
have limited image acquisition by conventional MRI [28].
In this approach, imaging typically takes place with the
subject in breath-hold, 10-15 s after inhalation of a discrete
volume of hyperpolarized xenon or helium gas. To date,
hyperpolarized *He has been used widely in clinical
research, as the gas remains in the airways without further
interaction with the human body [29]. Hyperpolarized *He
diffuses freely in the air at a rate of 0.88 cm?®/s until the
diffusive movement is restricted by the alveolar bound-
aries. This restriction of movement is measurable by MRI
and is known as the apparent diffusion coefficient (ADC),
which is a direct representation of small airway size
[30, 31] and is correlated closely with histology [32]. A
high ADC indicates that the alveolar walls are further
apart—due to alveolar destruction or acinar expansion—
which is an early sign of emphysema [29]. The ADC was
found to be more sensitive than spirometry and CT to mild
emphysema in ex-smokers, and was related to symptoms
and exercise limitation in these patients [33]. Importantly,
the ADC has been shown to be sensitive to age [34-36],

Fig. 3 40-year-old woman with severe persistent asthma. a Airway wall thickness (WT) measurement from an axial CT image. b Coronal CT
image and c three-dimensional CT reconstruction demonstrating air trapping areas

@ Springer



Lung (2016) 194:871-879

875

disease-related changes [37-39], and gravity-dependent
compression of the lung [40].

More recently, MRI with '*Xe has shed new light on
lung function [41]. As xenon is lipid soluble, it has the
additional advantage of being freely diffusible across the
alveolar—capillary membrane, after which it is removed by
capillary blood flow. This phenomenon allows the mea-
surement of alveolar surface and alveolar blood-barrier
thickness, which makes this technique a good option for the
assessment of ventilation and perfusion [42].

Although MRI, particularly that performed with hyper-
polarized gases, offers exciting possibilities for the mea-
surement of alveolar dimensions, it currently cannot
surpass HRCT in terms of speed, image contrast and con-
tent, and spatial resolution. In addition, a main disadvan-
tage of MRI is that the contrast is exogenous and non-
renewable. To overcome some of these limitations, other
MRI techniques, such as the use of fluorine, ultrashort-
echo-time pulse sequences, and oxygen-enhanced imaging,
have been developed. These techniques may ultimately
improve the treatment of patients with COPD.

Asthma

Asthma is characterized by chronic airway inflammation,
which leads to airway remodeling and airway wall thick-
ening [43]. Airway thickening involves the whole bron-
chial tree and results from mucosal infiltration by
inflammatory cells; deposition of connective tissue on the
extracellular matrix; and increases in muscle mass, mucus
glands, and vessel area [44]. The severity of asthma is
correlated with the degree of wall thickening, duration of
the disease, and level of airflow obstruction [45-47]. The
involvement of small airways, in particular, is largely
responsible for irreversible airflow obstruction and
increased airway responsiveness [48].

Airway dimensions in asthmatic patients have been
assessed quantitatively by CT, which enables indirect
measurement of airway remodeling using the total airway
area, wall area, luminal area, and wall thickness of cross-
sectional airways. Although HRCT may be used to assess
structural changes in the asthmatic lung, MDCT is thought
to be a better technique because it enables three-dimen-
sional (3D) reconstruction of the bronchial tree for the
measurement of more peripheral airways and segment-by-
segment comparison among individuals [1]. Recently,
Aysola et al. [45] used MDCT to demonstrate that airway
walls are thicker in individuals with severe asthma than in
those with mild or no asthma. The authors also demon-
strated that thickening of airway walls is correlated posi-
tively with pathological measures of remodeling and the
degree of airflow obstruction.

The analysis of smaller (luminal diameter < 1-2 mm)
airway dimensions is beyond the spatial resolution limits of
CT. Thus, some investigators have turned their attention to
densitometric measurement on expiratory CT images.
Measures of air trapping were shown to be correlated with
clinical symptoms and response to therapy in asthmatic
patients [49-52]. Busacker et al. [50] investigated whether
air trapping was predictive of a more severe asthma phe-
notype. They defined air trapping as <—850 HU attenua-
tion on expiratory CT images, and considered involvement
of >9.66 % of the whole lung volume to be significant.
They concluded that patients with the air trapping pheno-
type were more likely to have histories of asthma-related
hospitalization and mechanical ventilation. They also noted
some risk factors of this phenotype, such as a history of
pneumonia, neutrophilic inflammation, and atopy.

Recently, the use of dynamic oxygen-enhanced MRI
was compared with the use of quantitative CT for the
assessment of clinical stage and pulmonary function
change due to treatment in patients with asthma [53].
Correlations of dynamic oxygen-enhanced MRI with all
parameters derived from pulmonary function tests—pre-
therapeutic FEV/FVC, FEV,, and the forced expiratory
flow at 25-75 % of FVC (FEF,5_75 ¢, )—were significantly
better than those of quantitative CT. However, as inspira-
tory—expiratory CT was not tested, the potential of quan-
titative CT may have been underestimated.

Interstitial Lung Diseases

ILD encompasses more than 200 entities, including adult
respiratory distress syndrome, sarcoidosis, non-specific
interstitial pneumonia, and interstitial pulmonary fibrosis
(IPF) [54]. HRCT is the current method of choice for ILD
assessment. Several CAD tools have been developed for
application to HRCT data. They involve texture-based
voxel/pixel classification [55, 56], the assessment of first-
order features based on density masks or histogram anal-
ysis [57, 58], and even sophisticated classification tech-
niques such as continuous learning with physician-in-the-
loop [59] or integrated methods [60, 61]. Although several
CAD CT analytical methods have been proven to be useful
for the assessment of disease severity and IPF progression,
the NL % [which is defined as the percentage of the nor-
mally attenuated lung volume as defined from —950 to
—701 HU (NL) to the volume of the whole lung (WL)] is
significantly more useful than the percentages of predicted
FVC and predicted diffusing capacity of the lungs for
carbon monoxide for this purpose [62].

CAD schemes enable not only the quantification of
disease extent, but also estimation of the contribution of
each  specific  abnormality—ground-glass  opacity,
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reticulation, and honeycombing—to disease progression
(Figs. 4, 5) [63]. Maldonado et al. [64] explored the use of
Computer-Aided Lung Informatics for Pathology Evalua-
tion and Rating (CALIPER) to assess baseline and follow-
up HRCT images in patients with IPF. They found that the
volume of reticular densities, total volume of interstitial
abnormalities, and percent total of interstitial abnormalities
were predictive of survival after a median follow-up period

Fig. 4 54-year-old woman with
idiopathic pulmonary fibrosis.
a Axial CT image
demonstrating areas of ground-
glass opacity, septal thickening,
and honeycombing bilaterally in
the cortical zones of the lower
lobes. b Coronal CT image
depicting the prevalence of
these findings in the lower
lobes. ¢ Three-dimensional CT
reconstruction of the total lung
volume. d Three-dimensional
CT reconstruction of interstitial
lung disease volumes.
Automated quantification
revealed a total lung volume of
3.2 L, an estimated normal lung
index of 32 %, and an
interstitial lung disease index of
22 %

of 2.4 years. However, the authors noted that misclassifi-
cation of abnormalities with similar density but different
morphologies may occur with CALIPER.

Traditionally, technical limitations of CT scanners
required that HRCT imaging protocols involve the acqui-
sition of non-contiguous thin slices (1 mm) every

1020 mm, which limited the ability to cover the entire
lung parenchyma volume and

restricted anatomic

Fig. 5 42-year-old man with scleroderma. a Axial CT image
demonstrating extensive areas of ground-glass opacity and septal
thickening bilaterally in the cortical zones of the lower lobes. b Axial

@ Springer

T2-weighted MR image demonstrating extensive areas of hyperin-
tensity unilaterally in the cortical zone of the right lower lobe,
suggesting the presence of a non-inflammatory lesion at this site
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comparability in follow-up studies [65]. MDCT has
enabled the performance of isotropic high-resolution 3D
scans of the entire chest in a single breath-hold. Some CAD
systems have been developed for application to MDCT
image data, which enables the volumetric quantification of
disease extent [56, 60, 61]. Recently, Colombi et al. [58]
found that values of the 40th and the 80th percentiles on
MDCT attenuation frequency histograms were promising
parameters for the monitoring of disease extent in patients
with IPF. The 40th percentile appears to reflect the change
in the overall extent of lung abnormalities, notably the
ground-glass pattern, and the 80th percentile was found to
reveal the course of reticular opacities.

Although CT is the method of choice for the evaluation
of patients with suspected or known ILD, some studies
have assessed the use of alternative imaging methods, such
as MRI, for disease characterization and follow-up. Buzan
et al. [66] evaluated the use of lung T2 mapping for the
quantitative characterization and differentiation of normal
tissue, ground-glass opacity, reticulation, and honey-
combing in patients with stable usual interstitial pneumonia
or non-specific interstitial pneumonia. They found signifi-
cant differences in T2 relaxation between normal and
pathological areas, and among ground-glass opacities,
reticulation, and honeycombing. These findings indicate
that T2 relaxation in lung remodeling can reflect the
amount of fibrosis burden and may allow for the moni-
toring of progression and response to therapy in ILD. The
ability of MRI to depict pulmonary abnormalities sugges-
tive of pneumonia was compared with that of HRCT in
patients with neutropenia [66]. The sensitivity of MR
images for the detection of pneumonia was 95 %, the
specificity was 88 %, and the positive and negative pre-
dictive values were 95 and 88 %, respectively. After proper
adjustment, the description of lesion location and distri-
bution did not differ significantly between modalities.
Ground-glass opacities were detected by CT in 14 patients
and by MRI in the same 14 patients as well as 2 others. Of
these two cases additionally detected by MRI, one was
misdiagnosed as a result of blurring artifacts; in the other
case, CT performed 3 days later showed a ground-glass
area in the location depicted previously on MRI. These
findings suggest that MRI has greater sensitivity than CT in
this context. Few published studies have directly compared
pulmonary CT and MRI for the assessment of ILD; thus,
this topic requires further investigation.

Conclusion
CT remains the method of choice for quantitative assess-

ment of the lung. However, other imaging modalities and
CAD systems are being developed and improved to enable

the best quantitative studies of lung anatomy and function.
When properly controlled, these methods can produce
reliable and valuable data for the analysis of lung structure,
which can be used to study the pathogenesis of diseases
and the effects of therapeutic interventions.
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