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Alpha-1 antitrypsin deficiency (AATD) is characterized by low serum levels of or dysfunctional

alpha-1 proteinase inhibitor. In the lung parenchyma, this results in a loss of protection against

the activity of serine proteases, particularly neutrophil elastase. The resultant imbalance in

protease and antiprotease activity leads to an increased risk for the development of early-onset

emphysema and COPD. As in traditional smoke-related COPD, the assessment of the severity

and disease progression of lung disease in AATD is conventionally based on lung function;

however, pulmonary function tests are unable to discriminate between emphysema and

airways disease, the two hallmark pathologic features of COPD. CT imaging has been used as a

tool to further characterize lung structure and evaluate therapeutic interventions in AATD-

related COPD. Moreover, recent advances in quantitative CT have significantly improved our

assessment of the lung architecture, which has provided investigators and clinicians with a

more detailed evaluation of the extent and severity of emphysema and airways disease in

AATD. In addition, serial CT imaging measures are becoming increasingly important, as they

provide a tool to monitor emphysema progression. This review describes the principles of CT

technology and the role of CT imaging in assessing pulmonary disease progression in AATD,

including the effect of therapeutic interventions. CHEST 2018; 153(5):1240-1248
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Alpha-1 antitrypsin deficiency (AATD) is
the most recognized genetic disorder
associated with an increased risk of COPD.
The main feature of AATD is low serum
levels of alpha-1 proteinase inhibitor (A1-PI),
which results in a loss of protection in the
lung parenchyma against the activity of
proteases such as neutrophil elastase,
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proteinase-3, and cathepsin G.1 The resulting
protease-antiprotease imbalance, along with
the loss of important antiapoptotic and
immunomodulatory functions of A1-PI,
leads to an increased risk for the
development of early-onset emphysema,
particularly in the presence of environmental
exposures such as tobacco smoking.2
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Compared with smoking-related COPD, typical patients
with AATD-related COPD present at a younger age
(before 45 years) and have panlobular emphysema with
lower lobe predominance. However, the pattern
observed in up to one-third of patients with AATD is
predominantly centrilobular with an upper lobe
distribution due to their exposure to tobacco smoke.3,4

As noted for COPD in general, the assessment of
AATD-related COPD severity and disease progression is
conventionally based on spirometry.5 Measures such as
the FEV1 have been classically used to quantify the
degree of airflow obstruction and loss of ventilatory
function.6 However, pulmonary function tests are
unable to discriminate emphysema from airways disease,
the two hallmark pathologic features of COPD.7 For this
reason, in recent years tools such as CT scanning have
been used to further characterize the lung structure and
evaluate the impact of therapeutic interventions in
AATD-related COPD. This article reviews the principles
of CT technology, the utility of CT scanning in the
assessment of emphysema in COPD, and its emerging
role as an outcome in therapeutic trials in AATD-related
COPD.
Principles of CT Scan Technology
CT was first introduced more than 40 years ago.8 Briefly,
conventional scanners consist of a narrow beam of
X-rays positioned opposite a row of detectors, and
assembled in a circular arrangement that rotates around
the axis of the patient to produce a transverse planar
image.9 The attenuation of the X-ray beams is measured
as they pass through tissues of varying densities,
allowing the construction of a two-dimensional (2-D)
Figure 1 – Visual depiction of the Hounsfield scale, representing the radiode
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axial image. Axial images are composed of pixels, which
are representative of the tissue density of the region
scanned. Pixel means “picture element” and relates to
the smallest square unit of a digital image, typically
arranged in a 2-D grid. The detail (resolution) of an
image is dependent on the number of pixels: the more
pixels present, the more closely the image resembles the
tissue being scanned (Fig 1). With the use of computer
software, multiple axial, sagittal, and coronal images can
be stacked on top of each other and assembled into a
3-D picture, which is composed of voxels, of the scanned
tissue. A voxel is the “volume element” and is the
building block from which the larger 3-D images are
formed (Fig 1). In CT scans, a voxel value represents the
X-ray attenuation of the tissue; the attenuation value is
expressed in Hounsfield units (HU),9 and provides an
indication of the density of the scanned tissue. Tissue
density is measured on an arbitrary scale (range, –1,000
to þ1,000 HU) based on attenuation of the water (0
HU) and air (–1,000 HU; minimum HU value) (Fig 1).

At present, most CT scans are performed with spiral/
helical scanners. These scanners rotate continuously in
one direction with the patient moving continuously
through the scanner during the tube rotation. In
addition to reducing the scan time, this allows scanning
of a volume of tissue, rather than single discrete
slices.9,10 Further advances were made with the
introduction of multislice scanners, which contain up to
eight rows of detectors and have faster tube rotation
times, thus providing faster coverage of a given volume
of tissue.10 The biggest advantage of spiral and multislice
scanners is their ability to image large anatomic volumes
(eg, the entire thorax) during a single breath-hold.11

Acquisition of the entire tissue volume allows the
nsities of various tissues/materials.
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density of 3-D voxels, instead of 2-D pixels, to be
calculated. Thus, 3-D reconstructions can be created and
lung volumes can be measured more accurately.11

Alternatively, smaller volumes of tissue can be examined
using much thinner slices, usually around 1 mm.10

CT Densitometry and Assessment of
Emphysema
The distribution of emphysema can be determined
either by qualitative, visual assessment of scanned
images by a radiologist or by quantitative assessment by
CT imaging.12-14 Although visual scoring has been
shown to correlate with corresponding pathologic
data,15-18 it can be subject to high intra- and
interobserver variability, with subjective assessment by
the readers shown to both under- and overestimate the
extent of disease.12,17,19 Nevertheless, for the clinical
diagnosis of emphysema visual inspection by a
radiologist is usually sufficient. The Fleischner Society
standardized the description of emphysema patterns
determined visually.20
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Figure 2 – CT densitometric measures of emphysema. A, Coronal slice of a n
mean HU values for various lung zones (blue, green, and yellow lines) and
emphysematous lung. Note that the HU values are now shifted toward –1,00
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A more precise, reader-independent estimate of the
extent and severity of disease can be provided by
quantitative CT scanning.12,19 Specific software is
available that can automatically recognize the lungs,
trace their contours, and determine histograms of lung
attenuation values, which are used to distinguish
nonemphysematous and emphysematous lung tissue.21

In healthy lung, attenuation values are most frequently
distributed between –750 and –850 HU, with a mean
attenuation at –789 HU. In contrast, in an
emphysematous lung an abnormal accumulation of air
contributes to decreased lung density, and the
distribution curve is shifted toward lower attenuation
levels (Fig 2). Earlier studies have shown that low
attenuation values reflect regions of emphysematous
destruction with good visual12 and pathologic scoring
correlations.16,22,23

The burden of emphysema on CT is usually expressed as
the percentage of low-attenuation areas below a given
threshold, with greater values indicating more
emphysema. Thresholds below –910, –950, and –960
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HU are typically used and correlated with pathologic
emphysema.24-26 The first cutoff point is the most
accepted to define mild emphysema, while the last two
are used to define severe emphysema. Large non-AATD
COPD clinical studies such as COPDGene (COPD
Genetic Epidemiology),27 SPIROMICS (Subpopulations
and Intermediate Outcome Measures in COPD Study),28

and ECLIPSE (Evaluation of COPD Longitudinally to
Identify Predictive Surrogate End-points)29 have mostly
used –950 HU as their threshold value to define
emphysema. This threshold method is also known as the
voxel index (VI).

In addition, emphysema can be expressed as a percentile
density (PD). For example, a 15th percentile density
(PD15) indicates the HU value below which the lower
15% of all voxels are distributed. This approach has been
typically used in AATD studies, and in one such study it
was concluded that any percentile in the 10th to 30th
range (corresponding to attenuation values between
–950 and –890 HU) is sensitive enough to assess
emphysema progression.30 Some investigators have
found that compared with the VI, PD15 is a more
consistent measure of lung density change across a wide
range of physiologic impairments (Fig 3)31; for this
reason, PD15 has been widely adopted as a standard to
assess the extent and progression of emphysema. In
addition, since lung attenuation values (in Hounsfield
units) can be converted to lung tissue density values
(g/L) by adding 1,000 to the Hounsfield units,32 PD15
values can be used to provide a more graphical
description of lung tissue loss. For example, a PD15
value of –950 HU equals a lung density of 50 g/L,
meaning that 15% of the pixels/voxels have a density
Hounsfield Units
Density (g/L)

-910
90

–1000
0

0%

15%

VI

PD15

100%

Redistribution of the
histogram towards
lower densities due
to emphysema

Figure 3 – Cumulative frequency distribution histogram of lung density
at the 15th percentile (PD15) and voxel index (VI) defining emphysema
as the percentage of low-attenuation areas below –950 HU (y axis).
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value below 50 g/L. The lower the PD15 values in grams
per liter (ie, closer to 0), the more emphysema is present.
As a reference, the PD15 (adjusted for total lung
capacity, TLC) found in nonsmoking subjects is around
80 g/L, while values of 67, 52, and 29 g/L correspond to
mild, moderate, and severe emphysema, respectively
(our unpublished data). These values might vary across
CT and software manufacturers.

An important physiologic confounder to consistent CT
lung density measurements is the variability caused by
lung volume,33 which is dependent on the patients’
inspiratory level during CT scan acquisition and their
disease state. The lung is a distensible organ that when
fully inflated contains mostly air, and lung density at full
inspiration is lower when compared with a scan taken at
full expiration. Progressive hyperinflation may also
contribute to the loss of lung density associated with
AATD-related emphysema.34 Therefore, correcting for
lung volume is crucial to the accuracy of CT lung density
measurements, in particular when serial assessments are
to be made.35-37 Two methods for lung volume
correction have been explored. Although both methods
improve the reproducibility of CT densitometry,
statistical adjustment (using total lung volume as a
covariate) has been reported to be more sensitive than
physiologic adjustment (adjusting the scan to a ratio of
total lung volume divided by the predicted TLC).38 In
the future, densitometry tools that include technology to
correct for different inspiratory volumes will become
more widely available, enabling physicians to obtain
quantitative CT densitometry results for individual
follow-up of patients (Fig 4). In addition, other factors
that can affect lung density need to be accounted for.
Conditions such as interstitial lung disease, pulmonary
edema, and current smoking status can increase lung
density measures, while smoking cessation and the
presence of lung cysts may have the opposite effect.

CT Measures of Emphysema and Clinical
Outcomes
In smoking- and AATD-related COPD, CT
quantification of emphysema has been shown to
correlate with symptoms, airflow obstruction, higher
lung volumes, a lower gas transfer coefficient, poorer gas
exchange, and higher blood leukocyte counts.39-42 A
greater burden of emphysema on CT imaging is
associated with poorer health status43 and lower exercise
capacity.44 The presence of emphysema on CT scans
also indicates increased risk of death,45 in particular
when CT density progression is noted in lower lung
1243
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Figure 4 – CT sagittal slices from a smoker, showing progression of emphysema. A, Emphysema in both the left upper and lower lobes is seen (arrows)
on baseline CT scan (mean whole-lung emphysema, 18.7%; lung density at 15th percentile, 40.2 g/L). B, Progression of the emphysematous destruction
of the parenchyma is seen 5 years later (some areas are marked with arrowheads) (mean whole-lung emphysema, 32.3%; lung density at 15th percentile,
27.3 g/L). Case from the COPDGene Study.
zones in patients with AATD with moderate-to-severe
lung function impairment.46 In fact, CT measures of
emphysema (ie, VI –910 HU) were more strongly
associated with mortality than FEV1.

45 CT-defined
emphysema has also been related to several biomarkers
associated with smoking-related COPD, including
neutrophil elastase, soluble receptor for advanced
glycation end-product, surfactant protein D,
intercellular adhesion molecule 1, chemokine ligand 20,
and biomarkers of extracellular matrix
degradation,29,47-49 highlighting its close relation to the
pathophysiology of the disease. All these associations
raise the value of CT quantification of emphysema as
part of the multidimensional evaluation of patients with
AATD, and as an important parameter to assess in
therapeutic trials.

Quantitative CT Measurement of Emphysema
to Assess the Therapeutic Effect of A1-PI
Therapy in AATD
Early work demonstrated that serial CT scans expressed
as PD15 were highly reproducible (intraclass coefficient
of variation, 0.96).50 In addition, it was demonstrated
that CT lung densitometry was more sensitive than
other measurements of emphysema progression, and
that the changes in CT lung density were related to
changes in lung function, providing the foundation to
use this imaging tool as an endpoint for therapeutic
1244 Recent Advances in Chest Medicine
interventions in AATD.38 COPD progresses slowly with
high variability in FEV1 decline; therefore, detecting a
significant decline in FEV1 would require the enrollment
of hundreds to thousands of patients in a clinical trial
and several years of follow-up.51 On the basis of the
above information, instead of FEV1, investigators have
used CT measures of emphysema as an endpoint in
AATD clinical trials with relatively smaller sample sizes
and shorter follow-up times.

To date, CT-measured lung density has been used as an
outcome measure to assess the therapeutic effect of
A1-PI augmentation therapy on the progression of
AATD-related emphysema in three randomized
placebo-controlled trials (Table 1). First, the Danish-
Dutch trial assessed 56 ex-smokers with AATD and
moderate emphysema. CT measurements were
performed at close to functional residual capacity (FRC)
and at 75% of TLC.52 Subsequently, the EXACTLE
(Exacerbations and CT Scan as Lung Endpoints) trial
assessed 77 patients with AATD, using CT
measurements taken at TLC.38 Although the results of
both studies were indicative of slower rates of lung
density loss in patients treated with A1-PI therapy, the
difference (vs placebo) was not statistically significant
(except for one specific analytical method applied in
EXACTLE). However, the trend toward a favorable
effect of treatment in these underpowered studies was
suggestive of protection against loss of lung tissue.38,52 In
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fact, a pooled analysis of the two studies supported the
efficacy of A1-PI therapy to significantly reduce the
decline in lung density in patients with AATD.53

The RAPID-RCT (Randomized, placebo-controlled trial
of augmentation therapy in Alpha-1 Proteinase Inhibitor
Deficiency) and RAPID-OLE (RAPID Open Label
Extension) trials are the largest clinical programs
assessing A1-PI therapy completed to date.54,55 In
RAPID-RCT, patients with AATD (n ¼ 180) were
randomized to A1-PI therapy (60 mg/kg/wk) or placebo
for 2 years. Primary endpoints were CT PD15 measured
at TLC, FRC, and TLC þ FRC combined. Although the
loss of CT lung density measured at FRC and at
combined TLC þ FRC was not significantly different
between the groups, measures of CT lung density at TLC
significantly slowed the progression of emphysema
compared with placebo (mean annual rate of lung
density loss, �1.45 vs �2.19 g/L/y, respectively; P ¼ .03).
This beneficial effect of A1-PI therapy was further
confirmed in the RAPID-OLE trial, in which all
participants received A1-PI regardless of whether they
were randomized to A1-PI or placebo in the original trial
(RAPID-RCT). The mean reduction in the annual rate
of lung density between baseline and month 24 was
significantly lower in the early-start group (which
received active therapy throughout), compared with the
delayed-start group (which received placebo in the
original trial; �1.51 vs �2.26 g/L/y; P ¼ .021) (Fig 5).55

This represents a 33% reduction in the annual rate of
lung density decline; an absolute reduction of 0.75 g/L/y
in favor of A1-PI therapy. Furthermore, following the
switch from placebo to active therapy in the delayed-
start group, a statistically significant reduction in the
annual rate of lung density decline was established (a
difference of 0.52 g/L/y; P ¼ .001).55 The lung density
loss that occurred in the delayed-start group prior to
receiving A1-PI therapy was not regained, suggesting a
disease-modifying effect of treatment in patients with
AATD.55 In addition, changes in PD15 at TLC were
weakly but significantly related to changes in percent
predicted FEV1 during the 4-year follow-up. Results
from both the RAPID and EXACTLE trials show that
the therapeutic effect was more prominent in the basal
region of the lung, thus highlighting that CT
densitometry is a technically feasible outcome measure
to assess the efficacy of emphysema-modifying
therapies. Specifically for AATD, the use of this
technology highlights the importance of early institution
of A1-PI augmentation therapy to impede the loss of
lung tissue.
1245
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Figure 5 – Estimated lung density decline (adjusted lung density at 15th
percentile at total lung capacity) over 48 months, using data from the
mixed-effects regression model applied to each trial separately (the
Randomized, Placebo-Controlled Trial of Augmentation Therapy in
Alpha-1 Proteinase Inhibitor Deficiency [RAPID-RCT] and RAPID
Open Label Extension [RAPID-OLE] trial intention-to-treat
population).
Quantitative CT Assessment of Other Lung
Structures
Quantitative CT scanning has also been used to assess
airways and vascular disease, as well as extrapulmonary
manifestations of smoking- and AATD-related COPD.
For example, in an AATD cohort, greater airway wall
thickening measured as wall area percent was related to
lower expiratory airflows, and the strength of this
relationship increased from proximal to more
peripheral airways.56 Further work has revealed the
concomitant presence of clinically significant
bronchiectasis, which may occur in up to 27% of
individuals with AATD-related COPD.13 Patients with
non-AATD COPD and bronchiectasis detected by CT
imaging have higher mortality, higher rates of
pulmonary inflammation, and longer recovery times
from exacerbations.57,58 Lung quantitative imaging has
also been used to characterize the intraparenchymal
vasculature and extraparenchymal main vessels in
smokers with and without COPD. For instance,
increased pulmonary vascular pruning on noncontrast
CT imaging is related to lower lung function and less
exercise capacity.59 Similarly, an increased ratio of the
diameters of the pulmonary artery to the aorta predicts
future exacerbations.60 In addition, in patients without
AATD, chest CT measurements of extrapulmonary
tissues such as muscle and fat are related to COPD
outcomes. The area of the pectoralis muscles, measured
on a single-axial slice, is more strongly related to lung
function and exercise capacity than body mass index.61

Furthermore, increased visceral adipose tissue content
is associated with increased odds of myocardial
infarction in patients with smoking-related COPD.62

Thus, these extrapulmonary CT measurements can be
applicable in patients with AATD.
1246 Recent Advances in Chest Medicine
Future Perspectives
CT imaging assessment of emphysema has been
validated against pathology, lung function, and health
status, and is now accepted as a valid endpoint to assess
the efficacy of A1-PI therapy. However, several practical
issues exist regarding its applicability for routine clinical
practice, including availability of specific software and
the expertise required for analysis and interpretation of
data. In addition, there is a need for standardization and
validation of the technology/methodology, including
efforts to assess the nonbiologic variations in lung
density across CT scanners and software from different
manufacturers, in order to allow more reproducible
measurements across centers in large trials.63 There are
also concerns regarding radiation dose, and advances are
being made in exploring low-dose scan protocols to
minimize radiation exposure. Furthermore, as the
distribution of AATD-related emphysema is not
uniform, targeted sampling of specific lung regions may
be more appropriate for mapping AATD disease
progression in the lung.34 It is possible that in the future,
CT measures could predict which subjects with AATD
will most likely benefit from augmentation therapy.
Concluding Comments
The evidence presented in this review suggests that CT
scanning is a useful imaging tool to phenotype and
measure interventions in AATD. CT lung density seems
to be a clinically relevant outcome for emphysema trials.
Because some caveats remain, more research is needed
before it can be used routinely in clinical practice.
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