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Th e use of computed tomography (CT) scanning to assess emphysema has 
exploded since the mid-1980s. Since the defi nition of emphysema, permanent 
enlargement of airspaces and destruction of alveolar walls (1) is a structural 
defi nition and pathologic examination of tissue is limited to post-mortem 
or resected specimens, CT has been become very popular because it allows 
investigators and clinicians to obtain useful, relatively non-invasive structural 
information about the lung (2–4). Th e exquisite anatomic information that CT 
provides has resulted in a proliferation of CT devices throughout the world 
such that virtually every hospital and research organization in the developed 
world now has easy access to a CT scanner. Th e end result is that almost all 
investigators have access to high quality images of the lung for clinical and 
research purposes. Another important advantage of CT is that, unlike clinical or 
physiological measurements of airfl ow limitation, it can diff erentiate between 
the contributions of emphysema and airways disease—the two underlying 
phenotypes in patients with chronic obstructive pulmonary disease (COPD). 

Although routine clinical assessment of emphysema is typically per-
formed using visual grading, the inter- and intra-observer variability that is 
associated with subjective visual scoring can be very high (5, 6). Importantly, 
since CT images are densitometry maps of the lung, attention quickly turned 
to computer aided assessments of CT densitometry (Figure 1). Early stud-
ies demonstrated that CT lung density measurements were abnormally low 
in patients with pulmonary emphysema (7) and that these low attenuation 
regions corresponded to regions of emphysematous destruction using both 
visual (8) and pathological scoring (9, 10). 

Lung density masks, fi rst introduced by Müller and colleagues, showed 
that CT densitometry values below a given threshold value (originally defi ned 
as −910 Hounsfi eld Units (HU)) correlated with quantitative pathology (11). 
Over the subsequent years this threshold analysis has been redefi ned using 
modern CT scanners and techniques resulting in the redefi nition of the 
threshold density for thin slice high resolution CT scans to be −950 HU (3) 
and for multi-slice CT scans to be −960 HU (12). However, the −960 HU 
threshold for multi-slice CT scans has not gained traction in the literature. 

Another well-established densitometry approach uses fi xed percentiles of 
the frequency distribution of Hounsfi eld units. Gould and colleagues (13) 
showed that the lowest 5th percentile of x-ray attenuation values correlated 
with distal airspace size taken from the same lateral regions of resected 
lung∕lobe in patients that underwent resection for a peripheral lung tumor. 
More recently, a study by Dirksen and colleagues (14) in patients with severe 
alpha-1 antitrypsin defi ciency concluded that the decline in the density of 
any percentile in the 10th to 30th range (corresponding to densities rang-
ing from −950 to −890 HU) may provide a sensitive measure of emphysema 
progression. Th is has led to the promotion of the lowest 15th percentile as a 
measurement of emphysema and emphysema progression.
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Finally, there have been other techniques introduced 
to quantify emphysema that take into account not just 
how many low attenuating voxels are present, but how 
these low attenuation regions are clustered together to 
create a metric that measures the size and spatial distri-
bution of emphysema on the CT scan (15). It is thought 
that since the radiologist considers several factors in the 
assessment of emphysema, including the type, distribu-
tion, and the potential cause of the low attenuation (i.e. 
small airways disease, gas trapping or image noise), a 
quantitative approach that also includes an assessment 
of emphysematous hole, or cluster, size may improve 
the detection and quantifi cation of emphysema (16, 17). 
Th ere are data that suggest that a low attenuation cluster 
analysis does correlate better with radiologist scoring 
(16) suggesting that there is more to emphysema analysis 
than just fi nding low attenuation regions, and it is how 
these regions are spatially located that may provide fur-
ther information. Analyses that take into account these 
diff erent features of low attenuating regions are often 
called “texture” measures and because these analyses are 
performed by computers they are very reproducible and 
have even been shown to be more sensitive at detecting 
early disease than radiologists (18).

Obviously there are many factors that aff ect the CT 
density of the lung including the level of inspiration dur-
ing breath-hold scanning, the radiation dose (19), slice 
thickness (19) and the choice of reconstruction algo-
rithm (20), which has led to many recommendations 
on standardization for both serial investigations and 
multi-center studies (21). Although it seems that there 
are many issues with the quantifi cation of emphysema 
on CT scans, the research community has become very 
sensitive to the above variables and are now carefully 
controlling for them in clinical studies. Th e Radiological 
Society of North America, recognizing that quantitative 
image biomarkers must be standardized, has instituted 
a working group within their Quantitative Imaging 
Biomarkers Alliance (QIBA) to defi ne the standard 

operating procedures and best practices for quantitative 
imaging of COPD and asthma (22). 

Although it is important for imaging measurements 
to be highly reproducible and signifi cantly correlated 
with pathology and physiological parameters, a poten-
tial imaging biomarker must also be signifi cantly related 
to clinically meaningful outcomes in COPD, including 
mortality, disease progression, exacerbations and treat-
ment response. In this regard, CT measures of the extent 
of emphysema have been shown to be an independent 
predictor of all-cause mortality in a large community-
based cohort of subjects with and without COPD (23). 

Other studies evaluating COPD subjects over time 
have demonstrated that emphysema severity evaluated 
using CT was independently associated with FEV

1
 decline 

(24–26) and several circulating blood biomarkers of 
infl ammation were ide ntifi ed that correlated signifi cantly 
with CT measurements of emphysema progression (26). 

Exacerbations of COPD are also being increasingly 
recognized as an important burden both to the patients 
as well as society. In the United States alone, in 2000, 
COPD was responsible for 8 million physician offi  ce and 
hospital outpatient visits, 1.5 million emergency depart-
ment visits and 726,000 hospitalizations (27). Moreover, 
a large number of patients that receive hospital-based 
care for COPD exacerbations are readmitted within a 
short period of time (28) and therefore there is increased 
motivation to identify those patients that are more sus-
ceptible to exacerbations. Furthermore, exacerbations 
have also been shown to be correlated with a more 
rapid rate of emphysema decline in COPD subjects (29). 
However, it has been shown that COPD disease sever-
ity determined by spirometry-based criteria may not 
always be adequate for identifying patients at risk for 
exacerbations (30) and therefore there has been growing 
interest in phenotyping patients based on the underly-
ing contributions of airways disease and emphysema. 

Han and colleagues (31) showed that the frequency 
of COPD exacerbations was related to both emphysema 

Figure 1. Quantitative CT measurements of emphysema. A three-dimensional rendering of the lung registered to the three dimensional reconstruction of the airway tree 
(A), two-dimensional axial CT image with the CT densitometry values below −950 HU highlighted in red (B), and the three-dimensional low attenuation cluster analysis 
of emphysema with colored regions represented as connected regions of the lung with CT densitometry values below −950 HU registered to the three-dimensional 
reconstruction of the airway tree (C) for a COPD subject. Images A and C were generated using Apollo image analysis software (VIDA Diagnostics, Coralville, IA) and Image 
B was generated using MATLAB R2007b (The Mathworks, Natick, MA).
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and airways disease, and that for subjects with greater 
emphysema severity (defi ned as the percentage of all 
lung voxels with CT attenuation less than −950 HU) 
there was a 1.18-fold increase in exacerbation frequency 
for each 5% increase in emphysema. 

Another important area where CT measurements 
have been used is for identifying patients or subgroups 
of patients who may demonstrate improvements follow-
ing lung volume reduction surgery (LVRS) or bronchial 
valve treatment for severe emphysema or pharmacologic 
intervention. Th e multi-center, randomized controlled 
clinical trial performed by the National Emphysema 
Treatment Trial (NETT) Research Group followed 
patients with severe emphysema that underwent LVRS 
(32) and showed that patients identifi ed as having pre-
dominantly upper-lobe emphysema, determined using 
a visual scoring system, and a low maximal workload 
after rehabilitation had a lower risk of morality than 
patients that were not randomized to the surgery group. 
Furthermore, this group was also more likely to have an 
improvement in exercise capacity and an improvement 
in symptoms following surgery. CT measurements of 
emphysematous hole size obtained before LVRS noted 
that large holes located in the upper lobes were signifi -
cantly correlated with maximal cardiopulmonary exer-
cise performance and physiologic measures before and 
3 months after LVRS (33).

Since the NETT study, minimally invasive techniques 
for lung volume reduction have been proposed, such as 
the insertion of one-way values. Th ese studies have used 
CT to assess lung volume changes longitudinally follow-
ing valve implantation and have demonstrated signifi cant 
reductions in the volume of the treated lobe, although 
there were no changes in global measurements such as 
FEV1 

(34). Moreover, the data also showed that CT volume 
reduction in the treated lobe was signifi cantly correlated 
with clinically meaningful improvements in symptom 
scores. Th e large randomized, prospective, multicenter 
Endobronchial Valve for Emphysema Palliation Trial 
(VENT) also evaluated the effi  cacy of endobronchial 
valves and demonstrated that greater heterogeneity of 
emphysema between lobes and intact interlobar fi ssures 
on CT were related to clinically important functional and 
physiological changes following therapy (35). 

Finally, studies using CT measurements have been 
shown to be more sensitive than FEV1 for detecting dis-
ease progression (36), and as a result, new trials have 
adopted CT as a primary outcome measure for evalu-
ating the therapeutic eff ect of augmentation therapy in 
subjects with apha-1 antitrypsin defi ciency (37, 38). 

In summary, CT provides a way to non-invasively 
measure the extent of emphysema within the lungs of 
living subjects. Importantly, these measurements have 
been demonstrated to correlate signifi cantly with mor-
tality, to be sensitive to disease progression over short 
periods of time, have shown potential for evaluating and 
predicting COPD phenotypes at risk for exacerbations 
and have been shown to identify suitable candidates 

for surgical interventions and treatment. Even though 
there is still no clear biomarker for the progression of 
emphysema, and CT studies indicate that a large sample 
size may still be needed to identify the natural progres-
sion of the disease, the inclusion of imaging biomarkers 
to quantify the extent of emphysema may be useful for 
patient stratifi cation or surrogate endpoints in new drug 
and interventional trials. It is thought that the use of CT 
to quantify emphysema will allow for more targeted 
therapies and potentially lead to better outcomes in 
patients with emphysema.
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