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Abstract: Lung densitometry assesses with computed tomography (CT) the X-ray attenuation of the 
pulmonary tissue which reflects both the degree of inflation and the structural lung abnormalities implying 
decreased attenuation, as in emphysema and cystic diseases, or increased attenuation, as in fibrosis. Five reasons 
justify replacement with lung densitometry of semi-quantitative visual scales used to measure extent and severity 
of diffuse lung diseases: (I) improved reproducibility; (II) complete vs. discrete assessment of the lung tissue; (III) 
shorter computation times; (IV) better correlation with pathology quantification of pulmonary emphysema; (V) 
better or equal correlation with pulmonary function tests (PFT). Commercially and open platform software 
are available for lung densitometry. It requires attention to technical and methodological issues including CT 
scanner calibration, radiation dose, and selection of thickness and filter to be applied to sections reconstructed 
from whole-lung CT acquisition. Critical is also the lung volume reached by the subject at scanning that can 
be measured in post-processing and represent valuable information per se. The measurements of lung density 
include mean and standard deviation, relative area (RA) at −970, −960 or −950 Hounsfield units (HU) and 1st 
and 15th percentile for emphysema in inspiratory scans, and RA at −856 HU for air trapping in expiratory scans. 
Kurtosis and skewness are used for evaluating pulmonary fibrosis in inspiratory scans. The main indication 
for lung densitometry is assessment of emphysema component in the single patient with chronic obstructive 
pulmonary diseases (COPD). Additional emerging applications include the evaluation of air trapping in COPD 
patients and in subjects at risk of emphysema and the staging in patients with lymphangioleiomyomatosis (LAM) 
and with pulmonary fibrosis. It has also been applied to assess prevalence of smoking-related emphysema and to 
monitor progression of smoking-related emphysema, alpha1 antitrypsin deficiency emphysema, and pulmonary 
fibrosis. Finally, it is recommended as end-point in pharmacological trials of emphysema and lung fibrosis.
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Definition

Lung densitometry, namely measurement of lung density, 
is based on the property of the pulmonary tissue to variably 
attenuate the X-rays and entails an array of technological and 
methodological issues aimed to make such a measurement as 

accurate and precise as possible.
Although it can be applied to lung specimens (1), lung 

densitometry is far more commonly performed in the living 
subjects. In the latter case, since chest wall and mediastinal 
structures interfere with such a measurement, lung densitometry 
is exclusive domain of computed tomography (CT)  
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and reflects both degree of inflation and structural 
abnormalities of the lungs. Structural abnormalities can imply 
decreased attenuation, as typically occurs in emphysema 
or cystic lung diseases, or increased attenuation, as in 
pulmonary fibrosis. In this review we shall deal with  
in vivo lung densitometry in humans.

While lung densitometry is based on density value of 
each pulmonary voxel alone, texture analysis also considers 
the spatial relationships among density values of adjacent 
voxels (2). For this fundamental difference and its relevant 
background and methodological implications an in depth 
account of texture analysis is beyond our scope and will not 
be given. 

Why to use lung densitometry? 

Qualitative visual evaluation of the axial and reconstructed 
coronal or sagittal CT sections is the base for detection and 
classification of the type of lung structural abnormalities 
underlying increased or decreased pulmonary density. In the 
clinical practice this can be supplemented by computation 
of visual scales for semi-quantitative rating of the extent 
or severity of the diffuse lung alterations associated with 
decreased or increased lung density (3-13).

Qualitative visual assessment of the lung must always be 
performed before densitometry (“eye-first” rule), since it is 
fundamental for diagnostic purposes in the single patient 
and decreases the risk of false interpretation of the lung 
density values (14). However, lung densitometry can replace 
semi-quantitative visual rating of severity and extension of 
lung changes.

In fact, lung densitometry has five advantages over visual 
semi-quantitative assessment of diffuse lung alterations.

First, visual assessment is subjective and in general 
shows slight to moderate inter-observer reproducibility 
for emphysema (15), pulmonary fibrosis including 
honeycombing (16-18) and lymphangioleiomyomatosis 
(LAM) (3), as well in the assessment of air trapping due to 
small airways disease (9).

In particular, assessment of the extent of pulmonary 
emphysema in whole lung CT using a visual scale by four 
chest radiologists (two defined as experts having previously 
performed more than 500 visual scoring of emphysema on 
CT examinations) showed a slight to moderate (Cohen k 
value ranging from 0.16 to 0.41 for pairs of raters) inter-
operator and a fair to moderate (Cohen k value ranging 
from 0.39 to 0.47) intra-operator reproducibility (15). 
Notably, inter- and intra-operator variability increased 

with the visual score magnitude, namely with increase of 
emphysema severity (15). On the contrary, no difference 
between expert and non-expert chest radiologists’ agreement 
was observed.

As well, agreement with a reference standard of the score 
for honeycombing presence by 43 observers, including 
radiologists with various subspeciality, chest physicians and 
chest radiologists, was fair to moderate (Cohen weighted 
k value ranging from 0.40, for radiologists, to 0.58, for 
chest radiologists) and not significantly different among 
the categories of observers (18). Similar results were 
obtained in another study that involved 18 readers with 
heterogeneous background and reported better agreement 
for honeycombing (average Cohen kappa value =0.44) and 
disease extent (average Cohen kappa value =0.47) than for 
traction bronchiectasis (average Cohen kappa =0.24) with no 
differences among general radiologists, thoracic radiologists, 
respiratory physicians, and radiology residents (16).

Direct comparison of CT densitometry with visual score 
in patients with emphysema (19,20), pulmonary fibrosis (21) 
and LAM (3) indicated that the former is more reproducible 
(the imperfect reproducibility of densitometry being due 
to variability in the manual correction of segmentation). 
Notably, the better reproducibility of CT densitometry 
could intrinsically afford a more sensitive assessment 
of diffuse lung changes than visual semi-quantitative 
assessment. In fact, it can be assumed that the lower the 
variability of the measurement, the smaller the variation 
which can reliably reflect a change of the condition being 
evaluated.

Second, lung densitometry enables an automatic or semi-
automatic complete, namely without spatial gaps, evaluation 
of all (typically 300–350 according to the subject’s size) thin 
(1 mm thick) contiguous or overlapped sections of the whole 
lung parenchyma that are now in few seconds obtained in 
a single breath-hold with multi-detector CT scanners and 
spiral technology. In contrast, due to the time required, the 
reader usually performs visual semi-quantitative assessment 
on a discrete, typically one every ten sections (15,20,21) and 
not all CT sections, Notably, the skip of the majority of the 
sections (and of the volume) of the lung implies a substantial 
sampling bias of visual assessment that might be detrimental 
especially in longitudinal studies (22).

Third, thanks to the automatic or semiautomatic 
segmentation of lung tissue and to the negligible software 
computation time of its density, the time required for lung 
densitometry is generally shorter as compared to visual 
scoring.
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Fourth, lung density measurements in an inspiratory 
scan show a better correlation than visual assessment 
with pathology quantification of pulmonary emphysema 
(19,23). So far, this comparative evaluation has not been 
performed in other diffuse lung diseases including LAM 
and pulmonary fibrosis.

Fifth, as shown in Table 1, lung density measurements 
generally correlate with results of pulmonary function tests 
(PFT) (including spirometry, determination of static lung 
volumes and lung diffusing capacity for carbon monoxide), 
dyspnea and quality of life measurements and the multi-
parametric BODE index in patients with chronic obstructive 
pulmonary disease (COPD) (7,20,24-33,47), with results of 
PFT in smokers and smokers at risk of emphysema (34-37),  
with results of PFT in patients with LAM (3,38) and 
with results of PFT, exercise testing, and quality of life 
measurements in patients with lung fibrosis due to systemic 
sclerosis (21,39,40). Not surprisingly, because of the 
intrinsically continuous nature of the densitometry indexes 
shared with PFT, as opposed to the categorical nature of 
visual scores, in some studies of the above conditions the 
degree of correlation of densitometric parameters exceeded 
that of visual semi-quantitative rating (20,21). However, the 
degree of correlation of lung density measurements with 
PFT in idiopathic pulmonary fibrosis (IPF) is generally 
lower and similar to that of visual score (41-46). 

Spirometry and PFT are quantitative and reproducible 
techniques that are cheaper than CT which, in addition, 
utilizes potentially harmful ionizing radiations. However, 
PFT provide a global assessment of the lung damage. The 
regional information provided by CT, especially if assessed 
quantitatively with densitometry, along with its capability 
to differentiate and to monitor the components underlying 
obstructive, cystic, or fibrotic lung disease is a distinct 
advantage (14).

How to perform lung densitometry? 

Lung densitometry is a quantitative technique and, as 
such, requires an accurate setting of parameters and a strict 
conduct in both CT scan acquisition and post-processing. 

The Radiological Society of North America has 
promoted standardization of lung densitometry for COPD 
within the frame of Quantitative Imaging Biomarkers 
Alliance® (QIBA®).

The main technical and methodological aspects, crucial 
for carrying out a reliable analysis, are listed in Table 2. In the 
following sections, we will detail the image post-processing 

procedures for carrying out lung densitometry and discuss 
the main factors that influence such measurements. 

Image post-processing for defining indexes of emphysema 
or fibrosis extent

Lung segmentation
The 3-D lung segmentation is an image post-processing 
procedure that is preliminary to the computation of lung 
densitometry indexes. It is generally fully automatic and 
based on a combination of both morphological operations 
and intensity-based methods. A visual inspection of the 
results of the segmentation procedure (i.e., the lung mask) 
is mandatory and, in case of failure, a manual correction 
is essential in order to prevent the inclusion in the lung 
mask of non-lung regions or the exclusion of lung regions, 
e.g., because of image artefacts. Lung densitometry can 
be performed on a circumscribed lung area (48,49), but 
evaluation of diffuse lung diseases is usually performed 
in inspiratory scans on the entire cross-sectional area of 
the lung in selected sections or on the whole lung. In the 
latter case, once the lung mask is considered valid, the 
lung volume can be computed. This can be used to check 
the quality of the respiratory maneuver performed by the 
patient, enables application of volume correction techniques 
before densitometry measurements (50-54), but also 
represents a valuable information per se in many diffuse 
lung diseases, especially in longitudinal studies (14). 

 Indexes derived from the lung density histogram
Mean lung attenuation (MLA) is the simplest measurement 
which is utilized especially for pulmonary fibrosis (21,40-
44,46), but also for estimation of emphysema extent 
(24,26,28,32,35). MLA is not a sensitive index and other 
histogram-based indexes are typically used for quantification 
with densitometry of emphysema and pulmonary fibrosis. 
Emphysema is assessed mainly with relative areas (RAs) and 
percentiles (PI), whereas fibrosis are assessed mainly with 
skewness and kurtosis (Figures 1-3).

RA is defined as the percentage of the lung with density 
values below a given threshold (Figures 1,2). Thus, when 
emphysema extent increases, the RA value increases as well. 
For pulmonary emphysema, in inspiratory scans, RA at 
−970 (RA970) (23), −960 (RA960) (23), −950 (RA950) (19)  
(Figure 2) and −910 (RA910) (57) Hounsfield units (HU)  
s ignif icantly  correlated with microscopic  and/or 
macroscopic measurements of pulmonary emphysema and 
are currently utilized in clinical studies (14).
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Table 2 Recommendations for lung densitometry (how)

Image post-processing 

Lung segmentation

Visual inspection of the results and manual editing if necessary

Indexes derived from the lung density histogram

Use of relative areas or percentiles in inspiratory scans for emphysema

Use of skewness and kurtosis in inspiratory scans for pulmonary fibroses

Use of relative areas for expiratory scans

Software for lung densitometry

Commercial or open platforms

Use of the same software in cross-sectional/longitudinal and single/multi-centric studies

Factors that influence lung densitometry

Scanner calibration

Frequent calibration with air and water and with dedicated phantoms designed to evaluate the accuracy in reproducing CT values for 
the lung

Radiation dose

In inspiratory CT scans X-rays tube current time product may be decreased to 20 mas

Keep constant in follow-up CT examinations the X-rays tube current-time product

In expiratory CT scans X-rays tube current time product may be kept low (≤50 mas)

Number of sections

Use of volumetric CT whole-lung scan

X-rays tube collimation and section thickness

Collimation ≤1.5 mm

Keep constant the section thickness in follow-up CT examinations 

Thin (1 mm or less) sections for visual assessment and for the assessment of airways

1–5 mm thick sections for densitometry

Reconstruction filter 

High frequency filter for visual assessment and for the assessment of airways

Smooth or regular filter for densitometry

Respiratory volume 

Accurate training of the patient about the correct respiratory manouver needed to reach the desired lung volume or use of spirometers

Correction for individual volume reached at scanning 

Smoking status

May affect lung densitometry measurements

CT, computed tomography.
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Figure 1 Density histogram indicating the appearance in normal lung and in emphysema, and the derivation of densitometry indexes. The 
15th percentile point (Perc15) is defined as the cut-off value, in HU, below which are distributed the 15% of voxels with the lowest density. 
The voxel index at a threshold of −950 HU (RA950) is shown and is defined as the percentage of voxels with a value less than −950 HU. 
Adapted and reproduced with permission from reference (55). HU, Hounsfield units.

Figure 2 Low-dose CT image at aortic arch (A) in one subject undergoing lung cancer screening showing multiple areas of decreased 
attenuation bilaterally. In (B) the pixels with density values below −950 HU (RA950) are outlined in red. Adapted and reproduced with 
permission from reference (56). CT, computed tomography.

A B

The percentile index (Perc) is defined as the value in 
HU below which that given percentage of all voxels is 
distributed (Figure 1). When emphysema extent increases, 
the density histogram shifts towards lower HU values and 
the given Perc index decreases. Several percentile indexes in 
inspiratory scans significantly correlated with microscopic 
and macroscopic measurements of emphysema, with Perc at 
1% (Perc1) showing the strongest correlation (23,58). For 

pulmonary emphysema, Perc1 and Perc at 15% (Perc15) 
are commonly used indexes (14). In particular, Perc15 is less 
affected by image noise and truncation effect as compared 
to Perc1, can be volume-corrected using a physiological 
sponge model (59) and has been utilized in longitudinal 
studies of emphysema (25,55,60-62).

Skewness and kurtosis of the density histogram have been 
employed for quantifying pulmonary fibrosis (4,21,63-66).  
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Skewness is a measure of the lack of symmetry of the density 
histogram, whereas kurtosis is a measure to which the 
distribution is peaked relative to a normal distribution. In lung 
fibrosis, both skewness and kurtosis typically decrease (Figure 3).

Other indexes derived from the histogram of lung density 
and/or the size of the low attenuation areas (LAA) have also 
been proposed for inspiratory scans including the bullae 
index (67), the specific gas volume, i.e., the volume of gas per 
weight of lung tissue (68), as well as fractal dimension of the 
cumulative distribution function of LAA clusters size (69).

For expiratory scans, thresholds of −856 HU (RA856)  
or −850 HU (RA850), corresponding to the attenuation 
values of a normal lung inflated by air (7), have been 
proposed in order to identify areas of air trapping to be 
distinguished from areas of emphysema (see below) (14).

Software for lung densitometry
Although several commercial software is available for lung 

densitometry, several open platforms have been developed 
as well, making access and use of lung densitometry 
relatively easy and potentially free. Software generally 
provides separate density measurements for left and right 
lungs and lobes. Unfortunately, a detailed description of 
lung segmentation methods is not available for all software, 
hindering a methodological comparison among them.

Available software includes Airway Inspector based on 
3D SLICER for both the morphometric analysis of airways 
and lung parenchyma (70), Apollo (VIDA Diagnostics Inc., 
Coralville, Iowa, USA), CALIPER (Computer-Aided Lung 
Informatics for Pathology Evaluation and Ratings) (71), 
Imbio (Minneapolis, MN, USA), LowATT tool in Aquarius 
software (TeraRecon, Foster City, California, USA), 
MeVis PULMO3D (Fraunhofer MeVis Research, Bremen, 
Germany) (72), Osirix MD (Pixmeo, Geneva, Switzerland), 
PASS (Pulmonary Analysis Software Suite) (73), Pulmo3D 
tool in Syngo software (Siemens Healthcare, Germany) and 

Figure 3 Coronal CT reconstructions and corresponding CT histograms from (A) a healthy individual, (B) a patient with mild lung fibrosis, 
and (C) a  patient with advanced lung fibrosis. In the healthy individual with no lung fibrosis, the CT histogram is sharply peaked and 
substantially skewed to the left, compared with a Gaussian normal distribution. In the patient with mild fibrosis, the curve is less peaked  
(less kurtosis) and less skewed. This tendency is even more substantial in the patient with advanced lung fibrosis. Adapted and reproduced 
with permission from reference (6). CT, computed tomography.

A B C



3329Journal of Thoracic Disease, Vol 9, No 9 September 2017

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2017;9(9):3319-3345jtd.amegroups.com

YACTA (Yet another CT analyzer) (74).
A comparison among five of these fully automatic 

software showed that the inter-software variability of the 
failure rate in CT image processing and of RA950 were 
high (75). This poor inter-software reproducibility indicates 
that the same software for lung densitometry should be 
employed in cross-sectional/longitudinal and single/multi-
centric studies.

Factors that influence lung densitometry

An accurate quality control should be applied to all steps 
of lung densitometry, from CT acquisition to image post-
processing, including scanner calibration, adherence to 
recommended acquisition and reconstruction CT protocol, 
visual evaluation of image quality (absence of artifacts, check 
of fully coverage of the lung within the field of view, etc.)  
and of the lung mask, and assessment of the level of 
inspiration or expiration reached by the subject at scanning.

Scanner calibration
Scanner calibration plays a crucial role in assuring reliable 
density values in quantitative CT. Beyond periodic quality 
controls performed by CT scanner manufacturer, more 
frequent calibration procedures with air and water and with 
dedicated phantoms designed to evaluate the accuracy in 
reproducing CT values for the lung are recommended (76).  
In particular, in multi-centric studies, the quality of different 
CT scanners and their stability over time is essential. To 
this aim, a procedure for quality control in longitudinal 
studies using a dedicated foam phantom able to simulate 
CT density of lung emphysema has been proposed (54).

Radiation dose 
Radiation dose is directly related to the mA setting of the 
CT scanner X-rays tube (77) and higher dose is associated 
with better signal to noise ratio. Higher dose is beneficial for 
visual assessment of diffuse lung diseases and is mandatory for 
small airway assessment, because multiplanar reconstructions 
obtained from submillimeter sections are necessary to ensure 
precise cross-sectional measurements (14).

Dose comparatively affects less the results of lung 
densitometry (58,66), although the increased image noise 
at lower CT doses may cause relative increase in threshold-
based measures of emphysema (14). As a matter of fact, the 
CT radiation dose in inspiratory CT scans for emphysema 
may be decreased to values of tube current-time product 
as low as 20 mAs without any significant compromise of 

lung density assessment (58). It is however recommended 
to keep constant the tube current-time product (and section 
thickness) in follow-up CT examinations (78).

In the clinical practice low dose scanning is recommended for 
assessment of air trapping in expiratory CT scans, and in such a 
case the tube current-time product may also be ≤50 mAs (14).

Typically, low dose whole lung CT scans at end 
inspiration as those utilized in lung cancer screening are 
associated to radiation doses below 1 mSv, whereas full 
radiation dose radiation whole lung CT scans at end 
inspiration require several units of mSv (78).

The effects on lung densitometry of additional options 
to contain radiation dose including iterative reconstruction 
algorithms and automatic tube-current modulation 
according to the body size have yet to be established (14).

Number of sections
With the CT units available until early ‘80 that employed 
a sequential scanning technology it was possible to acquire 
only one section for each breath-hold. Consequently, lung 
densitometry was initially performed on few, typically 
three, sections at predefined anatomic levels or one every 
ten sections from the apex to the base of the lung. With 
the advent of multi-detector spiral CT units, whole lung 
volume is acquired in a few seconds and automatic or semi-
automatic segmentation makes whole-lung volume and 
densitometry readily available (14). 

Interestingly,  densitometry assessment of  lung 
emphysema in a small volume acquired on the lower lung 
fields during CT scanning for evaluation of coronary artery 
disease has been reported to provide a reproducible and 
valid assessment of emphysema (79). This may be important 
taking into consideration that emphysema and coronary 
artery disease are co-morbidities related to smoking 
habitude.

X-rays tube collimation and section thickness
The X-rays tube col l imation,  the reconstruction 
parameters including section thickness and matrix and 
the reconstruction filter are major determinants of spatial 
resolution in a CT image. A range of collimation and 
section reconstructions between 0.75 and 10 mm were 
used in CT acquisitions for lung densitometry, but now 
the collimation is 1.5 mm or below. Section thickness has 
a significant effect on lung densitometry in the case of 
pulmonary emphysema evaluated in inspiratory scans with 
thicker sections implying underestimation (58,80). This fact 
has an important consequence: data obtained with different 
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section thickness cannot be merged in cross-sectional or 
longitudinal studies (58,80). 

Reconstruction filter 
The type of reconstruction filter has a marked effect on 
lung densitometry results in the case of emphysema (80,81). 
In particular, the high frequency (“high resolution” or “edge 
enhancement”) reconstruction filters that are generally 
applied for visual assessment of structural changes of the 
lung on CT lead to a significant shift of pulmonary density 
values, implying an overestimation of emphysema (80). 
Hence, the reconstruction filters should be kept constant in 
both cross-sectional and longitudinal studies.

Currently, a double reconstruction of the raw data 
obtained with volumetric thin collimation acquisitions is 
feasible and recommended: (I) thin (1 mm or less) sections 
with high resolution filter for visual assessment and for 
the assessment of airways; (II) 1–5 mm thick sections with 
smooth or regular filters for densitometry (14,20).

Alternatively, the application of a Gaussian smoothing 
to reduce the noise in sections reconstructed using high 
resolution filter has also been employed (50,51).

Respiratory volume 
Lung densitometry is usually performed on a CT scan obtained 
at end inspiration. Notably, lung volume at end inspiration 
is most reproducible as compared to volumes attained in 

expiration, either at forced respiratory capacity (FRC)  
or at residual volume (RV), corresponding to end expiration 
and forced expiration, respectively (14,82). 

In principle, to get rid of possible confounding effects 
of lung volumes on lung density values, two approaches 
can be followed: (I) an accurate coaching of the patient by 
the radiographer about the correct respiratory manouver 
needed to reach the desired lung volume (83) or (II) the use 
of spirometers (with or without CT gating) for real-time 
measurement of the lung volume (21,24,64,76). However, 
spirometers are not used in the clinical practice. 

Due to the sensitivity of pulmonary density to lung volume 
(Figure 4) (56), correction for individual volume reached at 
scanning has been established as a fundamental methodological 
requisite in cross-sectional and longitudinal densitometry 
assessment of emphysema in inspiratory scans (50-54). 

In selected cases (see below) lung densitometry can 
also be applied on a CT scan obtained at end or forced 
expiration for assessment of areas of air trapping.

Notably, patients with severe COPD and hyper-inflated 
lungs can have variable difficulty in reaching desired 
expiratory volumes. This represents a strong confounding 
variable for the assessment of lung density in expiratory 
scans in these patients. 

Smoking status
Intriguingly, lung density measurements may also be 
affected by the smoking status of the subjects. In fact, 
current smoking status per se, presumably because of 
soot and tar deposition or inflammation, can determine 
increased lung density irrespective of emphysema presence 
and evolution (61,84). 

When to perform lung densitometry?

Indications of lung densitometry are summarized in Table 3.
In principle, due to the reasons previously outlined, 

lung densitometry might substitute visual semi-quantitative 
scales in all instances in which they are applied.

However, visual semi-quantitative scales have been 
for a long time the standard in the clinical practice and 
“conservatism” (and some possible individual reluctance 
towards numbers) might militate against adoption of lung 
densitometry.

On the other hand, there is growing agreement that lung 
densitometry is useful in pathophysiology research and is 
to be preferred as endpoint in pharmacological or surgical 
trials (Table 4) (22,85). In particular, 25 of 94 studies using 

Figure 4 Correlation plot between lung volume and average MLA 
in 266 smokers or former smokers examined with low-dose CT 
shows dependency of lung density from lung volume. Adapted and 
reproduced with permission from reference (56). HU, Hounsfield 
units; MLA, mean lung attenuation; CT, computed tomography
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Table 3 Established and potential indications of lung densitometry

Established indications of lung densitometry

Emphysema detection, distribution and severity

Patients with COPD (phenotypic characterization, treatment choice)

Asymptomatic smokers or former smokers (prevalence of emphysema in cross-sectional studies)

Subjects with α1-antitripsin deficiency (natural history of disease)

Emphysema progression (longitudinal studies)

Asymptomatic smokers or former smokers

Patients with α1-antitripsin deficiency

COPD patients

Surrogate marker of replacement therapy

Patients with α1-antitripsin deficiency (clinical trials)

Staging

Lymphangioleiomyomatosis  

Pulmonary fibrosis (IPF and systemic sclerosis)

Surrogate end point in clinical trials

Pulmonary fibrosis (IPF, systemic sclerosis)

Potential indications of lung densitometry

Surrogate end point

Lung volume reduction surgery or  endobronchial intervention for emphysema

Co-existing emphysematous and fibrotic changes

In COPD and IPF

In Cystic Fibrosis

COPD, chronic obstructive pulmonary diseases; IPF, idiopathic pulmonary fibrosis.

CT in COPD patients and registered at ClinicalTrials.
gov (https://clinicaltrials.gov), as accessed on march 24,  
2017, specifically mentioned adoption of quantification of 
lung features including density, volume or texture analysis. 
The same applies to 9 of 75 studies using CT in pulmonary 
fibrosis.

Some Authors suggest a complementary role of visual 
semi-quantitative scales and lung densitometry (6,14).

Lung densitometry has predominantly been used 
for assessment of emphysema, whereas it has been 
comparatively less applied to the evaluation to lung fibrosis. 
Recently, the possible role of lung densitometry in fibrotic 
interstitial lung diseases in clinical practice and treatment 
trials has been addressed in a position paper of the 
Fleischner Society (6).

Measurement of emphysema and air trapping for 
phenotypic characterization and choice of treatment in the 
patient with COPD

Quantification with PFT of airflow limitation, in particular 
a post-bronchodilator FEV1/FVC ratio <70% (86), is 
fundamental to diagnose and grade COPD in patients with 
dyspnea, cough, and/or sputum production (87). According 
to the 2017 GOLD recommendations, in the diagnostic 
phase of COPD, chest X-ray and CT are useful only to rule 
out other conditions contributing to respiratory symptoms 
or in patients failing to respond to treatment (87).

However, with such an approach, under the COPD 
label are comprised different combinations in the single 
patient of two pathological and clinical conditions, namely 
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Table 4 Studies registered at ClinicalTrials.gov that includes quantitative CT features (density, volume, texture analysis) of the lung. Accessed on 
March 24, 2017

ClinicalTrials.gov 
Identifier

Title Status Sponsor

COPD

NCT02599883 Evidence-based analysis of low-dose CT in management  
of COPD

Completed Azienda Ospedaliero-Universitaria di 
Parma, Italy

NCT01192932 Effects of nycthemeral variations on CT Parameters 
Reflecting Airways remodelling, and pulmonary emphysema 
extent in COPD

Completed Erasme University Hospital, Belgium

NCT01142531 Effects of bronchodilation on CT parameters reflecting 
airways remodelling, and pulmonary emphysema extent

Completed Erasme University Hospital, Belgium

NCT00232674 Efficacy study of the effect of budesonide on emphysema Completed AstraZeneca, UK

NCT01431625 Effects of exercise training on systemic inflammation an 
muscle repair according to the COPD phenotype

Unknown Hospitales Universitarios Virgen del 
Rocío, Spain

NCT02245178 Lung function decline and disease risk from young 
adulthood to middle age (CARDIA Lung)

Enrolling by 
invitation

Northwestern University, USA

NCT00874497 Pilot study of tetomilast in COPD associated with 
emphysema (EMPHASIS)

Terminated Otsuka Pharmaceutical Development 
& Commercialization, Inc. USA

NCT01869205 The effect and mechanism of bronchoscopic lung volume 
reduction by endobronchial valve in Korean emphysema 
patients

Unknown Asan Medical Center, South Korea

NCT00720226 Efficacy of losartan in preventing progression of COPD Unknown John Hopkins University, USA

NCT00180622 Markers for COPD Completed Imperial College London, UK

NCT00608764 Examining the genetic factors that may cause COPD  
(COPD Gene)

Recruiting 
participants

Brigham and Women's Hospital, USA

NCT02826265 Evaluation of novel lung function parameters and 
quantitative computed tomography (qCT) in patients with 
pulmonary disease

Recruiting 
participants

Universitätsmedizin Mannheim, 
Germany

NCT02238327 Longitudinal evaluation of HIV-associated Lung disease 
phenotypes (LEAP)

Recruiting 
participants

University of Pittsburgh, USA

NCT03002389 Hyperpolarized xenon-129 MRI: a new multi-dimensional 
biomarker to determine pulmonary physiologic responses to 
COPD therapeutics

Recruiting 
participants

University of Virginia, USA

NCT01969344 Study of COPD subgroups and biomarkers (SPIROMICS) Active, not 
recruiting

University of North Carolina, Chapel 
Hill, USA

NCT03026439 Searching COPD onset (SOON) Recruiting 
participants

Pontificia Universidad Catolica de 
Chile, Chile

NCT02879773 CT assessment of regional ventilation (CURVE) Recruiting 
participants

Heart of England NHS Trust, UK

NCT00475007 Clinical trial to evaluate the safety and effectiveness of the 
IBV® valve system for the treatment of severe emphysema 
(IBV®Valve)

Completed Spiration Inc. USA

Table 4 (continued)
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Table 4 (continued)

ClinicalTrials.gov 
Identifier

Title Status Sponsor

NCT02627872 Clinical & systems medicine investigations of smoking-
related chronic obstructive pulmonary disease (COSMIC)

Active, not 
recruiting

Karolinska Institutet, Sweden

NCT03049202 Bronchoalveolar investigations of never-smokers with 
chronic obstruction from the swedish cardio pulmonary 
bioimage study (BRONCOSCAPIS)

Recruiting 
participants

Karolinska Institutet, Sweden

NCT02719184 Longitudinal follow up to assess biomarkers predictive of 
emphysema progression in patients with COPD

Recruiting 
participants

Boehringer Ingelheim, Germany

NCT01693003 Indacaterol versus Tiotropium on dynamic hyperinflation  
in COPD

Completed Irmandade Santa Casa de 
Misericórdia de Porto Alegre, Brasil

NCT02451540 Evaluation of the effect of Roflumilast in hyperinflated COPD 
patients using functional respiratory imaging

Recruiting 
participants

FLUIDDA nv, Belgium

NCT02523833 Small airway involvement in patients with chronic 
hypersensitivity pneumonitis

Recruiting 
participants

University of Sao Paulo General 
Hospital, Brasil

NCT01983241 Efficacy and safety of alpha1-proteinase inhibitor (human), 
modified process (alpha-1 MP) in subjects with pulmonary 
emphysema due to alpha1 antitrypsin deficiency (AATD) 
(SPARTA)

Recruiting 
participants

Grifols Therapeutics Inc., USA

Fibrosis

NCT02267655 Three part study to assess inhaled nitric oxide on functional 
pulmonary imaging in subjects with pulmonary hypertension 
associated with COPD and IPF

Recruiting 
participants

Bellerophon, USA

NCT03068091 Assessment of lung movement with CT Recruiting 
participants

University of Missouri-Columbia, USA

NCT02550873 A Trial to evaluate the efficacy of PRM-151 in subjects with 
idiopathic pulmonary fibrosis (IPF)

Active not 
recruiting

Promedior, Inc. USA

NCT02523833 Small airway involvement in patients with chronic 
hypersensitivity pneumonitis

Recruiting 
participants

University of Sao Paulo General 
Hospital, Brazil

NCT02596841 Lung diffusing capacity for nitric oxide as a marker of 
fibrotic changes in idiopathic interstitial pneumonias  
(Dm & Vc)

Completed IRCCS Azienda Ospedaliera 
Universitaria San Martino - IST 
Istituto Nazionale per la Ricerca sul 
Cancro, Genoa, Italy

NCT01200888 Controlled ventilation CT in CF infants Unknown Stanford University, USA

NCT02488304 Prospective study for transplant optimization using 
functional imaging (TROFI)

Recruiting 
participants

FLUIDDA nv, Belgium

NCT02441413 Transplant optimization using functional imaging (TROFI) 
(TROFI_BE)

Active not 
recruiting

FLUIDDA nv, Belgium

NCT02745145 Abituzumab in SSc-ILD Recruiting 
participants

EMD Serono Research & 
Development Institute, Inc. USA

COPD, chronic obstructive pulmonary diseases; CT, computed tomography.
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emphysema and chronic bronchitis, for which the need of a 
different therapeutic strategy is advocated by some Authors 
(88-92) and already recommended in case of severe COPD 
(see below) (87).

In particular, schematically, the pathophysiological 
basis of expiratory airflow obstruction measured by PFT is 
represented by inflammatory changes and remodelling of the 
conductive airways (first 14–15 generations of bronchi) in 
COPD patients with chronic bronchitis phenotype, and by 
destruction of the lung parenchyma where gas exchange takes 
place in COPD patients with emphysema phenotype (88).  
It has been argued that discarding this heterogeneity might 
account for the deceiving results in pharmacological trials that 
recruited COPD patients based on the results of spirometry 
alone (93). Moreover, only patients with CT evidence of 
emphysema at upper lobes and decreased exercise capacity 
had benefit from lung volume reduction surgery (LVRS) 
(see below) (94). The above evidence in someone’s opinion 
supports the view that future therapeutic strategies should be 
targeted on the COPD patient’s specific pathophysiological 
bases of expiratory air flow obstruction (95). 

Presently, visual assessment of lung density in an 
inspiratory CT scan is considered by the GOLD initiative 

Authors to be sufficient for selection of treatment options 
in patients with advanced COPD (87). These include 
surgery (bullectomy), LVRS or endobronchial procedures 
to treat patients showing large bullae and heterogenous or 
homogeneous emphysema with hyperinflation, and lung 
transplantation to treat patients without the above CT 
findings. However, the capability of lung densitometry 
to more objectively assess the amount of pulmonary 
emphysema before treatment choice is established (25). 
In particular, Perc15 was applied to assessment of effect 
of LVRS for emphysema (25). The surgical procedure 
significantly increased lung density by 5.0±10.9 g/L. 
Improvement in the diffusing capacity of the lung for 
carbon monoxide and in RV significantly correlated with 
an increase in lung density, supporting the value of Perc15 
as a surrogate marker for detection of both the extent and 
reduction of emphysema. A similar application can be 
anticipated for assessment of efficacy of bronchial valve 
placement in COPD patients and is under investigation 
(Table 4).

In addition, software for automatic morphometric 
analysis of the airway luminal diameter and airway wall 
thickness until to bronchi with 3.5 mm external diameter 
(third or fourth sub-segmentary division) on CT are now 
available and enable direct measurement of the chronic 
bronchitis component (30,96). The quantitative assessment 
in a single inspiratory CT scan of emphysema and chronic 
bronchitis (Figure 5) contributing to the overall airway 
obstruction demonstrated and quantified by PFT, is 
potentially of paramount pathophysiological, clinical and 
therapeutic interest (30,36,96). 

Importantly, lung densitometry using RA856 or RA850 
may be used to assess gas air trapping in expiratory scans 
which is assumed to reflect obstruction of the more distal 
airways that may be prevalent in single patients and is 
considered by some Authors as the primary momentum 
of emphysema development (97). Although, overall, 
densitometry of air trapping is less standardized as 
compared to densitometry of emphysema in inspiratory 
scans, especially due to the variable degree of expiratory 
volume reached by the subject, it is now recognized that 
expiratory scans might contribute to identify in the single 
patient gas trapping as a third determinant of airflow 
obstruction (14,31).

Additional composite volume and density measurements 
can be obtained from paired inspiratory/expiratory scans (98).

From the above it emerges that using densitometry and 
small airway assessment it is possible to obtain a complete 

Figure 5 Relationship between WA% and extent of emphysema 
(LAA%) in 94 COPD patients and 20 asymptomatic smokers. 
Horizontal l ine shows the mean +2SD of LAA% of the 
asymptomatic smokers. Vertical line shows the mean +2SD of WA% 
of the asymptomatic smokers. Using these cutoff values, COPD 
patients can be divided into groups; airway remodeling-dominant 
group (high WA% and low LAA%), emphysema-dominant group 
(low WA% and high LAA%), and a mixed group (high WA% and 
high LAA%). Reproduced with permission from reference (96). WA, 
wall area; LAA, low attenuation areas; COPD, chronic obstructive 
pulmonary diseases.
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phenotype of the single COPD patient with measurement of 
the respective contribute of emphysema and airway changes 
(in inspiratory scan) and as trapping (in expiratory scan)  
to the overall airway obstruction shown by spirometry.

Ascertainment of pauci or a-symptomatic emphysema in 
the single subject and studies of prevalence and progression 
of pulmonary emphysema 

Emphysema is associated predominantly with cigarette 
smoking but also with fire (cooking) smoke, inhalative 
substances (occupational exposure) and air pollution (87). 

Chronic respiratory symptoms associated with acute 
respiratory events may precede the development of airflow 
limitation measurable with spirometry (99). In addition, 
also smokers without airflow limitation on spirometry may 
have structural evidence of lung disease manifested by the 
presence of emphysema, airway wall thickening, and gas 
trapping (99,100). 

Since, detection of mild emphysema is difficult on chest 
X-rays (14), lung CT has become the preferred tool to 
establish presence and severity of pulmonary emphysema in 
the single subject with no or mild symptoms and in cohorts 
of subjects at variable risk defined according to different 
criteria, typically smoking history and age (34,37,56,101). 
For such a purpose, visual score and densitometry can be 
applied. For both approaches, it is necessary to establish 
the threshold for presence of “significant” emphysema. 
Accordingly, emphysematous areas extending from 5% to 
25% of the lung cross-sectional area can qualify presence 
of mild emphysema on visual assessment (51,102). 
Similarly, a threshold of 6% value of the average RA950 
in an inspiratory scan was recommended for densitometry 
definition of presence “significant” of emphysema (103,104).

Prevalence of “significant” emphysema in healthy 
smokers and former-smokers, as measured with lung 
densitometry and different RA values, ranged between 26% 
and 58% (56,101). On the other hand, the median percent 
emphysema defined as the percentage of lung voxels below 
−950 HU in 854 healthy never-smokers was 1.1%, but it 
was higher among men compared with women and lower 
among African Americans, Hispanics, and Asians compared 
with whites (37). Moreover, percent emphysema was 
positively related to age and height and inversely related to 
body mass index.

A potentially confounding factor for the above estimates 
is ageing that is characterised by lung changes which 
are apparently similar to those of emphysema (105). 

However, they are associated to distal airspace enlargement 
rather than the alveolar wall destruction associated to 
emphysema. Zach et al. (106) reported that CT attenuation 
remains relatively similar within the age range from 45 to  
80 years in 92 healthy non-smokers. Moreover, according 
to Bellia et al. (107), differentiation between senile lung and 
pulmonary emphysema is possible using lung densitometry 
and the usual density threshold. However, Copley et al. (35)  
observed that both MLD, RA950 and RA910 were 
correlated with age in non-smoking healthy volunteers, 
whereas fractal dimension, an index of tissue complexity 
extracted with texture analysis, was significantly higher in 
younger subjects as compared to elderly subjects. 

CT follow-up for emphysema is not routinely done nor 
recommended by the Respiratory Societies and there is 
paucity of information about the factors associated with 
progression of pulmonary emphysema or lack of thereof. 
Hence there is interest in measuring progression of 
emphysema in asymptomatic smokers and former smokers 
or COPD patients as well as in subjects with alpha-1 
-antitrypsin (AAT) deficiency.

Lung densitometry has been applied to investigate 
progression of smoking-related emphysema in subjects 
recruited in lung cancer screening studies with low dose 
CT (51,108,109). Unfortunately, due to heterogeneity of 
the lung densitometry procedure, data from these studies 
are rather fragmentary. Bellomi et al. (108) reported that 
in the COSMOS study the median percentage increase 
in emphysema over a 2-year period was significantly 
higher in current than in former smokers and that the 
risk of worsening emphysema (by 30% in 2 years) in 
current smokers increased with smoking duration. In the 
ITALUNG study (51) 15 (14.5%) of 103 subjects showed 
a Perc15 corrected for lung volume change between the 
2 examinations that exceeded the lower 95% limit of 
agreement, consistent with progression of emphysema with 
a mean difference in lung density of 14.7%±2.6%. In the 
NELSON trial 3,670 male smokers underwent low dose 
CT at baseline and after 1 and 3 years follow-up (109). At 
baseline, mean lung volume <−950 HU (%) was 8.8 and 
mean perc15 was −935 HU. Former smokers had an annual 
rate of progression of emphysema of 1.07%, compared with 
1.12% in current smokers. The progression rate was greater 
in those with more severe COPD at baseline.

In a longitudinal study outside screening, Coxson et al. (84)  
found an average annual decline in lung density of 1.13 g/L 
after correction for lung volume in a group of 1,928 current 
and former smokers. The decline was more rapid in women 
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than in men, and in current smokers than in former smokers.
As mentioned above, history of smoking and variation of 

smoking habits should be considered in cross-sectional and 
longitudinal studies of emphysema defined by CT lung density.

AAT deficiency is an uncommon hereditary condition 
characterized by development of pulmonary emphysema 
that is typically distributed to the lung bases and is due to 
deficiency of this glycoprotein that is mainly synthesized 
in the liver and protects lung tissue from destruction by 
neutrophil elastase. Because of the assumed improved 
sensitivity as compared to spirometry in revealing early 
and small alterations in lung parenchyma, since 1992 CT 
has been used to evaluate lung disease in AAT-deficient 
individuals (110). Importantly, lung densitometry was the best 
independent predictor of mortality in AAT deficiency (111).  
In a sample of 32-year-old asymptomatic subjects 
with AAT-deficiency of varying severity discovered at 
neonatal screening no lung density change consistent 
with emphysema was measured as compared to age-
matched control subjects (112). These data are in line 
with the observation that AAT deficit determines clinically 
detectable emphysema and COPD in the affected subjects 
after 40 years of age (113). In a cohort of 22 patients with 
moderate emphysema due to marked AAT deficiency 
who were followed for 2–4 years with an annual CT, lung 
densitometry demonstrated a marked decline in HU in 
low-density areas, corresponding to a mean annual loss of 
lung tissue of 2.1 g/L lung volume (114). Bakker et al. (62)  
assessed with densitometry regional progression of 
emphysema in 50 subjects with emphysema due to AAT 
deficiency and 16 subjects with smoking related emphysema 
who underwent CT at baseline and after 30 months. As 
expected, in AAT deficiency subjects, emphysema was 
predominantly distributed basally and progression was 
found to be more pronounced in the basal area consistent 
with the hypothesis that emphysema due to AAT deficiency 
spreads out from affected areas. This was not the case in 
subjects with smoking-related emphysema.

Surrogate markers of replacement therapy in AAT 
deficiency emphysema

Replacement therapy of AAT deficiency has been 
introduced since ‘80 (115). The assumption was that by 
augmenting the circulating and hence lung levels of AAT, 
the normal inhibitory capacity of AAT in the lungs would 
be restored with retardation of the destructive process. 

Since AAT deficiency is a rare disease, recruitment of 

the large number of subjects required for a controlled 
trial using PFT as end-point is cumbersome. Hence, lung 
densitometry has been included as surrogate marker and 
primary end-point in two multi-center randomized trials 
investigating efficacy of AAT replacement therapy (60,116). 
Pooled analysis of the two trials (85) indicated that after a 
mean follow-up of approximately 2.5 years, a mean change 
in lung density from baseline to last CT scan of −4.0 g/L 
for AAT and of −6.3 g/L for placebo was observed with a 
treatment related statistically significant difference. These 
results demonstrated that intravenous AAT augmentation 
therapy significantly reduces the decline in lung density and 
may have an impact on the mortality in patients with AAT 
deficiency related emphysema.

LAM

Densitometry has been applied to quantification of lesion 
burden in LAM using two approaches. Initially, a double 
(−300 and −900 HU) tresholding technique proved 
capable to separate abnormal tissue in LAM patients from 
control subjects and demonstrated correlation between 
the quantitative CT index and both PFT and exercise 
measurements (117). Measurement of the volume of the 
cystic changes as percentage of total lung volume by means 
of segmentation and computation of RA910 and Perc15 
demonstrated strongest correlation with PFT as compared 
to each densitometric index alone (38). 

In LAM patients, texture analysis demonstrated existence 
of damage also in tissue nearby cysts and this improved 
the correlation with lung function. These data indicate 
that cystic changes alone may not define the extent of lung 
destruction in this disease (118).

Staging and end point in clinical trials of pulmonary 
fibrosis

One general problem in patients with different form of lung 
fibrosis is staging of the disease at clinical presentation. This 
has relevance both on the prognosis of the single patient 
and on the opportunity to selectively enrol in clinical 
trials those subjects who are likely to have a progression of 
pulmonary fibrosis (6,21).

Staging is usually performed with a combination of 
clinical, PFT, histopathological, biomarkers and CT 
features. The latter are usually determined with visual scales 
for qualitative or semi-quantitative assessment of reticular 
pattern, traction bronchiectasis, ground glass opacities and 
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honeycombing. Lung densitometry on whole lung (46), 
selected sections (42) or on regions of interest with creation 
of local histograms of lung density distribution (46,48,49) 
(Figure 6) has been developed and tested for staging IPF. 
Both lung densitometry and visual semi-quantitative scales 
were capable to predict mortality, but kurtosis alone was 
identified as a significant predictor of mortality on multivariate 
analysis in a study (42). Two of these studies also demonstrated 
the capability of lung densitometry to track progression of 
pulmonary fibrosis (4,49). However, in a study of 57 patients 
with IPF, one classifier-model-derived score (Quantitative 
Lung Fibrosis), based on a set of texture features, but not 
histogram kurtosis was associated with baseline functional 
disease severity and was also a sensitive measure of change over 
a 7 months interval in terms of forced vital capacity (FVC) and 
carbon monoxide diffusion capacity (43).

Similarly, lung densitometry proved to be able to track 
progression of lung fibrosis in a cohort of patients with 
systemic sclerosis (39).

Importantly, as indicated in Table 4, lung densitometry of 
serial CT has been incorporated along with other markers 
as end point in clinical trials of new drugs for IPF (6)  
and of new therapeutic interventions as autologous stem 
cell transplantation for pulmonary fibrosis in systemic 
sclerosis (119). In these contexts, taking into account the 
inherent longitudinal character of the trials, the overcome 
of subjectivity of visual rating afforded by lung densitometry 
and its increased sensitivity appear particularly advantageous.

Additional potential indications of densitometry

Lung densitometry in the single patient might have a role 
for assessment of the fibrotic component that is associated 
to emphysema in up to 10% COPD patients (120) and vice 
versa of the emphysema that can be observed in patients 
with cystic fibrosis (121) and with IPF (122). 

Limitations of lung densitometry

The following limitations of lung densitometry can be 
recognized. 

As any precision measurement, lung densitometry is 
prone to systematic errors. It is dependent on several 
variables pertinent to the acquisition and processing of CT 
data and on heterogeneity of software. Software can have 
some costs and undergo technological turn-over. 

Finally, lung densitometry is based on exposition to 

ionizing radiations that may be harmful especially in the 
context of longitudinal assessment.

Perspectives of lung densitometry

Normal values of lung densitometry

In analogy to PFT, using the recommendations reported 
above, reasonable standardization of lung densitometry can 
now be achieved. Despite some attempts to define range 
of normal lung density values (27,106,123), a decisive step 
for implementation in the daily clinical practice of lung 
densitometry would be availability of shared databases 
with normal values of lung density and greater consensus 
about the indexes of choice for detection and tracking of 
emphysema and other diffuse lung diseases (124).

Simulated phantoms of emphysema

An attempt has been proposed to model lung parenchyma by 
mimicking the cluster size distribution of LAA on CT imaging 
of subjects with pulmonary emphysema (69,124-127).  
In particular, a set of 40 digital phantoms of LAA images in 
CT imaging with different grade of emphysema severity has 
been generated using a finite element model (125). Both RA 
and the exponent D of the cumulative distribution function 
of LAA clusters size (69) computed on the digital phantoms 
were underestimated as compared to those calculated on the 
models output (which simulates the parenchymal tissue and 
thus can be considered as reference), suggesting that the 
accuracy in the assessment of real emphysema extent of such 
indexes may be low. The generation of larger databases of 
standard test images and also the design of physical phantoms 
of LAA images are desirable to evaluate accuracy and compare 
results among densitometry indexes. These analyses may be 
complementary to validation with histology data.

Voxel-wise inspiratory and expiratory joint analysis

Recently, joint analyses of inspiratory and expiratory CT scans 
allowed to extract functional information from CT images. 
For this purpose, Murphy et al. proposed a quantification 
of voxel-wise ventilation measurements in automatically 
spatially aligned inspiration-to-expiration CT sections (128). 
Several CT-derived measurements showed high correlation 
(coefficients between 0.85 and 0.90) with spirometry results 
in a sample of 216 patients with COPD. Also, using these 
CT-derived measurements, a k-nearest neighbors’ classifier 
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Figure 6 Local histogram-based (CALIPER) analysis of progressive lung fibrosis at baseline and 4 years later. (A) CT sections through the 
lower lungs show progression (left to right image) of the lung fibrosis; (B) CALIPER analysis with color coding according to CT pattern shows 
increase in extent of patterns characterized as ground glass abnormality (yellow) and a reduction in the extents of LAA (blue) and normal lung 
(green); (C) glyph-based analysis summarizes the extent of each pattern of abnormality in each lobe (the same color coding as in part B). The 
left lower lobe has decreased in volume. A relative increase is shown in extent of fibrotic abnormality (mainly yellow, orange, and red) and a 
decrease in normal lung (green) during 4 years (left glyph-based analysis to right). Reproduced with permission from reference (6). RU, right 
upper; LU, left upper; LM, left middle; RM, right middle; LL, left lower; RL, right lower; LAA, low attenuation areas.
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correctly anticipated the GOLD stage in 67% of subjects.
Another technique, originally developed for neuroimaging 

applications, termed parametric response map (PRM), 
has been proposed to quantify regional air trapping and 
emphysema (129,130). This technique applies a voxel-wise 

approach to the usual thresholds for emphysema index 
(RA950 in inspiratory scans) and air trapping (RA856 in 
expiratory scans) on co-registered inspiratory and expiration 
images. The joint thresholding classifies individual voxels 
of lung parenchyma as normal, non-emphysematous 
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airflow obstruction (functional small airways disease) and 
emphysema. The result of this analysis is displayed as a 
color coded map representing the voxel-wise labels (Figure 7) 
as well as the percentage of voxels belonging to each class. 
Such information may be used for studying the regional 
(e.g., cranio-caudal) distribution of air trapping/emphysema, 
their possible interplay and progression over time and their 
correlation with PFTs and clinical data. Using PRM Boes 
et al. (131) were capable to document a 1-year progression 
of functional small airways disease (air trapping areas) in 
11 of 76 patients with COPD, whereas emphysema areas 
increased only slightly (from 19 to 21%). These results 
indicate the capability of PRM to monitor disease status 
and support the view that small airways disease may be a 
transitional phase from normal parenchyma to emphysema.

Conclusions

Lung densitometry is not a “stand-alone” quantitative 

procedure and must always be performed after visual 
(“qualitative”) assessment of the morphological or density 
changes of the pulmonary tissue in the CT sections on which it 
is applied (“eye-first” rule). Lung densitometry is less operator-
dependent and faster than visual semi-quantitative scores and 
enables a complete assessment of extension and severity of 
diffuse pulmonary structural abnormalities implying decreased 
or increased pulmonary density. In case of inspiratory scans, it 
is also better correlated with pathologically measured extension 
of emphysema. Finally, it provides better or equal correlation 
with PFT. Commercially and open platform software are 
available making access and use of lung densitometry relatively 
easy and potentially free. Correction for lung volumes on lung 
density measurement is mandatory. Quality control on the 
CT scanner and adherence to technical and methodological 
recommendations are fundamental.

The main indication for lung densitometry in the 
clinical setting is measurement of emphysema component 
in an inspiratory scan of the single patient with COPD. 

Figure 7 COPD phenotypes identified by parametric response mapping (PRM). The strength of PRM to identify functional small airways 
disease (fSAD) from emphysema is demonstrated in representative coronal PRM images with corresponding inspiratory and expiratory CT 
scans from four individuals with varying GOLD status. From the three classifications, normal lung tissue is denoted green, fSAD is denoted 
yellow and emphysema is denoted red. Yellow scale bar indicates 5 cm. Reproduced with permission from reference (130). COPD, chronic 
obstructive pulmonary diseases. 
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Additional emerging applications of lung densitometry 
include the evaluation of air trapping in COPD patients 
and in subjects at risk of emphysema and the staging 
in patients with IPF and in patients with LAM. Lung 
densitometry has been applied in pathophysiology research 
to assess prevalence of smoking related emphysema and 
to monitor progression of smoking-related emphysema, 
AAT deficiency emphysema, IPF and systemic sclerosis 
pulmonary fibrosis. Finally, it is used in patients undergoing 
surgical or bronchoscopic treatment of emphysema and is 
recommended as efficacy end-point or surrogate marker in 
trials replacement therapy in AAT deficiency emphysema 
and lung fibrosis in IPF and systemic sclerosis.
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