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Introduction

his is a review paper about the use of quantitative x-ray

computed tomography (QCT) of the lungs to assess
interstitial lung abnormalities (ILA) present in a variety of
interstitial lung diseases (ILD). QCT of ILA is a technique
that currently augments visual x-ray computed tomography
(VCT) assessment of ILA in ILD.

The use of QCT in the assessment of ILD is still largely
done only in research studies though with the rapid advance-
ments in CT technology and machine learning it is expected
that this will soon change. The future of the assessment of
ILD using CT will bring together both visual and quantitative
approaches to the assessment of ILD.

There are differences between VCT and QCT approaches
in general and salient differences need to be recognized
when assessing ILD. There are increased demands on the CT
protocol and CT quality control (QC) in QCT for the assess-
ment of lung disease. There are additional technical issues
that need to be addressed in QCT of the lungs that go
beyond what is usually necessary to acquire CT studies for
VCT of ILD."™* There are important QCT methods needed to
perform optimal QCT of ILD. These important methods
include standardized CT imaging protocols, CT image QC,
CT image data handling, and transmission of image data to a
central analysis site, and computer software to extract the rel-
evant quantitative CT imaging metrics (also known as radio-
mic features or signatures) applicable to QCT of the lungs
and specifically for the assessment of ILD patients. The next
step is the important computer analysis of the CT image met-
rics using statistical models and machine learning models to
analyze and interpret the extracted QCT metrics across
cohorts of subjects with ILD. These QCT metrics could lead
to new imaging ILD phenotypes that can provide new
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insights into disease mechanisms and provide a more tar-
geted or personalized approach to treating lung disease.

A brief review of the studies that have been published
including earlier as well as more recent studies will be
described. In a brief review of this nature a comprehensive
review of the literature is not possible, but key references at
the end of this article will aid the reader in delving deeper into
the growing body of research into QCT lung imaging of ILD.

Visual CT Assessment of ILD
Versus Quantitative CT
Assessment of ILD

The increased protocol requirements and QC needed in QCT
versus VCT center around the need for increased accuracy
and precision of the CT number assigned to each voxel in the
3-dimensional (3D) CT image dataset of the lungs in QCT
vegtrsus VCT. However, there are many important CT proto-
col issues common to both VCT and QCT imaging of the
lungs including instructing the patient to breathe to the proper
lung volume and having the patient remains entirely still,
while holding their breath in order for the CT scanner to
obtain all of the projection data to accurately reconstruct the
images.” The patient dose, lung volume, and CT scanner type
can affect the accuracy of the CT lung density measurements.”
The patient should be positioned in the center of the CT gan-
try and their arms should be above their heads. The x-ray
tube kVp is typically 100 kev and set to the fastest gantry rota-
tion time; however, pitch settings of 1.0 are favored for QCT
over the larger pitch settings that can be used with VCT to
decrease patient dose. The display field of view (DFOV)
should be large enough to include all of the lungs but no
larger. Typical DFOV diameters range from 32 to 36 cm
depending on the size of the patient. The tube current time
product, mAs, is very important since it determines the dose
to the patient and the signal-to-noise ratio in the reconstructed
CT image, all other scanning parameters held constant. QCT
lung scanning protocols have traditionally kept the mAs at a
constant value for the entire CT acquisition to keep the signal-
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to-noise ratio in the image constant when averaged across all
subjects, and more importantly, to predetermine the maxi-
mum possible dose that any patient would receive in order to
follow IRB protocols that demand a dose that is less than a
maximum fixed value. VCT studies of the lungs can often be
obtained at a lower mAs than QCT studies of the lungs and
still provide adequate image quality for the VCT assessment of
ILA within the CT images. This results in QCT studies with
higher doses to the patient than VCT studies. This is more of
an issue for older multidetector CT scanners but not so much
for the latest CT scanners.” Tube current modulation (TCM)
methods can lower the dose to the patient while keeping a
more uniform signal-to-noise ratio in the image. However,
due to differences in how TCM is implemented by different
manufacturers and within CT product lines of a given manu-
facturer, the effects of the accuracy and precision of the CT
number assigned to each voxel can vary based on the TCM
method used and not on any change in the density of the tis-
sue within a given voxel. This has precluded the use of TCM
in QCT of the lung research studies. Currently, there are
efforts to adapt TCM in QCT studies of the lungs and TCM
will likely be a part of QCT ILD protocols in the future. TCM
methods that also vary the kVp across the x-ray tube during
the CT acquisition will definitely change the CT numbers
assigned to a given voxel as function of what the kVp was for
a given location in the patient. This introduces a variation in
the HU scale that currently cannot be corrected within and
between subjects. For this reason, TCM methods that vary the
kVp are not used in QCT studies of the lung, including QCT
of ILD.

Reconstruction kernels and the method of image recon-
struction are also an area where the optimal method for VCT
and QCT diverge. The optimal reconstruction kernel for
QCT is a so-called neutral kernel. This is usually a medium
sharp kernel that does not add or suppress the sharpness of
the anatomy within the reconstructed CT image of the lung.
For example, in the large multicenter COPDGene study the
recommended reconstruction kernel across the CT scanners
that were used in Phase 1 and 2 of this study recommended
amedium sharp kernel, B35 for Siemens Healthineers (Erlan-
gen, Germany) CT scanners, Standard for GE (Chicago, IL)
CT scanners and B for the Phillips (Andover, MA) CT scan-
ners.”” This was done to try and achieve the most accurate
CT numbers across the 3 manufacturers and within CT scan-
ner models from each manufacturer. The CT scans obtained
on subjects need to be visually assessed as well as assessed
using quantitative techniques in these research studies so
multiple reconstructions of the projection image data are
used to generate images that are acceptable for VCT, sharper
kernel for the visual assessment of the lungs, and a medium
sharpness kernel for the QCT. For a given reconstruction
kernel, the method of how the projection data are recon-
structed can also affect the accuracy of the CT number. Fil-
tered back projection has been the standard method of
image reconstruction for many decades but in the last
10 years or so computing power has increased to the point
where iterative reconstruction (IR) methods for reconstruct-
ing the CT image data have become practical for both

research and clinical CT lung studies. Unfortunately, the IR
methods vary significantly between different manufacturers
and within manufacturer CT products. While IR methods
offer reduced dose to the patient and have been widely used
in VCT studies, different IR methods can affect the precision
and accuracy of the CT number assigned to each voxel in the
image and for this reason they have not been used that much
in QCT studies of the lung. Currently, substantial effort is
being made to improve the accuracy and precision of IR tech-
niques across manufacturers so research and clinical studies
that use IR can be used for both VCT and QCT analysis of
the lung CT image data.'’ In summary, QCT studies of the
lungs require a different reconstruction kernel than VCT
studies of the lungs and QCT studies may not be able to use
the latest TCM methods and IR methods used by VCT stud-
ies. Hopefully, in the future the use of TCM and IR methods
can be used for both VCT and QCT studies of the lungs.

Quantitative CT Imaging
Protocols

There are QC parameters that are essential to maintain in QCT
imaging protocols of the lung including kVp, mAs, pitch, rota-
tion time, TCM, slice thickness, slice interval, positioning, dis-
play field of view, image display matrix, for example, 512 x
512, breath holding at specified lung volumes, for example, total
lung capacity (TLC), residual volume, reconstruction kernel, and
reconstruction method, for example, filtered back projection
(FBP) versus IR.”*'" QCT imaging of the lungs depends on
both the precision and accuracy of the CT number assigned to
every voxel in the 3D CT acquisition of the lungs. QCT
demands both precision of the CT number and that the CT
number accurately reflects the tissue density of the correspond-
ing CT voxel. Any change in the CT acquisition parameters in
the CT scanning protocol that change the CT number of a given
voxel will skew the QCT results. One of the most critical factors
is the reconstruction kernel which can vary between CT manu-
facturers and between CT scanner models within a given manu-
facturer. There has been considerable effort on the part of the
research CT imaging community to come up with a reconstruc-
tion kernel that is accurate across manufacturers, as CT values
vary significantly between different manufacturer’s scanners, dif-
ferent generations of scanners from the same manufacturer, and
combinations of specific CT scanner model and reconstruction
kernel.'” This QCT kernel is typically not the optimum kernel
for VCT and so at least 2 lung reconstructions are typically nec-
essary if both VCT and QCT are desired. Another critical factor
in obtaining precise and accurate CT numbers in QCT is the
patient’s lung volume during CT scanning. Lung volume varia-
tion is usually the biggest contributor to changes in CT numbers
assigned to lung voxels in QCT studies. Usually, patients
enrolled in research studies that require QCT will also have pul-
monary physiology testing before their CT examinations.
Patients are coached in the CT scanning suite, using similar
methods that pulmonary physiology testing personnel have
already used, to produce images of the lungs at full inspiration,
TLC, and if required expiratory CT scans obtained at either
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functional residual capacity, normal breath out, or residual vol-
ume, exhaling as much air as possible from the lungs.

QCT Image QC and Image
Transmission

After high-quality QCT image data of the lungs have been
obtained on the scanner there is the need to perform QC on
these images before they are transferred to a central image anal-
ysis facility. The process of QC and data transfer to a central
imaging analysis facility was very labor intensive in early studies
of QCT of ILD and chronic obstructive pulmonary disease
(COPD). This process now has largely been automated where
computer programs at each CT scanner site scan the DICOM
CT image metadata to make sure the scans were obtained with
the proper CT scanning parameters and if there is a problem an
email is sent to the study coordinator at the site where the CT
scan was performed.” The CT study may be reconstructed with
a different DFOV, reconstruction kernel or reconstruction
method to correct the QC issue since this does not involve any
additional radiation to the patient. If the wrong mAs or kVp
were used then the QCT study may be unacceptable for the
QCT analysis. Automated systems to quickly check whether
the CT data are in compliance for a particular QCT protocol are
very important since the CT projection data may only reside on
a given CT scanner for a relatively short period of time and
when the projection data are deleted no further image recon-
structions can be done to correct issues with the DFOV, recon-
struction kernel, and reconstruction method.* Once the local
image transfer program has verified that the CT data pass initial
QC checks, the CT data itself are transferred over the internet
through secure (encrypted) channels. When the CT image data
are received at the central data analysis facility specialized com-
puter software is used to assess the actual CT image data to
make sure the subject’s CT study meets the CT image standards
for the research study. Feedback to the imaging site is given
and the image data will be reconstructed again to correct the
quality issue if possible. Quality issues due to motion artifacts,
for example, breathing and patient movement cannot be cor-
rected and these scans may be rejected depending on the sever-
ity and extent of the artifacts. The most concerning quality issue
in QCT scanning protocols is a patient dose greater than the
CT protocol allows. This is a critical concern for patient safety,
IRB’s and research study oversite committees. All research study
protocol violations are typically reviewed by a quality commit-
tee and recommendations are made to the site where the quality
issue was discovered.

Extracting QCT Metrics (Lung
Density and Histogram Analysis,
Texture, and Mechanics)

The first step in extracting QCT metrics from the lung is to

separate the lungs and lobes from the rest of the image data
contained in CT studies of the thorax, Figure 1. Today this is

achieved by automated software methods that are then
checked by image analysts to make sure the lungs were sepa-
rated from the rest of the included anatomy.

Now that the QCT data have been obtained and meet the
QC standards that have been set, this is the point where prior
research into the relevant QCT metrics for lung disease are
used to select the most meaningful labels of various normal
and abnormal structures in the lung. These can include
mean lung density, high attenuating areas, histogram analy-
sis,' > texture amalysis,ﬁ‘16 and lung mechanics, which
require an inspiratory and expiratory CT scan,'’ of the lung
parenchyma. These parenchymal labels can be assessed at
various scales including whole lung analysis, individual
lungs, lung lobes, lung segments, and local group of voxels
or individual voxels depending on the method used. The air-
way geometry of the lung is usually assessed separately from
the lungs to assess changes in airway wall thickness, and
area, luminal area, volume of the airway wall and airway
lumen at different generations of the airway tree from the tra-
chea, generation O to generation 7 or 8 depending on the
quality of the CT image data, Figure 1.

Data Analysis

After extracting the QCT metrics, the process of using the
QCT image data to phenotype normal subjects and subjects
with lung disease including ILD can begin in earnest where
the selected quantitative CT metrics have been extracted
from each of the subjects QCT lung image data. By using pre-
dictive analytics, for example, statistical modeling and
machine learning,'® new imaging phenotypes can be identi-
fled and then compared to other important information
about the patients to gain new insight into disease and guide
the discovery of new treatments for a particular ILD or in
applying the correct existing treatment for a specific ILD
such as idiopathic pulmonary fibrosis (IPF).

Quantitative CT of ILD research has been going on for sev-
eral decades.'” There are many excellent published reports in
the scientific literature describing a number of QCT methods
to successfully characterize or phenotype ILD using QCT.
These methods include the assessment of high attenuating
areas (HAA), 2021 histogram kurtosis methods, > %% adap-
tive multiple features method (AMFM),%%28 Computer-
Aided Lung Informatics for Pathology Evaluation and Rating
(CALIPER),**"* and data-driven texture analysis (DTA). ™

In the following paragraphs selected research studies that
have used QCT metrics and either statistical modeling or
machine learning to learn more about ILD from QCT image
data will be discussed.

HAA and ILD

There is a recent report using a straightforward QCT metric
of ILA, HAA, Figure 2, and their association with ILA.** This
study defined the CT metric HAA as the lung density
between —600 HU and —250 HU in a group of research sub-
jects that had cardiac CT scans as part of the Multiethnic
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Figure 1 QCT of the lung in a normal subject. The upper left panel shows a 3D segmentation of the lung parenchyma
with the 3D segmented airway tree overlaid onto the lung image. The upper right panel shows a representative axial
CT image of the lower lobes. The lower left panel shows the percent by volume of high attenuation areas in each of the
5 lobes. The lower right panel shows the histogram plots of the lung voxels for each of the 5 lobes. Each of the lobes in
each panel is color coded. QCT, quantitative x-ray computed tomography.

Study of Atherosclerosis (MESA). MESA was an NHLBI mul-
ticenter study of subclinical cardiovascular disease. The car-
diac CT scans were obtained using a standardized CAC
cardiac CT protocol between 2000 and 2002 on 6814 adults
who were free of clinical cardiovascular disease and were
recruited from 6 different communities. The MESA subjects
ages ranged between 45 and 84 years and 53% were male.
Inspiratory, noncontrast cardiac CT scans were obtained
from the carina to the lung bases and have been shown to
include about 65% of the lungs by volume. Between 2010
and 2012 repeat whole lung CT scans were obtained on
2907 MESA subjects using the MESA/SPRIOMICS CT proto-
col. Increased measures of HAA in this large cohort of middle
aged and older adults was associated with elevated levels of
the inflammatory biomarkers MMP-7 and IL-6. HAA was
associated with decreases in pulmonary function with
decreases in forced vital capacity (FVC) and decreased exer-
cise capacity. The subjects with increased HAA were also
associated with increased mortality. The authors conclude
that these results support HAA as a novel QCT metric to

phenotype subclinical ILA in people who may very well go
on to develop clinical ILD.

Histogram Analysis and ILD

This approach looks primarily at the distribution of the CT
numbers assigned to the voxels in the lungs. It is not con-
cerned about what is going on around each voxel, for exam-
ple, texture analysis, and is not concerned about lung
mechanics, for example, lung stiffness.

The QCT histogram metrics that have been used in assess-
ing ILD include mean lung attenuation, variance, skewness,
kurtosis, and the shape of the histogram curve, ! >1H2°

Best et al. reported the results of using QCT assessment of
the CT histogram metrics for a group of 144 subjects with
IPF that were a part of a therapeutic trial assessing the effects
of interferon beta 1a in the treatment of IPF."” The histogram
metrics of mean lung attenuation, skewness, and kurtosis
obtained from whole lung QCT histograms were modeled
using single and multiple linear regression models where
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Figure 2 QCT of an ILD subject with Scleroderma. The upper 2 panels show the extensive HAA in both lungs with
lower lobe predominance. The lower 2 panels show the percent of HAA by volume in each of the lobes along with the
corresponding histograms for the voxels in each lobe. The color coding scheme of each lobe is the same as in Figure 1.
HAA, high attenuating areas; ILD, interstitial lung diseases; QCT, quantitative x-ray computed tomography.

greater R” values or greater adjusted SD values in the models
were used to assess the degree of correlation of mean lung
attenuation, skewness, and kurtosis to the corresponding
pulmonary function test measures of DLCO, FEV1, FVC,
and TLC. The strongest single histogram metric to correlate
with FEV1, FVC, and TLC was kurtosis. Compared to a nor-
mal subject, patients with ILD from IPF have histogram
curves that are skewed to the right, greater positive skewness,
toward greater Hounsfield numbers. The kurtosis is
decreased, less peaked, in IPF subjects than in normal sub-
jects. The novel observation is the kurtosis measure corre-
lated much better with the physiology measures than did the
mean lung attenuation. The statistical model was very helpful
in identifying the stronger QCT metric of kurtosis in these
IPF subjects than mean lung attenuation.

CALIPER

CALIPER is a computer software system that automatically
labels TLA seen on 3D CT scans of subjects with TL.D.”""
CALIPER identifies and quantitates the amount of ground
glass, reticular opacities, honeycombing and vessel-related

structures (VRS), and perivascular fibrosis, present in the CT
studies of the lungs. CALIPER also generates visual glyphs or
“bull size” graphics that aid the radiologist in quantitation of
ILD.

CALIPER has been used to successfully assess a number of
ILD including connective tissue disease,”” hypersensitivity
pneumonitis,”'**”” and TPF.*

A recently published study showed that CALIPER VRS
scores are especially effective in diagnosing ILA from IPF and
assessing progression of IPF over time." This would shorten
the length of the trial and decrease the cost of the trial. The
CALIPER VRS score is a unique machine learning metric that
uses methods to extract and quantify from 3D CT images of
the lung. ™

DTA Analysis of ILD

A recent study of ILA in IPF subjects looked at expert visual
assessment, QCT histogram measures, and QCT DTA of 280
IPF subjects with baseline QCT scans and 72 of these sub-
jects had follow-up QCT scans.” The QCT histogram analy-
sis was similar to what was described above where the whole
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lung histograms were derived and then mean lung density,
variance, skewness, and kurtosis were determined from each
subjects CT scan. This study also used a machine learning
strategy that has been labeled DTA. The DTA approach
includes not only measures of local voxel intensity, HU
value, but also looks at regions around each voxel to try and
capture edges and curves in the image and the combination
of these methods is referred to as textural analysis. The study
used a set of 335 subjects from 3 previous IPFnet trials who
had baseline 3D volumetric CT scans done with a minimum
slice thickness of less than or equal to 1.25 mm. As is done
in machine learning strategies, a number of cases were
selected to train the DTA machine learning algorithm, 55 IPF
subjects. Thirty-five subjects with 3D-volumetric CT scans
done with a minimum slice thickness of less than or equal to
1.25 mm who did not have a diagnosis of ILD or IPF were
also included in this training set so the DTA algorithm could
be trained on what constitutes IPF and what does not. Two
hundred and eighty subjects remained to test the DTA
machine learning algorithm. Seventy-two of the 280 test sub-
jects had a follow-up 3D volumetric CT scan so this group of
subjects was used to look at how accurate visual, histogram,
and QCT DTA methods were in assessing longitudinal
change in the fibrosis on the chest CT scans. The DTA train-
ing method used an unsupervised approach where thou-
sands of randomly selected 3 mm x 3 mm region of interest
(ROIs) were selected from CT scans of subjects with IPF, 55
subjects, and in those who did not have IPF, 35 subjects,
and then a k-means clustering algorithm was applied to cre-
ate a 512-element dictionary of features of interest. An expert
radiologist selected ROls in the CT scans of the 55 subjects
with IPF where there was definite evidence of features of ILA
from IPF, honeycombing, reticular opacities, and traction
bronchiectasis. The 14 mm x 14 mm ROIs from the expert
radiologist’s visual assessment were then analyzed for the
presence of the 512 elements in the data dictionary created
above. A support vector machine approach was used in a
binary classification of the ROIs into either fibrotic lung or
normal lung using the 512-element dictionary. Baseline
visual CT assessment of ILD, QCT histogram measures of
ILD and QCT DTA measures of ILD showed moderate signif-
icant correlation with pulmonary function. The change in
DTA between baseline and follow-up significantly correlated
with corresponding changes in % predicted FVC and % pre-
dicted DLCO. The inclusion of DTA with linear mixed mod-
els looking at the outcome variables FVC and DLCO
improved the fit of the models compared to visual assess-
ment, QCT histogram assessment, or both. Adding the QCT
DTA machine learning assessments improves on the QCT
histogram assessment of ILA in these ILD subjects with IPF.

AMFM and Lung Texture Analysis in ILD

The density threshold-based methods, for example, HAA,
work well as described above. But they are unable to differ-
entiate between the ILD features of ground glass opacity,
reticular opacities, and honeycombing,.

The AMFM analysis®"**”"** was developed to fill this gap.
It utilizes statistical and fractal texture features to classify
HRCT. The AMFM method was originally designed to work
with 2D CT lung images and was shown to have greater abil-
ity to distinguish between normal, emphysema, sarcoid, and
ILD subjects than the MLD or histogram approaches. 2D
AMFM was extended to 3D AMFM using contiguous submil-
limeter resolution multidetector CT scans in 2006.”%*

Both the 2D and the 3D variants of AMFM are quite sensi-
tive to a given CT scan protocol and CT reconstruction
methods, and the underlying machine learning algorithms
often need to be retrained when these change. New machine
learning paradigms based on artificial neural network (deep
learning) promise to remedy this situation. A mixture of
unsupervised and supervised learning algorithms takes
advantage of the vast quantity of CT images available for
training today while minimizing the amount of work
required by human experts to hand-label training images.

Summary

QCT of ILD requires increased rigor in designing and imple-
menting 3D CT scanning protocols compared to VCT assess-
ment of ILD. QCT of ILD has lagged behind VCT in using
dose reduction methods such as TCM and IR, but the gap is
closing and though it may never close completely; the latest
CT scanners can be used for QCT work that implement
some forms of TCM and IR. QCT can provide objective CT
image data in subjects with ILD. Objective CT image data
combined with the increasing power of machine learning
strategies are driving new and exciting rapid advances in the
area of QCT of ILD in research and clinical trials. QCT
assessment of ILD in clinical practice is likely in the near
future.
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