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Summary

The goal of quantitative analysis of computed tomography (CT) scans is to understand the
anatomic structure that is responsible for the physiological function of the lung. While the gold
standard for structural analysis requires the examination of tissue this is not practical in most
studies. Quantitative CT allows a method to obtain valuable information on lung structure without
having to remove tissue from the body thereby allowing longitudinal studies of chronic lung
diseases. This review briefly discusses CT analysis of the lung and some of the sources of
variation that can cause differences in the CT metrics used for analysis of lung disease. While
there are many sources of variation the purpose of this review will show that if the study is
properly designed to take into account these variations and the CT scanner is properly calibrated
valuable information can be obtained from CT scans that should allow us to study the
pathogenesis of lung disease and the effect of treatment.
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Introduction

It is well understood that the underlying structure of the lung is a key determinant of the
function of the lung. For example, changes in airway lumen diameter result in changes in the
airflow pattern within the lung, usually measured as a reduction in forced expiratory flow.
Moreover, changes to the structure of the lung parenchyma can affect the elastic properties
of the lung thereby influencing lung function. What we know about the lung structure and its
relation to function has been described to us through careful and detailed studies of anatomy.
Historically, these data have been collected from resected and postmortem specimens and
even today, the gold standard for lung structural analysis is the actual physical specimen.
Examination of pathologic and histologic specimens is important but it has severe
limitations as well. Obviously, the acquisition of tissue is invasive which limits the amount
of tissue available (e.g. biopsies only from living subjects), where the tissue can be acquired
from (e.g. bronchoscopic biopsies from larger airways), when the tissue can be acquired

Corresponding author: Dr. Harvey O. Coxson Department of Radiology - Vancouver General Hospital 855 West 12th Ave, Room
CP G22A, Vancouver, British Columbia CANADA V5Z 1M9 Tel: 604-875-4111 (ext. 63739) Fax: 604-875-4319
harvey.coxson@vch.ca.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing
this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it
is published in its final citable form. Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Coxson

Page 2

(e.g. resection for severe disease) and the amount of tissue that is usually available for
quantification.

The advent of the computed tomography (CT) scanner in the 1980s revolutionized the way
that lung anatomists study the lung. CT scans allowed the acquisition of images of the lung
that were very similar in appearance to gross pathology but did not require the removal of
tissue from the body and could, therefore, be obtained from living humans. Moreover,
possibly one of the greatest advantages of CT scanner is that it not only obtains “pictures” of
the lung but that these images are densitometry maps that provide useful information on the
amount of tissue and air within the lung since the Hounsfield Unit (HU) scale is linearly
correlated with gravimetric density within the biological range. In a series of papers using
the Dynamic Spatial Reconstructor, an early x-ray tomographic device, Hoffman and
colleagues showed that the volume of the lung could be accurately measured in living
animals . Furthermore, these same investigators showed that the density of the lung could
also be measured, at different lung volumes and body orientations to give some indication
on how the lung density changed during inspiration 2. Other investigators showed that at
suspended inspiration a density gradient could be measured within the gravity plane that
compared very favourably to pleural pressure gradients that had been described using
inhaled radioactive Xenon 34, Importantly, these and other studies have shown that as
disease develops the density of the lung changes and that these density changes are related to
lung function 8. Therefore, the superior resolution of CT images and the ability to obtain
quantitative information helped propel CT densitometry analysis into the mainstream such
that CT became a popular and central part of many lung structure/function studies in health
and disease. Unfortunately, as these studies became more widespread it was realized that
there were large sources of variation in the CT measurements of lung densitometry and
anatomy such that data from different centers and studies is often not comparable ’. It is
beyond the scope of this review to comment on all the sources of variation that can occur in
studies of lung densitometry and it will not go into great detail on the physics behind the
differences but what this document wishes to comment on is some of the major sources of
variation in CT analysis which occur commonly in studies today. There are two main arms
to CT analysis of lung structure; those focusing on the lung parenchyma which is usually
measured using densitometry and those measuring the airway wall and lumen dimensions
which involve complicated segmentation and measurement algorithms.

Lung Parenchyma

As mentioned briefly above, CT is excellent at measuring lung volume and density.
However, probably the most widely used measurement of chronic lung disease is a
measurement of low attenuation regions of the lung which correlate with pathologic
measurements of emphysema. Two separate groups of investigators examined the x-ray
attenuation values within a CT scan and compared threshold, or cut-off values to pathologic
and histologic measurements of emphysema 9. One of these studies by Hayhurst and
colleagues examined the entire frequency distribution curve and showed that by a cut-off
value at the lowest 5! percentile point of the distribution curve was correlated with the
extent of emphysema observed on resected specimens 8. They further refined and developed
this percentile point by showing that it was correlated with airspace enlargement on
histologic preparations of the resected tissue 1°. In a similar study Muller and Miller
examined various threshold values along the x-ray attenuation value scale and found that,
using conventional axial images and 2mm slice thickness, -910 HU correlated with
emphysematous holes greater than 5mm in diameter on gross pathology %11, There were
other studies using CT of the lung around the same time, but it was really these two groups
of studies that captured the imagination of investigators interested in chronic obstructive
pulmonary disease and are mainly responsible for the use of CT in lung research today.
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However, as CT scanners proliferated in the market more researchers began to examine CT
scan densitometry data under varying conditions and they started to report differences in
quantification that were dependant on factors that were either physiologically based or
scanner based. An example of a scanner based variation was the development of “high
resolution” (HRCT), thin slice (1mm) and high spatial frequency reconstruction algorithms.
In a series of papers Gevenois performed similar studies to Muller and Miller and related
numerous HU thresholds to both gross and microscopic measurements of emphysema 12:13,
These studies showed that the best correlation with emphysema was the -950 HU

threshold 12. These data are important because they show that measurements of low
attenuation regions are dependent on the CT scan parameters and that the threshold value is
really an arbitrary value and needs validation with pathology.

Other investigators have detailed numerous other sources of variation in density
measurements including CT slice thickness, reconstruction kernel and radiation dose 14-16,
In an early paper, Kemerinck shows that a thicker CT slice and a low spatial frequency
reconstruction algorithm have the best density resolution of a foam phantom 7. While the
mean density measured in the CT scan did not change in this study, the distribution curves
of the two foams became sufficiently broadened so that it was no longer possible to separate
the distinct foams from each other and the differences became even more problematic for
human subjects 17. In this study one can clearly see that as the density resolution decrease
the frequency distribution curve becomes broad enough that it will cause large changes in
the measurements of low attenuating regions (emphysema) because both HU threshold and
percentile cut-off are made at the extreme of the distribution curve. Boedeker described the
effect of reconstruction kernel on low attenuation regions showing that the apparent extent
of emphysema would increase as a sharper reconstruction kernel was used 1°. This is also
shown in Figure 1 where different reconstruction kernels from two different CT scanners
result in quite different frequency distribution curves. Here is it can clearly be seen that the
“extent of emphysema” will really depend on the kernel chosen to reconstruct the images. In
another recent study, Madani et al showed that the measured extent of emphysema changes
with slice thickness, with thinner slices demonstrating higher measured “emphysema”
extent 14, While thicker slices probably give better density resolution, the advent of multi-
slice CT scanners has almost completely obliterated the use of thicker slices. These new
scanners make it so easy to obtain thin slice images of the thorax that they are pretty much
the standard in CT studies today. While there may be drawbacks to using thicker slices they
have their advantages as well because it is now possible to measure the lung parenchyma
and airways on the same CT study (see below for sources of variation in airway
measurements). However, while thin slices are the new standard, most investigators still use
an lower spatial frequency reconstruction algorithm to try and keep image noise to a
minimum, while still allowing good visualization of the anatomic features and edge
detection for airway analysis.

Recently there has been a significant push to reduce the dose at which CT scans are
obtained. Numerous studies have looked at the reduced dose CT scans and found that the
noise within the image increases, which while not having a large effect on mean lung
density does have an effect on the measurement of low attenuation values. Yuan et al
showed that the percentage of the lung occupied by low attenuation regions and the mean
value of the lowest 151 percentile were both affected by CT dose with the lower dose scans
producing “more emphysema” even though there were only minor changes in mean lung
density 16. Figure 2 shows images obtained in Yuan study and here it can be seen that higher
dose CT scans have much less visible noise in the images and the frequency distribution
curve is much less broad for the higher dose CT scans. In the study mentioned above on
slice thickness, Madani also showed more emphysema in lower dose CT scans although the
difference between low and high dose scans was minimal when thicker slices were used 14,
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Once again these studies show that measurements of emphysema are very susceptible to
noise in the CT image and any procedure that increases image noise will increase the low
attenuation regions in the lung.

There have been several studies performed on the effect that CT scanner manufacturer has
on the measurements of emphysema 16:18-20_ This is extremely important because of the
number of large, multi-center studies that are taking place today. Some studies have shown
that while many CT scanners are comparable 1618 there can be significant differences in
lung density measurements between scanners 18, Importantly, other studies have shown that
even within a specific CT scanner there can be changes in the lung density measurement
over time, most commonly due to incorrect calibration or changes in the x-ray tube 19:21.22
Recently using the sites of the COPDGene study, Sieren et al showed that most scanners
obtained lung density measurements that were comparable with each other and over time but
they noticed a few CT scanners that had significant temporal variations in their density
measurements 1. This is similar to a previous study of Parr et al 21 which documented the
same finding in a group of subjects and stresses the point that the precision of CT scanners
cannot be taken for granted and scanners must be properly calibrated and tested over time to
make sure that they are obtaining density measurements that are consistent and

comparable 1921.22_ Also in the COPDGene study Zach and colleagues document
differences in lung density in normal subjects between different scanners 20. They report that
if they standardize for the CT attenuation values of tracheal air these differences are
lessened and as part of a multivariate analysis do not reach significance. Once again these
studies underline the fact that scanners, like any measuring device, need to be carefully
observed and calibrated on a regular basis.

There have been numerous changes to CT scanners over the years as technology has pushed
the field further. One of the most important changes has been the multi-detector row CT
scanners. These new multi-slice CT scanners can acquire thin slice CT images of the thorax
in well under 10 seconds but have introduced a new source of variation all their own. In a
recent study Madani repeated earlier studies that compared quantitative pathology to CT
emphysema measurements, both threshold and percentile cut-offs 23. They report that the
threshold with the best correlation to pathology is -960 HU and the best percentile cutoff is
the lowest 15t percentile 23. These are very nice studies and show how scanners have
changed over the years and it is important to continually evaluate how you obtain
measurements of low attenuation or emphysema. However, even though these data show
that the -960 HU threshold may be a more precise threshold to assess emphysema, it has not
gained traction in the literature. This failure is possibly due to the fact that the most common
threshold in the literature now is the -950 HU cut-off and, while significantly different from
-960 HU, does not seem to be different enough in the minds of investigators to change their
studies. Moreover, the lowest 15M percentile is still the most commonly used percentile cut-
off because investigators have shown that while the 15t percentile may not have the best
correlation with pathology, it is a robust and reproducible value that provides valuable
information across both time and different centers 24. Obviously, any threshold used is really
just a “hallmark” of disease so consistency is the best approach. It appears that as long as
scanners are properly calibrated and the images are acquired in a consistent and reproducible
manner the data are useful in assessing disease and disease progression.

Many of the other sources of variation in CT emphysema measurements are related to
biological or physiological differences. Obviously the deeper the level of inspiration during
the scan results in a lower mean lung density and more low attenuation regions because
there is more gas volume compared to tissue volume. Figure 3 shows the same subject at
suspended full inspiration and expiration. It can clearly be seen from these images that the
volume of the lung is larger at full inspiration (as it should be) and there are more low
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attenuating regions. This feature has been exploited in the extreme situation to assess “gas
trapping” by applying a threshold cut-off at end expiration 2527, The rationale for this
approach is that at a low lung volume, functional residual capacity or end expiration, the
lung should be relatively dense lung because it does not contain a large volume of air.
Therefore, low attenuation regions at this level are thought to assess gas trapping due to
small airway disease 25-27. This technique is turning out to be very informative for chronic
lung disease because it provides information on lung structure below the resolution of the
CT scanner. However, what must be remembered using this technique is that it is not
defined yet as to whether these expiratory CT scans are acquired at functional residual
capacity or residual volume and that this technique requires a specific conscious maneuver
by the subject to get to a low lung volume, which can be quite variable depending on subject
compliance or training. Furthermore, studies that rely on CT scans obtained at the traditional
full inspiration must always keep in mind that differences in lung volume will result in
differences in lung density, and even relatively small changes in lung volume may affect
measurements of emphysema. Madani has reported that in both control and COPD subjects
the extent of emphysema changes with lung volume 28, Stoel et al have assessed changes in
both the threshold analysis and percentile density analysis with lung volume and report that
lung volume can have large effects on the measurements of emphysema, particularly the
threshold analysis2®. For this reason they argue that volume correction should be applied in

longitudinal studies of COPD, something that the Alpha-1 foundation recommends as
well 24,29,30_

Another form of biological variation is smoking status. A recent study by Ashraf shows that
subjects that quit smoking during a longitudinal CT study of emphysema have an increase in
the emphysema measurement 31, They suggest this is possibly due to the reduction in soot or
tar and/or inflammation within the lung due to smoking cessation. This is a very interesting
finding and one that must be taken into account during longitudinal studies and some
longitudinal studies are correcting for acute changes in smoking status 32,

Finally, one of the more recent advances in CT scanning has been the use of iterative
reconstruction techniques. In the push to reduce dose to the patient scanner manufactures
have been developing new techniques to improve image quality while keeping dose down.
The analysis of lungs using these new iterative reconstructions is still in its infancy but
because anything that changes the noise within the image will change the measurement of
emphysema these techniques can have a large effect on the emphysema measurement. In a
recent publication Mets et al has shown that iterative reconstruction techniques will “de-
noise” the image and, therefore, change the emphysema measurement 33. Interestingly,
while even the 15™ percentile measurement was significantly different from the filtered back
projection reconstruction, the difference was consistent across all levels of iterative-to-
filtered back projection suggesting that while the values were different they were
consistently different 33, There is still a lot of work that needs to be done in this area yet, but
it is obvious that as iterative reconstruction techniques gain traction in the imaging field they
will change the way that lung density is assessed.

Just like measurements of lung density, there are numerous factors that affect the
measurement of airway dimensions using CT scans. Unlike lung densitometry
measurements, the airway measurements are the most complicated and possibly the hardest
to control across all studies. As has been recently reviewed, one of the biggest variants in
airway measurements is the algorithm used to measure the airways 34:3°, The measurement
of airways does not rely on simple measurements of x-ray attenuation, but must use a
complicated algorithm to segment the airway lumen and wall from the surrounding lung
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parenchyma. The detection and measurement of the airway lumen is relatively simple
because of the contrast between tissue density (high) and air density (low) but the
measurement of the airway wall is complicated by the ability of the airway algorithm to
locate the external boundary of the airway wall when the density difference to the
surrounding lung parenchyma and the bronchovascular bundle is not so different. To date
there are many airway algorithms in use within the field and while many of them have their
advantages and disadvantages there is no “gold standard” for analysis. For example,
probably the most commonly used algorithm in the literature has been the full width at half
maximum algorithm 3435, This is the simplest algorithm to implement in most centers and
most studies however; it has been clearly shown to have numerous problems 36. Airway
measurement algorithm development is still an open area of research and it is beyond the
scope of this review to comment on specific airway algorithms but it is important to
remember that they will have a large effect on the airway measurements 3. Since there is so
much variation in airway algorithms, what is probably the most important fact to remember
is that for airway analysis studies the same algorithm should be used for all subjects across
the entire study 35. This approach will allow a researcher to comment on airway wall
dimensions in a given study but may also limit the comparability of results across studies
that use widely different algorithms. Of course the largest source of variation in airway
measurements will be the size of the airway and the resolution of the CT scanner 20,37.
Studies have shown that small airways are the most interesting to measure but also have the
most error in airway wall measurement 38, Therefore investigators have limited their
analysis to larger airways 38 and have tried to assess small airway function using other
parameters such as gas trapping on expiratory CT scans 25-27,

There are also numerous biological factors that affect airway measurements as well. Bakker
et al has shown a correlation between lung volume and airway lumen area such that larger
lung volumes cause the lumen of airways to be larger 39. Moreover, the recent study by Zach
and colleagues, mentioned above, shows that there are multiple factor that affect airway
measurements including many of the same parameters that affect lung density such as body
mass index, lung volume and, not surprisingly, the field of view (voxel size) of the CT
image 20.

In summary, CT analysis of the lung has become a standard in lung research. CT has
become an important tool because it allows investigators to examine the structure of the lung
that is responsible for lung function without having to remove tissue from the subject. This
is extremely valuable for longitudinal studies that attempt to understand disease
pathogenesis and response to therapeutics. Unfortunately, there are many sources of
variation in the analysis of CT scans and researchers must take all of these into account very
carefully. This review is not a comprehensive collection of the sources of variation but has
tried to focus on some of the major ones that are described in the literature. Some of these
are also summarized in Table 1. Even though there many sources of variation in quantitative
analyses of CT scans they are still a powerful tool in lung research. The most important
thing to remember is that the CT scan is a measuring device, and like all measuring devices
it must be properly calibrated before use. It is for these reasons that more attention is being
paid to the standardization of CT scanners and techniques and the reason that organizations
such as the Radiological Society of North America have formed a Quantitative Imaging
Biomarkers Alliance (QIBA) working group around CT in asthma and COPD. The goal of
QIBA, in general, is to bring quantitative imaging into mainstream usage for studies of
disease and intervention. However, QIBA realizes that for quantitative imaging biomarkers
to be successful they must be rigorously standardized. Therefore, QIBA has established
several working groups such as the asthma and COPD group to define the features necessary
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for the quantification of CT scans that make it easy to perform at all centers and that will
make data comparable across studies. It is the belief of all investigators in this field that,
when properly controlled, quantitative imaging can produce reliable and valuable data for
the analysis of lung structure that can be used to study the pathogenesis of disease and the
effect of therapeutic interventions.
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This figure shows some representative frequency distribution curves (A) and cumulative

distribution curves (B) for five different reconstruction algorithms from two CT
manufacturers from a single subject (the GE scans were acquired 9 months before the

Siemens scans). The vertical arrow in panel A shows the -950 HU threshold cut-off for low

attenuation analysis of emphysema. The horizontal arrow in panel B shows the 15t

percentile cut-off analysis for emphysema. Both of these panels show that the reconstruction

algorithm can make significant differences in the “extent of emphysema” measured.
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Figure2.

This figure shows CT scans from two subjects scanned using a low dose CT scan (40 mAs)
(panels A and C) and a clinical CT dose (120 mAs) (panels B and D). The increased noise in
the low dose CT scans (A and C) can be seen as linear “streaks” or a more “mottled” image
while the clinical dose CT scans show (B and D) show a “smoother” image. Panel E shows
the frequency distribution of x-ray attenuation values from one subject and it can be seen
that there is a difference in the extent of emphysema measured using either the threshold or
percentile analysis (solid gray line () clinical dose CT scan, solid black line () low dose CT
scan).
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Figure 3.

This figure shows three-dimensional reconstructions of CT scans from one subject obtained
at end expiration (A) and suspended inspiration (B). The three-dimensional analysis of low
attenuation regions using the -950 HU threshold analysis is shown in panels C and D. It can
clearly be seen that the lung is larger at end inspiration (6032 mL) compared to end
expiration (3988 mL) (B), particularly noticeable in the apical region and the diaphragmatic
surface, and that there are more highlighted regions indicating more low attenuation regions
(21% inspiration vs. 14% expiration) (D). This figure gives an indication of the difference
that lung volume can make for quantitative densitometry analysis of the lung.
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Table 1

This table lists some of the parameters that have been shown to have effects on lung densitometry, emphysema
and airway measurements. The list is not exhaustive but some references are given as an example of the
validation for each parameter. See the text for a more complete description of the factors listed. It should be
noted that some of these parameters can interact with each other to make the effect size even greater

Mean Lung Emphysema  Airways References

Density
CT Scanner +/-or+ +/-or + 16,18-20
Reconstruction +/- +++ +++ 15,17,40
Algorithm
Slice Thickness +/- +++ +++ 14,17
CT Dose +/- +++ 14,16,40
Iterative +/- +++ Uncertain 33
Reconstruction
Body Mass Index +- + for high BMI + 20
Field of View +- +/- +++ 20
Volume of +++ +++ +++ 24,28,29,39

Inspiration

Key: +/-: minimal effect, +: significant effect, + + + : large effect
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