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Purpose: To analyze pulmonary function using a fully automatic technique which processes

pairs of thoracic CT scans acquired at breath-hold inspiration and expiration, respectively. The

following research objectives are identified to: (a) describe and systematically analyze the proc-

essing pipeline and its results; (b) verify that the quantitative, regional ventilation measurements

acquired through CT are meaningful for pulmonary function analysis; (c) identify the most effec-

tive of the calculated measurements in predicting pulmonary function; and (d) demonstrate the

potential of the system to deliver clinically important information not available through conven-

tional spirometry.

Methods: A pipeline of automatic segmentation and registration techniques is presented and

demonstrated on a database of 216 subjects well distributed over the various stages of COPD

(chronic obstructive pulmonary disorder). Lungs, fissures, airways, lobes, and vessels are auto-

matically segmented in both scans and the expiration scan is registered with the inspiration

scan using a fully automatic nonrigid registration algorithm. Segmentations and registrations

are examined and scored by expert observers to analyze the accuracy of the automatic methods.

Quantitative measures representing ventilation are computed at every image voxel and analyzed

to provide information about pulmonary function, both globally and on a regional basis. These

CT derived measurements are correlated with results from spirometry tests and used as features

in a kNN classifier to assign COPD global initiative for obstructive lung disease (GOLD)

stage.

Results: The steps of anatomical segmentation (of lungs, lobes, and vessels) and registration in the

workflow were shown to perform very well on an individual basis. All CT-derived measures were

found to have good correlation with spirometry results, with several having correlation coefficients,

r, in the range of 0.85–0.90. The best performing kNN classifier succeeded in classifying 67% of

subjects into the correct COPD GOLD stage, with a further 29% assigned to a class neighboring the

correct one.

Conclusions: Pulmonary function information can be obtained from thoracic CT scans using the

automatic pipeline described in this work. This preliminary demonstration of the system already

highlights a number of points of clinical importance such as the fact that an inspiration scan alone

is not optimal for predicting pulmonary function. It also permits measurement of ventilation on a

per lobe basis which reveals, for example, that the condition of the lower lobes contributes most to
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the pulmonary function of the subject. It is expected that this type of regional analysis will be

instrumental in advancing the understanding of multiple pulmonary diseases in the future. VC 2012
American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.3687891]

Key words: CT, automatic, ventilation, airflow, pulmonary, registration, segmentation, functional,

spirometry, COPD

I. INTRODUCTION

Acquiring a thoracic CT scan is one of the most common

and effective ways to examine the condition of the in vivo

lung. A breath-hold CT scan provides detailed information

about the site and severity of many possible pathologies. It

has been observed that in most cases a low-dose protocol

provides an image with acceptable diagnostic quality while

limiting the radiation exposure of the subject.1–4 Although

inspiration breath-hold is the most frequently acquired type

of scan, it is increasingly recognized that an additional

breath-hold expiration scan adds considerably to the diag-

nostic information obtained and can be acquired with rela-

tively little increase to the overall radiation dose.5–7

The current gold standard in analyzing lung function is the

pulmonary function test (spirometry), which provides only

global information about the levels of inspiration and expira-

tion of the patient. Methods of regional functional analysis

using CT imaging are discussed in van Beek et al.8 which

require the use of xenon gas or other contrast agents. Due to

expense or impracticality such methods have not become

widely used. Comparing conventional breath-hold inspiration

and expiration CT scans from a subject can, however, provide

important information about ventilation and airflow. In partic-

ular, such analysis allows for the determination of regional se-

verity of airflow limitation, for example, on a per lobe basis.

However, such a comparison is difficult and time consuming

to carry out visually, particularly since anatomical structures

are not well aligned between the scans. Automatic image

registration techniques may be used to align the pulmonary

structures correctly and furthermore to enable an automatic,

quantitative, regional comparison of lung densities.

The vast majority of literature on processing chest CT

scans deals with single scan processing,9,10 while some

authors have also combined inspiration and expiration scan

processing, calculating, and comparing features of the indi-

vidual scans such as lung volumes.11–13 However, works

which involve a full 3D registration of inspiration and expi-

ration data prior to density analysis are relatively few and

recent, possibly since this registration task is extremely diffi-

cult due to the large deformations involved. In a recent pub-

lic challenge to register 30 pairs of thoracic CT scans,14,15

the pairs involving full inspiration and full expiration data

proved to be the most difficult among all those supplied.

Reinhardt et al.16 compare registration based measure-

ments (Jacobian values) from respiratory gated CT images to

ventilation measures acquired using xenon CT imaging in

five sheep. Guerrero et al.17 register phases from 4D-CT

datasets of three subjects to obtain quantitative ventilation

measurements. These measurements are compared with cor-

responding lung volume changes. Registration of 4D-CT is

used to create ventilation images in Ref. 34 using 12 subjects

and comparing two different registration techniques as well

as two possible ventilation measurements (intensity meas-

urements and Jacobian values). Intermethod variability only

was studied without reference to any particular gold stand-

ard. Comparison of Jacobian values with intensity differen-

ces is also carried out by Ding et al.,18 using three sheep

with xenon CT measurements as the gold standard. In Refs.

35 and 33, the authors use ventilation images extracted from

registered 4D-CT to identify high functioning lung regions

in radiotherapy planning (15 subjects) and to identify low

functioning regions in emphysema patients (12 subjects).

Castillo et al.19 register 4D-CT images from seven subjects

to produce ventilation images which are compared with

SPECT (single photon emission CT) imaging as well as with

global volume change measurements. Two types of Jacobian

measurement as well as a density change calculation are

experimented with in the creation of ventilation images.

In this work, we present an automatic method for regional

comparison of parenchymal density at full inspiration and full

expiration. In contrast with previous works mentioned above, a

much larger database is used for testing and the conventional

gold standard of spirometry test results is available to us as a

reference standard. In addition, each step of the process is ana-

lyzed and evaluated to determine at which points errors are

likely to occur, and how this may impact the final results. A se-

ries of different ventilation measurements is investigated for

comparison purposes. The method comprises a pipeline of indi-

vidual processing steps including the segmentation of lungs, fis-

sures, airways, lobes, and vessels, registration of the two

images and computation of quantitative measures relating to

ventilation at each image voxel. Such a system, in contrast with

pulmonary function testing alone, has the potential to provide

rich detail about which pathologies are present and which

regions of the lungs are more or less affected by airflow limita-

tion. In the future, this type of information may prove to be key

in unravelling the mechanisms behind major lung diseases such

as chronic obstructive pulmonary disease (COPD), asthma, sar-

coidosis, and cystic fibrosis.

As an example of how the system may be utilized, it is

applied to a database of 216 subjects with COPD at varying

global initiative for obstructive lung disease (GOLD) (Ref. 21)

stages. The aims of this work are as follows:

• To analyze the workflow leading to the calculation of the

quantitative measurements in detail. Automatic segmenta-

tions and registrations are each examined and scored by ra-

diology experts to identify any weak points in the pipeline.
• To validate the CT-derived ventilation measurements. All

measurements are correlated with the current gold standard

1651 Murphy et al.: Automatic analysis of pulmonary function using thoracic CT 1651

Medical Physics, Vol. 39, No. 3, March 2012



of spirometry results and are furthermore used in a kNN

classifier to predict GOLD stages. In this way, we aim to

verify whether the measurements truly represent airflow

limitation.
• To determine which measurements are most useful in pre-

dicting pulmonary function. This will imply suggestions of

how best to tune the system in the future.
• To highlight the advantages of this method in comparison

with conventional pulmonary function testing and use

results from these preliminary experiments to reveal clini-

cally relevant information.

Section II gives an introduction to COPD, while Sec. III

describes the database of COPD subjects used to demonstrate

the system. In Sec. IV, the various components of the

CT-based ventilation measurement system are described in

detail and the experiments performed are detailed in Sec. V.

The results of the experiments are provided in Sec. VI while

Sec. VII provides an overall discussion of the system and

results described.

II. CHRONIC OBSTRUCTIVE PULMONARY
DISEASE (COPD)

In this work, a database of COPD subjects will be used to

demonstrate the automatic method being described. We there-

fore provide a brief introduction to COPD in this section.

COPD is expected to be the fourth leading cause of death

globally by 2030.20 The illness is characterized by airflow limi-

tation which is not fully reversible and diagnosis is confirmed

by means of spirometry (pulmonary function testing).21 During

pulmonary function tests subjects are instructed to exhale fully

into a mouthpiece and various measurements are made, includ-

ing “forced expiratory volume in 1 second” (FEV1) and

“forced vital capacity” (FVC). FEV1 measures how much air

volume is released in the first second of expiration, and FVC

determines the entire volume exhaled. A value known as

“FEV1-predicted” defines the FEV1 in the average population,

taking into account details such as gender, height, weight, age,

and race. This value is determined from look-up tables.22

The global initiative for obstructive lung disease (GOLD)

defines four levels of severity according to the spirometry

results (GOLD stages 1–4),21 and the status of subjects with-

out COPD is here referred to as “stage 0.” Table I illustrates

how a COPD GOLD stage is diagnosed based on these meas-

urements. FEV1 as a percentage of FVC (FEV1/FVC%)

determines the presence or absence of COPD, while FEV1

as a percentage of FEV1-predicted (FEV1%predicted) is

used to establish the severity of the condition. There may be

several underlying causes of the airflow obstruction includ-

ing emphysema and/or small airway disease. In thoracic CT,

these pathologies are most notably characterized by paren-

chymal destruction and air-trapping.

III. MATERIALS

To illustrate the utility of the system, a database was con-

structed consisting of subjects with various stages of COPD

severity. When constructing the database it was attempted to

maximize the number of subjects while keeping a good bal-

ance of the various GOLD stages. Subjects with stage 4

COPD were particularly difficult to find however, therefore,

there are somewhat fewer of these in the final selection. The

final database consisted of 216 subjects with 49 of these at

each of GOLD stages 0 and 1, 50 at GOLD stage 2, 42 at

GOLD stage 3, and 26 at GOLD stage 4.

For each of the 216 subjects, a breath-hold scan at both

inspiration and expiration (taken on the same day) was avail-

able. The subjects consisted of 188 males and 28 females,

aged 52–79 years, with an average age of 61 years. The data

were drawn from the Nelson screening trial23 (172 subjects)

and from clinical practice at the University Medical Center

in Utrecht, The Netherlands (44 subjects). The signal-to-

noise ratio in the scans was relatively low in many cases due

to the fact that they were acquired using a low-dose (30

mAs) or ultralow-dose (20 mAs) protocol. Of the 432 scans,

the beam current, c, was �20 mAs for 203 of these, while a

further 176 scans had 20 mAs< c� 30 mAs. All scans had

512� 512 pixels per slice with the number of slices varying

from 321 up to 677 (average 463 slices). Because the small-

est field of view was chosen which included the outer rib

margins at the widest dimensions of the thorax, voxel spac-

ing varied from 0.45 mm up to 0.89 mm with an average of

0.69 mm for each direction. Slice thickness varied from 0.45

to 0.7 mm with an average thickness of 0.68 mm.

IV. METHODS

In this section, the pipeline of processing involved in

order to obtain ventilation measurements from CT scan pairs

is described in detail. Briefly, following some initial prepro-

cessing, the lungs were automatically segmented. These seg-

mentations were used in the registration of the inspiration

image with the expiration image for each subject as well as

in the segmentation of further anatomical structures includ-

ing lobes and vessels. Using the original images, the regis-

tered images, and the segmentation information, a variety of

ventilation measurements was computed. Figure 1 depicts an

overview of the system pipeline. All processing was carried
TABLE I. The criteria for determination of COPD class by pulmonary func-

tion testing

COPD

class

0

(no COPD)

1

(Mild)

2

(Moderate)

3

(Severe)

4

(Very Severe)

Measurement

FEV1/FVC% �70 <70 <70 <70 <70

FEV1%predicted �80 �50, <80 �30, <50 <30
FIG. 1. Flowchart depicting the pipeline of processing for CT scans.
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out on a desktop PC with an Intel Core 2 Quad CPU, 2.4

GHz, and 8 GB of RAM.

IV.A. Preprocessing

Processing of CT scans can be a memory-intensive task,

particularly for high-resolution data. For this reason, some of

the segmentation tasks described in this work use sub-

sampled data. To subsample the data, the image size was

reduced by block averaging to 256� 256 voxels in the X-Y

plane with the number of slices reduced such that the data

were isotropically sampled. Linear interpolation was used to

determine gray-values between voxel locations. This strat-

egy does not attempt to apply a consistent image spacing for

all images but rather aims to retain the best resolution possi-

ble for each individual image. In this way, we hope to

achieve the highest chance of success for each image in sub-

sequent processing tasks.

In order to reduce memory consumption in processes

where full resolution data are preferred, the scan size was

reduced by excluding image regions outside the lungs (after

lung segmentation has taken place). A bounding box around

the segmented lungs was constructed, with a margin of 5

voxels on each side. Data outside this bounding box were

discarded. The resulting smaller image is referred to in this

work as the bounded image.

IV.B. Lung segmentation

Lung segmentation is carried out on the subsampled data

using the method of van Rikxoort et al.24 This is a hybrid

method of lung segmentation specifically designed to over-

come segmentation errors typical in scans exhibiting pathol-

ogy. The process begins with a conventional approach to

segmenting the lungs using region-growing and morphologi-

cal smoothing. An automatic error-checking process then

commences, whereby measures such as the volumes of the

segmented left and right lungs, the ratio between these vol-

umes, and the shape consistency of the lung borders are

checked to determine whether the segmentation is likely to

be erroneous. If the measures indicate that the segmentation

was successful no further action is taken. However, scans

where these measures appear abnormal are reprocessed using

a more computationally expensive multi-atlas segmentation

algorithm. Of the database of 432 scans used in this work, 30

of them were segmented using this multi-atlas method.

IV.C. Fissure segmentation

Fissures are segmented as part of our workflow since they

are required in the lobe segmentation (see Sec. IV E). The

method of extracting the fissures is based on a voxel classifi-

cation scheme using a supervised classifier. This is described

in detail by van Rikxoort et al.25

IV.D. Airway segmentation

Where no fissure information is available (because of sub-

ject anatomy or scan quality), the airways are used to guide

the lobe segmentation (see Sec. IV E). The airways are

extracted using a region-growing approach with adaptive

thresholding, as described by van Ginneken et al.26

IV.E. Lobe segmentation

The pulmonary lobes are segmented from the subsampled

data using a multi-atlas based approach from van Rikxoort

et al.27 This approach depends on other automatic segmenta-

tions including segmentations of the lungs, the fissures, and

the airways as described above. If fissures are segmented suc-

cessfully, then these are used to define the lobar borders.

However, in some cases, fissures are fully or partially absent,

or very difficult to segment due to image quality. Airway seg-

mentations are used to approximate the lobar borders where

no fissure information is available. Five atlas images with

known lobe segmentations are provided for each of the left

and right lungs. The anatomical information provided by the

fissure/airway segmentations is used to determine the most

similar atlas, which is then registered to the scan. The lobe

segmentation from the registered atlas image is then propa-

gated to the scan to provide the final lobe segmentation.

IV.F. Vessel segmentation

In order to exclude vessels from ventilation measure calcu-

lations (in which only lung parenchyma is of interest), a vessel

segmentation is performed. The vessels were segmented using

the algorithm of Lo et al.,28 which selects voxels as vessel or

nonvessel based on features of brightness, contrast, and tube-

ness. Since many of the scans used a low-dose or an ultralow

dose protocol, the best results were obtained by using the full

resolution scan data in the bounded image and applying a

noise filter29 prior to the segmentation. A slight oversegmen-

tation was preferred to an undersegmentation since the pur-

pose was to ensure that vessel structures were not included in

calculations related to parenchymal tissue. Therefore, some

postprocessing was applied to the segmentation to ensure that

as many vessels as possible were captured. First, the vessel

segmentation was dilated with a spherical kernel of radius 1

voxel. In addition, a conservative thresholding was applied to

the original image to segment the brightest voxels. The final

segmentation comprised the union of the dilated vessel seg-

mentation and the thresholded bright voxels. The threshold t
was set at t¼CTminþ [(CTmax�CTmin)� 0.5] where CTmin

and CTmax represent the minimum and maximum intensity

values within the lung volume. In practice, to avoid CTmin

and CTmax being influenced by noise or minor segmentation

errors, CTmin is given the value of the first centile and CTmax

the value of the 99th centile.

IV.G. Registration

All registrations were performed using elastix version 4.3

(Refs. 30 and 31). In each pair, the expiration scan was con-

sidered as the “fixed” (target) image, while the inspiration

scan was the “moving” (source) image. In other words, the

inspiration scan was deformed to match the expiration scan.

Registration of a scan pair was carried out using the bounded
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images in three steps as described by Staring et al.32 Briefly,

these steps are as follows:

1. Affine registration using all visible anatomy in the

bounded images, including structures outside the lungs.

This gives an initial coarse alignment.

2. Nonrigid registration using preprocessed images where

locations more than 2 voxels outside the lung boundary

had been assigned the value 0. By removing structural in-

formation outside the lungs, the registration is concen-

trated only on aligning the lung volumes. The lung

boundaries themselves are retained with a small margin

around them to ensure that they are accurately aligned.

The coarse alignment determined in the previous step is

used as an initial transformation.

3. Nonrigid registration using preprocessed images as

described in the previous step and calculating the cost

function only on voxels which are within the lung volume

of the fixed image. This use of the fixed lung mask

improves the final alignment of small structures within

the lungs. As before, the alignment determined in the pre-

vious step is used as an initial transformation.

A multiresolution strategy was used in all registrations

with normalized correlation as a similarity measure and

adaptive stochastic gradient descent as the optimization

method.

IV.H. Local quantification of ventilation

Previous attempts to calculate ventilation information

from CT scans10,16–19,33–35 have used several different venti-

lation measures with varying results. Castillo et al.19 found

that density based measures have higher correlation with

SPECT imaging than Jacobian measures, while Ding et al.18

obtain better correlation with xenon-CT by using Jacobian

measures. Since it has not been conclusively determined

which measures are the most useful, a range of automatic

quantitative measurements were calculated in this work.

These included more conventional thresholding measures,

on the original inspiration and expiration scans, which have

previously been used in quantifying emphysema and air-

trapping36,37 as well as measures which use the registered in-

spiration and expiration data to evaluate the change in the

lung parenchyma on a per voxel basis. Each measure was

calculated for a total of eight regions as follows: (1) both

lungs together (i.e., over total lung volume), (2)–(3) left and

right lung, (4)–(8) each of the five lobes.

Those measures using the registered scan pairs compare

CT values on a voxel-by-voxel basis. Voxels segmented as

vessel were excluded from the calculations. These per voxel

measures were then averaged (or the median was taken) over

each of the eight regions defined above. Both the average

and the median of the regional values were calculated in

order to establish whether one gave substantially better

results than the other.

Table II gives a complete list of the quantitative measures

used along with explanations of how they were calculated

and references where relevant. Each measure is labeled

according to what measure is calculated and over which

region (see region numbers provided above). Most of these

measures were suggested in previous literature. In addition,

we calculate subtraction values and ratio values from voxels

in the registered scans since it seems intuitive that these

would give an insight into the flow of air at each location.

The ventilation values v were calculated per voxel, using

the registered inspiration and expiration scans, according to

the following formula:

v ¼ 1000ðHUINSP � HUEXPÞ
HUEXPðHUINSP þ 1000Þ ; (1)

where HUINSP and HUEXP are the CT densities in Hounsfield

units at inspiration and expiration, respectively.38 This mea-

sure reflects the percentage change in the amount of air at a

location between full expiration and full inspiration. It is based

on the theory that CT density change between expiration and

inspiration is not linearly related to the amount of incoming

air,38 and therefore, methods such as subtracting HU values

between expiration and inspiration are not appropriate.

Furthermore, ventilation measures using blood mass cor-

rection (BMC) are also calculated as was done by Guer-

rero.17 The theory of BMC is based on the assumption that

the total mass of the lungs is not changed by the actions of

TABLE II. The quantitative measures calculated automatically from the processed CT scans. The eight regions referred to in the labels are (1) both lungs to-

gether, (2)–(3) left and right lungs, (4)–(8) each of the five lobes (left upper, right upper, right middle, left lower, and right lower).

Name Description

Labels

(eight regions)

Perc850Exp The percentage of volume with CT values below �850 Hounsfield units on the breath-hold expiration scan (Ref. 36). A1–A8

Perc910Insp The percentage of volume with CT values below �910 Hounsfield units on the breath-ho ld inspiration scan (Ref. 37). B1–B8

Perc950Insp The percentage of volume with CT values below �950 Hounsfield units on the breath-ho ld inspiration scan (Ref. 37). C1–C8

AvgSubtr The average of values obtained by subtracting the CT value at inspiration from the value at expiration (per voxel). D1–D8

AvgRatio The average of values obtained by taking the ratio of the CT value at inspiration to the value at expiration (per voxel). E1–E8

AvgVentil The average of ventilation values, calculated (per voxel) as described in Sec. IV H (Ref. 17). F1–F8

AvgVentilBMC The average of ventilation values with blood mass correction, calculated (per voxel) as described in Sec. IV H (Ref. 17). G1–G8

MedSubtr The median of values obtained by subtracting CT value at inspiration from the value at expiration (per voxel). H1–H8

MedRatio The median of values obtained by taking the ratio of the CT value at inspiration to the value at expiration (per voxel). I1–I8

MedVentil The median of ventilation values, calculated (per voxel) as described in Sec. IV H (Ref. 17). J1–J8

MedVentilBMC The median of ventilation values with blood mass correction, calculated (per voxel) as described in Sec. IV H (Ref. 17). K1–K8
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inhaling and exhaling air. Calculating the masses according

to the CT intensity values, however, it can be demonstrated

that a minor change in mass occurs. This change in mass is

due to alterations in blood-flow in the lungs during the

breathing process.39 Correcting for this involves calculating

the fractional discrepancy f in mass between inspiration and

expiration for each lung individually and then updating CT

values on the inspiration scan, according to the following

formula.17

HUINSP�NEW ¼ HUINSP � 1000 f 1þ HUINSP

1000

� �
: (2)

The ventilation values may then be calculated using the cor-

rected inspiration image and the expiration image as before.

Sample images from a stage 4 COPD subject are shown

in Fig. 2. These images provide a visual interpretation of

some of the features described in Table II.

V. EXPERIMENTS

V.A. Visual scoring

All scan pairs were processed according to the pipeline

depicted in Fig. 1 and described in Sec. IV. Segmentations of

the lungs, lobes, and vessels and scan pair registrations were

all scored for accuracy by radiology experts. Each segmenta-

tion or registration was scored by a single observer from a

group of four. The four observers were all radiology residents

with a special interest in chest CT and between 1 and 10

years of experience. The options when scoring were as fol-

lows: “Excellent,” “Good,” “Moderate,” and “Poor.” These

scores were provided for the segmentation of the left and

right lungs, the segmentation of each of the five lobes, the

segmentation of vessels in the left and right lungs, the regis-

tration of vessels in the left and right lungs, and the registra-

tion of fissures in the left and right lungs. The complete

scoring protocol is given in appendix A. Although scores

were provided at a regional (e.g. per lung, per lobe) level, and

also at a per structure level for registration (fissures, vessels),

for the purposes of this study these “subscores” were

FIG. 2. Example images from a stage 4 COPD subject showing some of the

features described in Table II. Note that only regions within the lung seg-

mentation are considered during feature calculation. Top row: The expira-

tion scan thresholded at �850 HU (features A1–A8, perc850Exp) and the

corresponding inspiration scan (at approximately the same anatomical loca-

tion) thresholded at �950 HU (features C1–C8, perc950Insp). Middle row:

The original expiration image and the registered inspiration image which

has been deformed to match it. These registered images are used to calculate

all features D–K as described in Table II. Bottom row: Left: The subtraction

image, used to calculate features D (avgSubtr) and H (medSubtr). Right:

The ventilation image, used to calculate features F (avgVentil), G (avgVen-

tilBMC), J (medVentil), and K (medVentilBMC).

FIG. 3. Examples of scans scoring Good and Moderate for each type of seg-

mentation and registration. Scans where scores were Good or better were

retained (satisfactory), while those where scores were Moderate or worse

were excluded (unsatisfactory). For a detailed description, see Sec. V A.
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combined and the overall score for a segmentation/registra-

tion was given by the worst of the individual subscores.

A segmentation or registration that was scored as Excel-

lent or Good was deemed to be satisfactory for the purposes

of this study. Scan pairs where the segmentation or registra-

tion was not satisfactory were excluded. Figure 3 shows

examples of scans in the Good and Moderate categories for

each of the segmentation and registration procedures. These

examples provide an indication of how the boundary

between satisfactory and unsatisfactory is defined. In the

lung segmentation examples, the Good example shows a

slight leak into the bowel (circled), which persisted for only

a few slices, while the rest of the segmentation is of excellent

quality. The Moderate example shows a case with severe pa-

thology which makes the upper part of the right lung

(circled) appear disconnected. This region is not successfully

segmented. The lobe segmentation images show fissure por-

tions which are visible in the scan highlighted with white

dotted lines. The Good lobe segmentation has a minor error

in the segmentation of the right middle lobe which is not

connected to the mediastinum. Segmentation is otherwise

excellent. The Moderate example shows a case where the

lobes are poorly segmented. The subject in this case suffered

from emphysema making correct identification of the fis-

sures very difficult. In the vessel segmentation row, the left-

most image received a score of Good since it is largely

correct. Some regions of noise/high density parenchyma are

erroneously segmented, however. This is most noticeable in

the right dorsal lung. On the right, the Moderate example is

a subject with visible pathology in the right lung. This pa-

thology has a similar density to vessel and is therefore incor-

rectly segmented in this case. The registration example

images show fissures high-lighted with dotted lines for

clarity. The Good example has minor errors in fissure align-

ment, particularly in the right lung. Vessels are mainly well

aligned with some minor exceptions. The Moderate example

shows more severe misalignment of the fissures as well as

the vessels. This was a case requiring a large deformation

which has not been correctly resolved.

V.B. Correlation of quantitative measurements and
pulmonary function test results

To provide an overview of whether the quantitative meas-

ures calculated from the thoracic CT data were in fact related

to the GOLD stage, as defined by pulmonary function tests,

the correlation coefficients between each quantitative mea-

sure and the known GOLD stage (0–4) of the subject were

calculated. This verifies whether the measures calculated are

meaningful in terms of airflow limitation or not.

Furthermore, the correlation between each of the quanti-

tative measures and the component pulmonary function

measures which are used to determine the GOLD stage

(FEV1/FVC% and FEV1% predicted) was measured. This

determines whether the ventilation measures calculated have

greater correlation with one or other of these pulmonary

function test scores, which may provide information of clini-

cal interest.

V.C. Gold stage classification

A kNN classifier was used to attempt to classify subjects

into the correct GOLD stage class based on feature sets

extracted from the quantitative measures calculated. All

experiments described are based on leave-one-out cross vali-

dation with k set empirically at 6. The classification was car-

ried out on the subgroup of subjects where all segmentations

and registrations were scored as satisfactory, as well as on

the full group of subjects (disregarding the expert scores).

Nine sets of features were defined in order to determine

whether particular feature types were more useful than

others. Determining which features are more useful is done

partly in order to learn how to tune the system to get the best

results, but also to illustrate points of clinical interest, for

example, the influence of certain lung regions compared to

others, or the utility of the expiration scan compared with

the inspiration scan. The feature sets used are listed below

with feature labels corresponding to those listed in Table II.

1. Full set: All possible measures as described in Table II,

each one calculated per lobe, per lung, and for the total

lung volume (88 features, A1–A8…K1–K8)

2. No lobes: The per lung and total lung volume measures

only. (33 features, A1–A3…K1–K3)

3. Only lobes: The per lobe measures only. (55 features,

A4–A8…K4–K8)

4. Only upper lobes: The per lobe measures from the left

upper and right upper lobes only. (22 features,

A4–A5…K4–K5)

5. Only lower lobes: The lobe measures from the left lower

and right lower lobes only. (22 features, A7–A8…K7–K8)

6. No registration: The measures extracted from the individ-

ual inspiration and expiration scans only, excluding those

requiring registration. (24 features, A1–A8…C1–C8)

7. Only registration: The measures extracted from the regis-

tered data only. (64 features, D1–D8…K1–K8)

8. Insp scan only: The measures extracted from the inspira-

tion scan only. (16 features, B1–B8…C1–C8)

TABLE III. Scores assigned by radiology experts to the 432 scans (216 scan

pairs) for segmentation and registration results.

Number of scans Excellent Good Moderate Poor Total

Lung segmentation 395 32 5 0 432

Lobe segmentation 252 120 54 6 432

Vessel segmentation 173 208 51 0 432

Registration (pairs) 59 129 26 2 216

TABLE IV. Numbers of scan pairs excluded by unsatisfactory (Moderate/

Poor) scores in various categories. Pairs excluded in each category may be

fewer than pairs with unsatisfactory scores since an unsatisfactory score in

an earlier category would have excluded the pair at that stage.

Number of scan pairs Moderate/Poor Excluded Remaining (/216)

Lung segmentation 5 5 211

Lobe segmentation 45 40 171

Vessel segmentation 43 28 143

Registration 28 17 126
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9. Exp scan only: The measures extracted from the expira-

tion scan only. (8 features, A1–A8)

VI. RESULTS

VI.A. Visual scoring

Scores provided by the radiology experts are shown in Ta-

ble III for each of the segmentation and registration results.

Scans pairs where both scans were scored Excellent or Good

in all categories were retained as satisfactory while the

remaining pairs were excluded. Table IV shows details of the

pairs that were excluded based on unsatisfactory scores in var-

ious categories. Here, the numbers given are in terms of scan

pairs rather than individual scans (i.e., exclusion of a scan pair

may be due to a poor segmentation in only one scan from the

pair). The number of pairs excluded may be less than the

number of pairs which were unsatisfactory for a particular

processing step, since if a scan pair was unsatisfactory in an

earlier step it would have been excluded previously at that

stage. The number of pairs remaining after each step is

reported showing a final database of 126 scan pairs where all

processing was scored as visually satisfactory. The division of

these subjects into various GOLD stages is given in Table V.

It can be seen that a reasonable balance of subjects in each

GOLD stage is retained. The full database of 216 subjects will

hereafter be referred to as the full group, while the group

where all scores were either Excellent or Good (126 subjects)

will be referred to as the satisfactory group.

VI.B. Correlation of quantitative measurements and
pulmonary function test results

In Table VI, the correlation coefficients, r, between the

quantitative measures calculated and the reference standard

of the subject COPD GOLD stage are shown. Note that each

measure is calculated per lobe, for the left lung, the right

lung, and the overall lung volume, and correlation coeffi-

cients are given for each of these regions. All measures are

based on the 126 subjects in the satisfactory group.

The correlation coefficients between the ventilation meas-

ures and the pulmonary function measures of FEV1/FVC%

and FEV1%predicted are shown in Table VII. For brevity,

only the results for the left and right lung and the total lung

volume are shown; however, similar patterns are seen in the

per lobe measures.

VI.C. GOLD stage classification

The results of the experiments to classify subjects into the

correct GOLD stages are shown in Table VIII. For each set

of features that was used, we report (a) the percentage of

TABLE V. The numbers of subjects at various GOLD stages in the database

both before and after processing.

GOLD stage 0 1 2 3 4 Total

Before processing 49 49 50 42 26 216

Processed, scores satisfactory 24 29 35 22 16 126

TABLE VI. Correlation coefficients between GOLD values and calculated

quantitative measures for the 126 subjects in the satisfactory group. For con-

venience, the absolute values of correlation coefficients are displayed. Lobe

names are abbreviated such that RUL implies “right upper lobe” and so on.

Measure RUL RML RLL LUL LLL Left Right Total

Perc850Exp 0.82 0.76 0.85 0.84 0.84 0.87 0.86 0.87

Perc910Insp 0.63 0.43 0.62 0.55 0.63 0.62 0.66 0.65

Perc950Insp 0.70 0.61 0.69 0.66 0.71 0.72 0.74 0.74

AvgSubtr 0.80 0.76 0.84 0.82 0.85 0.86 0.84 0.85

Avg Ratio 0.80 0.76 0.85 0.83 0.85 0.86 0.84 0.86

AvgVentil 0.65 0.54 0.77 0.70 0.74 0.75 0.75 0.76

AvgVentilBMC 0.56 0.49 0.69 0.60 0.67 0.66 0.65 0.66

MedSubtr 0.80 0.75 0.84 0.82 0.85 0.85 0.83 0.85

MedRatio 0.80 0.75 0.84 0.82 0.85 0.85 0.83 0.85

MedVentil 0.76 0.71 0.81 0.78 0.81 0.82 0.80 0.81

MedVentilBMC 0.71 0.65 0.77 0.73 0.77 0.77 0.74 0.76

TABLE VII. Correlation coefficients between measures calculated from CT

and the pulmonary function measures of FEV1/FVC% and FEV1%predicted

for the 126 subjects in the satisfactory group.

FEV1/FVC% FEV1%predicted

Measure Left Right Total Left Right Total

Perc850Exp 0.91 0.89 0.91 0.86 0.86 0.86

Perc910Insp 0.69 0.71 0.71 0.53 0.58 0.56

Perc950Insp 0.79 0.79 0.80 0.69 0.72 0.71

AvgSubtr 0.86 0.84 0.85 0.89 0.88 0.89

AvgRatio 0.87 0.85 0.86 0.89 0.87 0.89

AvgVentil 0.74 0.73 0.74 0.83 0.82 0.83

AvgVentilBMC 0.65 0.64 0.65 0.72 0.72 0.73

MedSubtr 0.86 0.84 0.85 0.88 0.86 0.88

MedRatio 0.86 0.84 0.85 0.88 0.86 0.87

MedVentil 0.81 0.79 0.81 0.88 0.86 0.88

MedVentilBMC 0.76 0.74 0.75 0.83 0.81 0.82

TABLE VIII. The results of the experiments to classify subjects into GOLD

stages using a kNN classifier with k set empirically at 6 and using leave-

one-out cross validation. Numbers in brackets imply the number of features

used. Satisfactory group columns give the results for the 126 subjects where

all segmentation and registration results were scored as satisfactory. Full

group columns give the results for the full group of 216 subjects regardless

of radiology scoring. “%correct” gives the percentage of subjects where

COPD classification was correct. “%within 1 class” gives the percentage of

subjects who were assigned either the correct class or a class neighboring

the correct one.

Satisfactory group (N¼ 126) Full group (N¼ 216)

Feature

set (#)

%

correct

%within

1 class

%

correct

%within

1 class

Full feature set (88) 59 91 54 94

No lobes (33) 58 89 52 92

Only lobes (55) 60 90 57 93

Only upper lobes (22) 54 90 44 92

Only lower lobes (22) 67 96 56 93

No registration (24) 54 91 48 89

Only registration (64) 67 90 57 93

Insp scan only (16) 40 80 40 78

Exp scan only (8) 59 94 52 93
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subjects correctly classified (% correct) and (b) the percent-

age of subjects that were either correctly classified or

assigned a class neighboring the correct one (%within 1

class). Results are shown for the 126 subjects where all seg-

mentation and registration scores were deemed satisfactory

(satisfactory group) as well as for the full group of 216 sub-

jects where segmentations and registrations were not neces-

sarily scored as satisfactory (full group).

VII. DISCUSSION

VII.A. Workflow analysis

The first aim of this work was to make a detailed analysis of

the prototype system for determining ventilation measurements

from CT. Each segmentation and registration in the pipeline

leading to the calculation of the ventilation measurements was

examined and scored by a radiology expert. The results of this

scoring are provided in Tables III and IV. This type of detailed

analysis is essential in order to fully understand the system and

the weak points which require improvement.

In the lung segmentation step the scores were extremely

good with 395 of the 432 scans identified as having an Excel-

lent lung segmentation. No cases were considered to be Poor,

and only five scans were labeled Moderate. None of these five

segmentations were identified as erroneous by the error-

checking system in the hybrid lung segmentation algorithm.

Figure 3 shows an example of a Moderate lung segmentation

on the top right. In this case, the algorithm was unable to seg-

ment the lungs fully because of unusually severe pathology in

the subject. In general, it is inevitable that any automatic seg-

mentation or registration method will fail in a small number

of the most difficult or unusual cases. As technology advances

and automatic algorithms make their way into clinical prac-

tice, it is clear that any automated system should not only be

successful in a high percentage of scans processed but also be

able to identify and flag cases in which processing has been

unsuccessful. Such cases might then be referred to a different

system or to a clinician for manual intervention. The lung seg-

mentation step in this system functions extremely well and

requires only some additional focus on automatic error detec-

tion to adapt it for use in clinical practice.

Lobe segmentation was deemed satisfactory in 372 of the

432 scans processed with 252 of these being scored as Excel-

lent. Only six cases were considered to have Poor lobe seg-

mentation, while 54 were scored as Moderate. As previously

noted, the lobe segmentation is dependent on the airway and

fissure segmentations (in addition to lung segmentation).

Segmenting any of these small structures is typically diffi-

cult, and especially so in this type of data, where the signal-

to-noise ratio is frequently poor and in expiration data where

the airways have collapsed and the parenchyma takes on a

brighter appearance. The Moderate example of lobe segmen-

tation shown in Fig. 3 illustrates a further difficulty in scans

with severe emphysema or other pathology. Considering

the quality and type of data processed in this work, the lobe

segmentation results are very promising. However, as with

all segmentation methods, we anticipate that there will

always be a number of scans which cannot be successfully

segmented and therefore suggest that future work will focus

on automatic error detection in addition to enhancements to

the segmentation algorithm.

Vessel segmentation in CT is typically a very difficult

task, particularly for noisy data such as that included in the

database used here. However, the results here are very

encouraging with 381 of the 432 scans being scored as

Excellent or Good. No vessel segmentations were considered

to be Poor and just 51 were scored as Moderate. The vessel

segmentation examples shown in Fig. 3 show some typical

errors where pathological tissue or noise with bright inten-

sities are segmented as vessel. The vessel segmentation used

in this system could certainly be refined and improved, since

at present it is partially based on a relatively crude threshold-

ing method in order to avoid undersegmentation. This

thresholding is responsible for the incorrect segmentation of

bright structures in poor quality or pathological scans.

Registration results were scored as Excellent for 59 of the

216 pairs examined, and as Good for a further 129 pairs.

Only two pairs were considered Poor, while 26 were Moder-

ate. These results are remarkably good considering that accu-

rate registration of breath-hold inspiration and expiration

pairs remains a very difficult task due to the large nonuni-

form deformations encountered. Registration methods are

constantly improving and results from some very promising

algorithms have been published,14,15 suggesting that future

versions of this system may be able to improve upon the cur-

rent registration success rate. However, it is also extremely

important to consider developing a system where registration

FIG. 4. An illustration of the correlation between the

various segmentation and registration scores assigned

by expert observers. Scores in each category are repre-

sented by 0 (excellent), 1 (good), 2 (moderate), and 3

(poor). The plot axis labels represent the defined tasks

(segmentation of lung, lobe, and vessel and registra-

tion). The size of the circle drawn at a plot location

indicates the number of scans which had those scores

in those tasks. (For reference, the largest circle, shown

on the first plot, represents 246 scans). The value “r”

shown on each plot indicates the correlation of the

scores between the two tasks.

1658 Murphy et al.: Automatic analysis of pulmonary function using thoracic CT 1658

Medical Physics, Vol. 39, No. 3, March 2012



failures can be automatically identified before the pipeline

based on their results is allowed to continue processing.

Figure 4 illustrates the correlations between scores in the

four tasks discussed above. It can be seen that there is no

meaningful correlation between the scores in the various

tasks. Although the other tasks depend on the lung segmenta-

tion, there are only five cases where the lung segmentation

was not Good or Excellent, meaning that it rarely had an

adverse affect on the subsequent processing. None of the

plots show a large number of scans along the diagonal

which, along with the poor correlation results shown, indi-

cates that the scores are largely independent of each other.

This first part of our analysis indicates that individual steps

in the pipeline perform well, particularly in consideration of

the noisy and frequently pathological data being processed.

VII.B. Validation of quantitative measurements

As a further step toward analyzing the merit of the pro-

posed system experiments were carried out to check the cor-

relation of CT-derived measurements with those from

pulmonary function tests. Furthermore, a kNN classifier was

employed to assign GOLD stages to subjects based on the

automatic ventilation measurements. The results from these

experiments indicate whether or not the measures being cal-

culated are meaningful for determining pulmonary function.

In Table VI, the correlation coefficients between the

quantitative measures calculated and the GOLD stages of the

subjects are shown. It is clear that all of the quantitative

measures are correlated to some degree with the assigned

GOLD stage, and many of them are highly correlated. In par-

ticular, the percentage of parenchyma below �850 HU in

the expiration scan (Perc850Exp) shows excellent correla-

tion in all regions of the lung, with an overall coefficient of

0.87 for the full lung volume. Similarly, the average and me-

dian subtraction values and ratio values (AvgSubtr, AvgRa-

tio, MedSubtr, MedRatio) also have correlation coefficients

between 0.85 and 0.86 for the combined left and right lungs.

Correlation coefficients, r, with the pulmonary function

measures of FEV1/FVC% and FEV1%predicted are given in

Table VII. Once again, very good correlation is seen in all

experiments with a median r value of 0.84 over all values in

the table. In fact, all correlation coefficients in both Tables

VI and VII are found to be significant using t-tests with sig-

nificance level p< 0.001 and a null hypothesis of no rela-

tionship between the variables. We conclude, therefore, that

the CT measurements have a definite relationship with con-

ventional pulmonary function testing.

The results of kNN classification experiments are shown in

Table VIII. The ability to successfully classify COPD stages

using the CT-derived features further reinforces the conclu-

sion that these features are strongly related to pulmonary func-

tion testing. Classification results are extremely promising for

such a complex multiclass problem where the reference stand-

ard is based on an entirely independent measurement. Using

the 22 features derived from the lower lobes obtains the opti-

mum results for the satisfactory group of 126 subjects. In this

experiment, 67% of subjects are correctly classified while

96% are assigned either the correct class or a class neighbor-

ing it. Classification to a class neighboring the correct one is

considered as a positive finding since the boundary between

GOLD classes is based on a thresholding of measurements

made on a continuous scale. An arbitrarily minor change in a

subject’s performance during spirometry may therefore result

in a reclassification to a neighboring GOLD stage.

Comparing the classification results for the satisfactory

group (N¼ 126) with those for the Full group (N¼ 216) whose

segmentation and registration quality had not been taken into

consideration, it can be seen that the percentage of correct clas-

sifications is not improved in any experiment by using the

larger group. This is in spite of the fact that a larger sample size

would be expected to provide improved results. The percentage

of classifications correct to within 1 class is slightly improved

in some cases when the larger group is used but disimproved in

others. Overall, we conclude that performance is somewhat,

although not considerably, enhanced by using only those scans

where all segmentations and registrations are satisfactory.

VII.C. Most Effective quantitative measurements

The third aim of this work was to examine the quantitative

measures calculated and analyze which of these appear to be

most useful. Table VIII shows that measurements derived

from registering the image pair (only registration) are more

useful classification features (67% classified correctly) than

measurements from the individual images only (no registra-

tion) (54% classified correctly). This suggests that registration

based measurements add important value to the system. The

correlation results in Table VI back up this theory, illustrating

that the measurements derived from the subtraction and ratio

images (AvgSubtr, AvgRatio, MedianSubtr, MedianRatio) all

have excellent correlation with the GOLD stage values. It

must also be noted, however, that the highest correlation value

in Table VI is with the measurement Perc850Exp which is

extracted from the expiration scan alone. GOLD stage classi-

fication using features from the expiration scan alone is also

quite successful (59% correctly classified, see Table VIII),

particularly considering there are only eight features used in

this experiment. It may therefore be concluded that both

registration-related features and features from the expiration

scan are desirable to obtain optimal results. From Tables VI

and VIII, the measurements from the inspiration scan alone

appear to be the least useful of all those calculated, possibly

since they do not show details such as air-trapping, which is

an important characteristic of COPD. The correlation values

for the ventilation measurements (Ventil and VentilBMC) are

also relatively low.

In Table VII, correlation values with the pulmonary func-

tion measures of FEV1/FVC% and FEV1%predicted are

shown. One interesting point to note from this table is that

the measurements from the individual inspiration and expira-

tion CT scans correlate best with the FEV1/FVC% data while

the registration-related measurements have better correlation

with the FEV1%predicted values. Although it cannot be con-

clusively stated based on this database alone, this suggests

that the measurements from the individual scans (most
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particularly the expiration scan) are useful in determining the

presence or absence of COPD (FEV1/FVC%� 70) while

those from the registered scan pairs are more sensitive to the

level of severity of the COPD (see Table I).

VII.D. Advantages of the proposed system

Having analyzed the system, identified its weak points and

verified that it provides meaningful results, we further proposed

to determine the potential advantages of this method over con-

ventional spirometry and to highlight initial findings of clinical

interest. One of the most important advantages of this system

lies in its ability to make regional measurements of pulmonary

function. Table VI shows that, in general, lobe based measure-

ments correlate well with GOLD stage values, and therefore, it

may be concluded that they offer meaningful information about

pulmonary function at a regional level. Analyzing pulmonary

function on a per lobe basis may become an extremely power-

ful tool in the future, improving knowledge about specific ill-

nesses and appropriate treatment plans.

It can be seen in Table VIII that the measurements from

the lower lobes (only lower lobes) are considerably better as

classification features than those from the upper lobes (only

upper lobes). In fact, the classification using only lower lobe

information obtains better results than any other classifica-

tion experiment listed in Table VIII. In addition Table VI

shows a trend of higher correlation for the lower lobes than

for the upper. These results strongly imply that the airflow in

the lower lobes has a more substantial effect on the overall

pulmonary function of the patient than that in the upper

lobes. To our knowledge, this clinically important informa-

tion has not been quantitatively proven in the past.

Although breath-hold inspiration is a much more frequently

acquired scan than breath-hold expiration, we have shown that

in terms of determining pulmonary function the expiration

scan alone is more useful. The inspiration scan alone gives rel-

atively poor performance in terms of correlation with GOLD

stage (Table VI) and in the classification experiments (Table

VIII). However, we have also shown that the combination of

registered inspiration and expiration scans is extremely useful,

and that for optimal performance, it is preferable to have both

scans available (see Sec. VII C). This is important information

for the future in terms of determining scanning protocols for

assessing regional pulmonary function through CT.

VII.E. Limitations

As the gold standard in pulmonary function testing, spi-

rometry is the best reference standard against which to com-

pare the system developed in this work. However, we

recognize that spirometric measures have some limitations,

in that their accuracy and reproducibility relies upon the

ability of the subject to follow instructions carefully as well

as his health and condition at the moment of testing. The

COPD classification system is also slightly flawed in that

classes are assigned based on the thresholding of measure-

ments made on a continuous scale. An arbitrarily small

change in the subject’s pulmonary performance may there-

fore result in a different COPD classification.

The quality of much of the CT data used in this work may

also be considered relatively poor as it is acquired using an

ultralow dose protocol. For the 216 scan pairs considered, the

beam current (c) information was analyzed where available

(209 scan pairs). Only 19 of these scan pairs had an average

beam current above 30 mAs; 172 pairs had an average c of 25

mAs. Those scan pairs where a higher beam current was used

are drawn from clinical practice, while the majority of the low-

dose data is drawn from the Nelson trial (of asymptomatic sub-

jects), meaning that for our data set a high value of c is likely

to imply a more severe stage of COPD. For example, 25% of

the 16 subjects with average c of 75 mAs have a GOLD class

of 4, which is true of only 9% of the 172 subjects with average

c of 25 mAs. The data used here are therefore insufficient to

provide a full analysis of how the scan dose affects the outcome

of our system. However, we believe it is likely that using data

with a better signal-to-noise ratio would improve the system

results. Nonetheless, it is advantageous to have shown that the

system is also capable of working on low-dose data which can

be acquired with less risk to the subject.

VIII. CONCLUSIONS

This work demonstrates a prototype system for assessing

ventilation in a regional, quantitative manner based on the

appearance of the lungs in CT at inspiration and expiration.

Experiments are carried out on a database of 216 subjects

with well distributed varying levels of COPD and compared

to the conventional reference standard of spirometry testing.

The method does not require any contrast agent and is tested

on low and ultralow dose CT data, verifying that it can be

implemented with minimal radiation exposure to the patient.

A thorough analysis of the pipeline leading to the calcula-

tion of ventilation measurements shows that individual steps

are very successful. Segmentation of lungs, vessels, and lobes

was satisfactory in 99%, 88%, and 86% of cases, respectively,

while registration succeeded in 87% of subjects.

Eleven different ventilation measurements, extracted

from the individual CT scans and from the registered scans,

are calculated on 8 defined lung regions from individual

lobes up to total lung volume. All measurements on all

regions are demonstrated to correlate with spirometry and

GOLD stage information. The mean correlation coefficient,

r, for the ventilation measures calculated over the total lung

volume correlated with the subject GOLD stage was 0.79.

Using a selection of the CT-derived features in a kNN classi-

fier to assign subject GOLD stages resulted in successful

classification in 67% of subjects with a further 29% of sub-

jects assigned a class neighboring the correct one.

The most successful measurements for determining pulmo-

nary function are obtained by thresholding (�850 HU) on the

expiration scan, and by direct comparison (subtraction/ratio)

of the registered scan pair values. The inspiration scan alone

gives a relatively weak performance in assessing airflow.

With further development and testing on additional databases

including different pulmonary pathologies, there is enormous

potential for findings which may be key to a better understand-

ing of the mechanisms of pulmonary function and disease.
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APPENDIX: SCORING GUIDELINES FOR RADIOLOGY
EXPERTS

The radiology experts were asked to score lung, lobe, and

vessel segmentations as well as registrations of inspiration

and expiration scans. Proprietary software was created for

this purpose.

1. Segmentation scoring

To score segmentations, the expert could scroll through

the entire scan with the segmentation overlaid in semitrans-

lucent color. This overlay could be removed and replaced at

any time if the expert wished to see some scan details more

clearly. The guidelines provided for scoring were as follows:

• Excellent: 95% of the segmentation is correct
• Good: 80%–95% of the segmentation is correct
• Moderate: 50%–80% of the segmentation is correct
• Poor: 50% or less of the segmentation is correct

2. Registration scoring

For registration scoring, the expert scrolled through the

original scan and the registered scan simultaneously. He was

requested to first scroll through the slices and get a general

idea of whether alignment looked good or not. Next, he was

asked to select some example slices and examine them in

more detail to see whether fissures and vessels were well

aligned. A crosshairs tool was provided which when hovered

over a point in one scan showed the corresponding point in

the other. This allowed the expert to see whether specific

small structures were aligned. The expert was instructed to

continue selecting example slices from various regions of the

image until satisfied that he had a good overview of the regis-

tration quality for both fissures and vessels. Guidelines for

scoring were provided as follows:

• Excellent: If almost every structure (vessel or fissure,

depending on the category) checked was very well aligned
• Good: If the structures were well aligned in most places,

but there were a few locations with misalignments of up to

a few mm
• Moderate: If there were severe misalignments, and if these

were present in multiple locations throughout the image
• Poor: If the images were completely misaligned
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