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Abstract

Rationale and Objectives—Evaluation of chest CT is usually qualitative or semi-quantitative,
resulting in subjective descriptions often by different observers over time and imprecise
determinations of disease severity within distorted lobes. There is a need for standardized imaging
biomarkers to quantify regional disease, maximize diagnostic yield, and facilitate multi-center
comparisons. We applied lobe-based voxelwise image analysis to derive regional air (Vair) and
tissue (Vtissue) volumes and fractional tissue volume (FTV=tissue/[tissue+air] volume) as
internally standardized parameter for assessing interstitial lung disease (ILD).

Materials and Methods—High-resolution CT was obtained at supine and prone end-inspiration
and supine end-expiration in 29 patients with ILD and 20 normal subjects. Lobar Vair, Vtissue,
and FTV were expressed along standard coordinate axes.

Results—In normal subjects from end-inspiration to end-expiration, total Vair declined 43%,
FTV increased ~80% while Vtissue remained unchanged. With increasing ILD, Vair declined and
Vtissue rose in all lobes; FTV increased with a peripheral-to-central progression inversely
correlated to spirometry and lung diffusing capacity (R2=0.57-0.75, prone end-inspiration). Inter-
and intra-lobar coefficients of variation (CVs) of FTV increased 84-148% in mild-to-moderate
ILD, indicating greater spatial heterogeneity, then normalized in severe ILD. Analysis of
discontinuous images incurs <3% error compared to consecutive images.

Conclusions—These regional attenuation-based biomarkers could quantify heterogeneous
parenchymal disease in distorted lobes, detect mild ILD involvement in all lobes and describe the
pattern of disease progression. The next step would be to study a larger series, examine
reproducibility and follow longitudinal changes in correlation with clinical and functional indices.
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Introduction

Pulmonologists increasingly rely upon volumetric computed tomography (CT) to diagnose
and manage interstitial lung disease (ILD). Findings on CT have been reported to alter
clinical decisions in 24 to 29% of cases, reduce the use of invasive diagnostic procedures by
16%, and improve agreement among clinicians on diagnostic probabilities (1). With
widespread CT use comes the responsibility to ensure maximization of the diagnostic yield
and minimization of the uncertainties associated with this technique in order to justify the
small but real risk of harm due to cumulative radiation exposure (2), particularly in patients
with chronic destructive lung disease who are routinely subjected to serial scans over many
years. Up to now, clinical evaluation of chest CT remains mostly qualitative or semi-
quantitative (1, 3, 4), resulting in unavoidable spatial, temporal, inter-observer and inter-
scanner variability especially in multi-center clinical trials (5-7). The unique non-solid,
elastic features of the lung renders the anatomy of the organ highly sensitive to volume
change and asymmetric distortion due to non-uniform disease involvement; architectural
distortion often makes it difficult to match the same anatomical regions on successive scans,
especially if lung inflation changes. Furthermore, the large image dataset generated from
each scan is routinely under-utilized. There is need for a comprehensive, objective and
quantitative approach to fully exploit the information content and diagnostic potential of this
powerful tool. Quantitative lobe-based approach has not been widely adopted partly because
of the perceived effort required and partly because of a lack of examples showing how
specific imaging biomarkers could be standardized in application to clinical pathology.

To address some of these issues, we developed a PC-based semi-automated algorithm to
map and analyze lung attenuation within each lobe in a voxelwise fashion. By referencing
the voxel attenuation with respect to internal calibrators for intra-thoracic air and tissue in
each subject, standardized air and tissue volumes and “fractional tissue volume” (FTV) were
derived as regional anatomical markers that could be mapped with respect to reference
coordinate axes of each lobe and compared within and among lobes. The novel approach has
been shown in animals to accurately characterize nonuniform regional structural lung
growth during postnatal maturation and postpneumonectomy compensation (8-10) but has
not been applied to clinical disease. We employed this technique to analyze high-resolution
chest CT obtained in patients with ILD to describe lobar disease severity and test the
hypothesis that the magnitude, spatial distribution and heterogeneity of CT-derived indices
objectively reflect abnormalities in spirometry and lung diffusing capacity (DLco).

Materials and methods

Subjects

The Lung Tissue Research Consortium (LTRC,
http://www.nhlbi.nih.gov/resources/Itrc.htm), sponsored by the National Heart, Lung and
Blood Institute, provided from its multi-center databank non-contrasted high resolution CT
(HRCT) studies obtained at supine end-inspiration, supine end-expiration, and prone end-
inspiration from 29 patients with ILD, categorized by FVC (% predicted): mild (>=80%),
moderate: (50-80%), severe (30-50%) and more severe (<30%). All patients had biopsy-
confirmed pathological diagnosis of usual interstitial pneumonitis (UIP, n=23) or
uncharacterized fibrosis (n=6). Clinical symptoms and pulmonary function tests were also
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provided. All patients provided written informed consent to the LTRC. For control data, we
obtained similar set of high-resolution CT images and pulmonary function tests from 20
healthy volunteers who served as control subjects in a separate study approved by the
Institutional Review Board of the University of Texas Southwestern Medical Center (UT
Southwestern). Written informed consent was obtained from all subjects. Spirometry and
DL were measured by a breath hold method in keeping with recommendations of the
American Thoracic Society (11, 12).

For ILD, all LTRC participating centers used Gammex 464 CT phantom (Gammex,
Middleton, WI) for scanner calibration. Three helically acquired datasets were obtained by a
multi-detector scanner (at least 8 detectors, 140 kVp, 324 mA) optimized to allow single
breath acquisition in <15 s. Images were rendered at consecutive 0.625 mm intervals from
apex to costophrenic angle (~400 images per patient). For normal subjects studied at UT
Southwestern, Catphan500 (The Phantom Laboratory, Salem, NY) was used to calibrate the
scanner (GE Light speed 16, Milwaukee, WI). Discontinuous 1.25 mm thick images were
obtained at 10 mm intervals from apex to base (~40 images per subject). In all studies, scout
images were obtained to ensure that the field of scan included the entire lung, followed by
imaging at supine end-inspiration, supine end-expiration, and prone end-inspiration.

Image analysis

DICOM images were reconstructed using standard reconstruction algorithm and analyzed
using a semi-automated algorithm developed in our laboratory (Visual C++ 6.0 with
OpenGL library) (8-10). Lung area on each image was outlined by density thresholding,
excluding the trachea and next 3 generations of airways and blood vessels. Computer-
generated pleural boundaries were manually verified and adjusted as necessary. Key points
along inter-lobar fissures were manually identified every 10t image and fitted with cubic
splines. On the intervening images the algorithm interpolated the fissures and the
interpolation was verified visually. Inter-lobar fissures were readily identifiable in most
patients. In two patients with “more severe” ILD it was difficult to discern the fissures on
some images and these were interpolated. Each lobe was reconstructed in 3D and analyzed
separately. The lingula was included as part of the left upper lobe (LUL). Lung volume was
calculated as X(area x slice thickness).

Attenuation-derived indices

CT attenuations of extra-thoracic air and water were set at —1,000 and 0 HU, respectively.
Attenuation of intra-thoracic air was measured as the average of 3 points at the center of the
tracheal column 5 mm above carina (range —1090 to —1100 HU). Assuming that average CT
number (CT,,) of air-free lung tissue (including blood) equals that of muscle, we averaged
the attenuation at the center of infraspinatus, supraspinatus and pectoralis muscles at the
level just above carina (control subjects 58+3 HU, ILD 50+15 HU, mean £ SD). The
average CT numbers of intratracheal air (air CTn) and air-free tissue (muscle CTn) were
used in conjunction with that of the lobe (lobar CTn) to partition the total lobar volume into
air and tissue volumes:

. Lobar CT,, — air CT
Lobar tissue volume= = - "~ X total lobar volume.
muscle CT,, — air CT, Eq 1

Lobar air volume=total lobar volume — lobar tissue volume Eq. 2
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lobar tissue volume

Fractional tissue volume=
total lobar volume Eq 3

In addition, we measured the attenuation of the right lobe of liver as an alternative internal
calibrator of tissue attenuation and compared the results with that obtained using muscle
attenuation.

and without gaps

Initially, every image in ILD patients was analyzed exhaustively (~400 images 0.625 mm
apart). In 4 patients we repeated the analysis using every 10t image (~40 images 6.25 mm
apart). Using images with gaps resulted in negligible error (range 0.01% to 3%) in derived
indices: air volume, tissue volume and FTV compared to that using all consecutive images.
Therefore, subsequent analysis was performed using every 10t image in the dataset.

Air volume, tissue volume and FTV derived from each voxel were plotted along 3
coordinate axes: x (medial-to-lateral), y (posterior-to-anterior) and z (cephalad-to-caudal).
Each axis was classified into bins: 0-10%, 10-30%, 30-50%, 50—-70%, 70-90% and 90—
100%, of total span and analyzed with respect to average positions of the bin along a given
axis i.e., 5, 20, 40, 60, 80 and 95%. Coefficients of variation (CV=SD/mean) of FTV within
and among lobes were calculated to assess heterogeneity.

Statistical Analysis

Results

Data were expressed as mean + SD and compared with respects to posture, lung inflation
and subject groups using factorial ANOVA. Kurtosis and skewness of the FTV distribution
was compared to known critical values. Intra- and inter-lobar comparisons were performed
by repeated measures ANOVA. Post-hoc test was performed by Fishers protected least
significant difference. P<0.05 was considered significant.

Demographic and lung function data are summarized in separate categories of progressive
lung restriction (Table 1). The mean attenuation values, the derived FTV and its histogram
are shown in Table 2. Muscle attenuation was significantly lower and more variable in ILD
(45£18 HU, mean + SD) than control (58+3 HU) subjects; the difference causes up to 3.4%
deviation in tissue volume estimates but did not alter the conclusions of statistical analysis.
The attenuation of liver is not different between ILD and normal subjects. Using liver
instead of muscle attenuation in the calculation caused less than 4.4% change in tissue
volume and FTV and less than 2% change in air volume, and did not alter the conclusions of
statistical analysis. In both ILD and control groups, kurtosis and skewness of the FTV
histogram are within the range of a normal distribution.

Figure 1 shows examples of axial images (top), the corresponding axial color FTV maps
(middle), and 3D surface FTV maps (bottom) for one representative subject in each
category. Early ILD predominantly involved the lower lobes and the periphery of each lobe.
With increasing ILD severity there was a progressive increase in patchy regions of high
FTV in all lobes. Mean lobar air and tissue volumes and average FTV are quantified in
Figure 2; corresponding values for both lungs are shown in Figure 3. In normal subjects
from end-inspiration to end-expiration, total air volume decreased ~43% and FTV increased
~80% while total tissue volume remained constant; the constancy of tissue volume validates
the use of internal control parameters in this analysis. In mild ILD there was a modest
increase (~35%) in overall lung tissue volume. With increasing ILD severity, lobar as well
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as whole lung air volume decreased while the corresponding tissue volume increased by up
to 70% except in the 2 patients with “more severe” ILD who exhibited marked contraction
of air volume without further increase in tissue volume. Supine FTV was systematically
higher in the left and right lower lobes (LLL and RLL, respectively) than the upper lobes
(LUL and RUL, respectively) or right middle lobe (RML); difference among lobes were
exaggerated in ILD but disappeared at prone end-inspiration (Figure 2). In mild ILD, mean
lobar FTV did not differ significantly from normal. In moderate to severe ILD, FTV
progressively rose in all lobes and more at supine end-expiration than at supine or prone
end-inspiration. In “more severe” ILD, FTV either declined or showed no further change
compared to severe ILD.

Intra-lobar gradients of regional FTV are shown for all lobes at prone end-inspiration in
Figure 4. In normal lungs intra-lobar FTV was relatively uniform (averaging 0.120, 0.109
and 0.188 at prone-inspiration, supine-inspiration and supine-expiration, respectively). In
mild ILD, FTV increased modestly but significantly in peripheral regions and along each
coordinate axis of all lobes, especially in lower lobes. With increasing ILD severity, intra-
lobar FTV became elevated in all regions (up to 5-fold above normal) while the central-to-
peripheral FTV gradient in each lobe was preserved or accentuated (by up to 135%) in
advanced ILD. Thus, statistically significant inter- and intra-lobar gradients FTV, reflecting
the heterogeneity as well as severity of ILD, were detected in all lobes. The consistent
pattern of lobe-by-lobe results with respect to posture, respiratory phase and ILD severity
also strengthens the validity of our analysis. In all lobes, FTV significantly correlated with
FEV4, FVC and DL¢q in all scans regardless of posture or lung inflation (shown for right
lower lobe in Figure 5).

The coefficient of variation of FTV among lobes (inter-lobar CV) increased 84% with
moderate ILD and then normalized with more advanced ILD (Figure 6, left panel). The CV
of FTV within each lobe (intra-lobar CV) increased 148% above normal in mild ILD,
consistent with the development of patchy early anatomical abnormalities. With increasing
ILD severity, intra-lobar CV of FTV declined towards normal values, consistent with
progression towards diffuse anatomical involvement (Figure 6, right panel). These changes
were most pronounced at prone end-inspiration.

Discussion

Summary of results

This study tests CT-derived regional air and tissue volumes and FTV as non-invasive
markers of ILD distribution and severity. These parameters tracked the expected changes
with lung inflation and increasing ILD severity. In addition, we mapped regional FTV in
each lobe along standardized coordinate axes across the spectrum of ILD severity and
correlated regional FTV magnitude and heterogeneity with lung function. The main findings
are: a) Regional FTV increased with increasing ILD severity in a peripheral-to-central
progression within each lobe, b) lobar mean FTV correlated inversely with FEV4, FVC and
DL¢o at supine and prone end-inspiration and supine end-expiration, ¢) FTV heterogeneity
among and within lobes became significantly elevated in mild-to-moderate ILD, then
declined towards normal values in more advanced ILD. Results demonstrate the feasibility
of this technique in mapping irregular parenchymal pathology in distorted lobes, and the
functional relevance of these imaging biomarkers. Furthermore, images may be obtained or
analyzed at nonconsecutive intervals (6.25 to 10 mm apart) without loss of quantitative
information, making this analysis applicable to clinical imaging protocols.
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Quantitative image analysis

Various studies have compared computer-based segmentation and quantification of lung
attenuation with visual scoring of CT images in diffuse lung disease (13-15), demonstrating
that quantitative analysis yields more robust and reproducible results than qualitative
evaluation (13, 16). By applying automated thresholding algorithms, attenuation threshold
values have been used to calculate global and regional mean lung density (17) and show that
mean lung density is elevated above normal or that the histogram of lung attenuation shifts
towards higher values in idiopathic pulmonary fibrosis (13, 18-20). CT attenuation has been
used in idiopathic pulmonary fibrosis to calculate the proportion of whole lung tissue and
air, and this value was used to correct histological measurements made on lung biopsy
specimens to the level of inflation during the CT scan (21). In ILD quantitative CT indexes
calculated for the entire lung correlated with physiological impairment (13, 22). Automated
analysis for comparing paired CT studies at baseline and follow-up has also been described
(23). However, no attempt was made to systematically map and quantify the attenuation
gradients or their heterogeneity within and among lobes. In addition, multi-center studies of
computer-assisted attenuation analysis have raised persistent questions of inter-scan
variability due to different CT platforms and models, beam hardening artifacts and
differences in lung volume during scanning (24, 25). A standardized biomarker calibrated
with respect to internal references in each subject would control for the possible sources of
variability thereby allowing more accurate data comparisons among lung regions, subjects
as well as study centers.

Significance

This study made several contributions: 1) Mapping along standardized 3D axes of each lobe
allows comparisons of the corresponding regions within their natural anatomical
compartments at different inflation states and postures. As long as the inter-lobar fissures are
identifiable, the same lobes could be followed even in the presence of architectural
distortion, displacement or collapse. 2) Regional air and tissue volumes and FTV could
serve as quantitative markers to follow irregular changes in the course of ILD, e.g.,
comparing the improvement of infiltrates in one lobe with deterioration in another. 3) One
advantage of comparing FTV instead of attenuation is that FTV is calibrated with respect to
internal references, i.e., that of intra-thoracic air and air-free tissue in each subject, which
eliminates much of the variability from multiple centers and different scanner models,
allowing data standardization for objective comparison. 4) Inter-regional variability of FTV
indexed by its CV within and among lobes could serve as markers of spatial disease
heterogeneity. In at-risk patients, e.g., occupational exposure or kindred of familial
idiopathic pulmonary fibrosis, an increase in the CV of FTV may herald early onset of
clinical ILD. In established ILD, a decline in the CV of FTV may signal disease progression.
5) We showed that ILD progresses in a similar topological pattern in all lobes such that
lobe-based FTV indexes global pulmonary dysfunction. These findings established the
utility and clinical relevance of lobe-based image analysis in the assessment of
heterogeneous lung pathology.

Limitations of the study

The LTRC datasets were collected from several participating centers using different CT
scanners but standardized imaging protocols. The number of patients in the “more severe”
ILD group was small (n=2) and DL was not available. End-inspiration and end-expiration
were not verified by respiratory pressure measurements, which could have led to variability
in FTV with respect to respiratory phase. The automated attenuation thresholding for
isolating the area occupied by lung on each image may be subject to errors if significant
pleural fibrosis is present. In such cases, the computer-detected pleural boundaries are
manually verified. CT-derived tissue volume includes the volume of blood vessels,
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microvascular blood, and extra-vascular tissue; these could not be differentiated on non-
contrasted scans. The attenuation-based FTV cannot quantify textural or patterning
abnormalities such as ground glass opacity, reticular infiltrates and honeycombing. Texture-
based methods such as adaptive multiple feature and fractal analysis that are currently being
developed may help to identify and quantify these abnormal patterns (26—29) to complement
the assessment of FTV. The standard reconstruction algorithm was used in all scans to
minimize variability in mean lung attenuation and its frequency distribution histogram
caused by different reconstruction algorithms (30). Disuse, atrophy, fatty infiltration,
inflammation or steroid use can alter skeletal muscle attenuation (31) resulting in modest
variability on a subject’s air volume, tissue volume and FTV. One alternative internal
reference is to use the attenuation of liver, which could reduce data variability in ILD
subjects as long as there is no significant liver disease. In addition to this cross-sectional
study, longitudinal follow-up will be needed to verify the reproducibility of internal
references and the derived CT biomarkers. Finally, most patients had UIP; further studies
will determine how well this analysis applies to other patterns of ILD.

We presented a quantitative method to determine the severity of regional fibrosing ILD for
comparison within and among lobes. This method describes the normal 3D spatial gradients
of FTV as well as the exaggerated gradients that develop in a peripheral-to-central
progression across all lobes with increasing ILD severity. There are significant correlations
between the magnitude and heterogeneity of regional FTV and global lung function. This
lobe-based image analysis increases voxel information yield and provides objective and
functionally relevant anatomical markers of ILD even in the face of irregular lobar
distortion. The next step would be to study a larger patient sample, examine reproducibility
and longitudinally follow disease severity in correlation with lung function. An analogous
approach could be used in other parenchymal diseases such as emphysema. One immediate
application of this approach is in standardized analysis of imaging data from multi-center
clinical trials, which could improve subject stratification, objective monitoring and
evaluation of regional anatomical response to treatment. With additional automation of the
analytical steps, this approach may ultimately assist pulmonologists and radiologists in
clinical decision-making. Improving the diagnostic yield from CT study could benefit
patients and physicians alike by reducing the need for repeated scans or more invasive
diagnostic tests.
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Figure 1.

Representative axial HRCT images (top panels), color maps of FTV (middle panels), and the
three-dimensional surface color maps of FTV (bottom panels in two orientations) from one
normal subject and one subject each with mild, moderate, severe and more severe ILD
(groups I through V respectively).
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Lobar air and tissue volumes and FTV are shown at prone end-inspiration, supine end-
inspiration and supine end-expiration for each ILD group: normal, mild, moderate, severe
and more severe (groups | through V, respectively). Mean + SD. P<0.05 * vs. | (normal); §
vs. 11 (mild); T vs. 111 (moderate); a vs. RML; b vs. RLL; c vs. LUL; and d vs. LLL, by
repeated measures ANOVA.
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Figure 3.

Prone-Insp Supine-Insp Supine-Exp

A) Total air volume, total tissue volume, and average whole lung FTV are shown with
respect to ILD severity: normal, mild, moderate, severe and more severe (groups | through
V, respectively). Dashed lines denote upper and lower 95% confidence intervals (omitted for
Group V due to the small number of subjects). * p<0.05 vs. | (normal); § vs. 11 (mild), T vs.
111 (moderate) by repeated measures ANOVA. B) The same data are shown with respect to
posture and respiratory phase in each group. Air volume was significantly lower and FTV
higher at supine-expiration than prone-inspiration or supine-inspiration (mean + SD,
p<0.0001 by repeated measures ANOVA). Total tissue volume did not change significantly

with posture or respiratory phase.

Acad Radiol. Author manuscript; available in PMC 2012 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Yilmaz et al.

0.8

0.4

0.0
1.2

0.8

0.4

0.0
1.2

0.8

0.4

0.0
1.2

0.8

0.4

Fractional tissue volume at prone end-inspiration

0.0
1.2

0.8

0.4

0.0

Posterior to anterior

—— 1
—o—q1 *
-m-1r *§
—A— 1V *§

Medial to lateral

Cephalad to caudal

——1

——q *
-m-mn *§
—A—V *

——Vv *§t%

Page 13

0 20 40 60 80 100 0 20 40 60 80 100 0

Distance along axis (%)

Figure 4.
Intra-lobar distribution of FTV at prone end-inspiration is shown with respect to the position
(% of the total span) along a given axis in each lobe. Mean + SD. * p<0.05 vs. | (normal); §

vs. 11 (mild), T vs. 11l (moderate); f vs. 1V (severe) by repeated measures ANOVA.
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Figure 5.

Mean lobar FTV correlated inversely with FEV, FVC and DLcq (% predicted) at prone
end-inspiration, supine end-inspiration, and supine end-expiration (shown for the right lower
lobe only, all p<0.001).
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Coefficients of variation (CV’s) of FTV among lobes (left panel) and within lobes (right
panel) at prone end-inspiration are shown with respect to ILD severity groups. Mean + SD.
*p<0.05 vs. | (normal); § p<0.05 and # p=0.06 vs. Il (mild) by factorial ANOVA.
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Table 2

Attenuation values and Histogram of FTV

Normal (n=20) ILD (n=29)

Attenuation (HU)

Tracheal air -969 + 9 -971 + 14
Thoracic muscle 58+3 45+18 *
Liver 64+9 59+9
Histogram of FTV (using muscle attenuation)
Prone End-Inspiration
Mean lung FTV 0.106 £0.029 | g210+0.082*
Kurtosis —0.558 0.041
Skewness 0.368 0.814
Supine End-Inspiration
Mean lung FTV 0.106 £0.030 | 0.220+0.083 ™
Kurtosis 0.341 —0.101
Skewness 0.711 0.682
Supine End-Inspiration
Mean lung FTV 0.191 + 0.051 0.345+0.108 *
Kurtosis —0.172 —0.450
Skewness 0.703 0.526
Critical values (p<0.05 2-sided)
Kurtosis (range of normality) —1.27 to, 2.56 —-1.08t0 2.12
Skewness 1.03 0.847
Mean + SD.

*

p<0.05 vs. Normal.
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