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Abstract

Rationale and Objectives—Accurate assessment of air density used to quantitatively
characterize amount and distribution of emphysema in COPD subjects has remained challenging.
Hounsfield units (HU) within tracheal air can be considerably less negative than —1000HU. This
study has sought to characterize the effects of improved scatter correction used in dual-source
pulmonary CT.

Materials and Methods—Dual-source dual-energy (DSDE) and single-source (SS) scans taken
at multiple energy levels and scan settings were acquired for quantitative comparison using
anesthetized ovine (N=6), swine (N=13) and a lung phantom. Data were evaluated for the lung,
IVC, and tracheal segments. To minimize the effect of cross-scatter, the phantom scans in the
DSDE mode was obtained by reducing the current of one of the tubes to near zero.

Results—A significant shift in mean HU values in the tracheal regions of animals and the
phantom is observed, with values consistently closer to —1000HU in DSDE mode. HU values
associated with SS mode demonstrated a positive shift of up to 32HU. In-vivo tracheal air
measurements demonstrated considerable variability with SS scanning while these values were
more consistent with DSDE imaging. Scatter effects in the lung parenchyma differed from
adjacent tracheal measures.

Conclusion—Data suggest that the scatter correction introduced into the dual energy mode of
imaging has served to provide more accurate CT lung density measures sought to quantitatively
assess the presence and distribution of emphysema in COPD subjects. Data further suggest that
CT images, acquired without adequate scatter correction, cannot be corrected by linear algorithms
given the variability in tracheal air HU values and the independent scatter effects on lung
parenchyma.
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Introduction

Quantitative computed tomographic (QCT) imaging is increasingly used for the
characterization of the lung 18, yet, reliable, repeatable, and accurate quantification of
volumetric computed tomography (CT) data for assessment of lung density, particularly for
longitudinal and multi-center studies remains a challenge. It has been observed that air in the
trachea of a chest CT scan is often significantly different from its true value of —1000
Hounsfield Units (HU), and this varies between scanner makes and models 78, The
variability of intra-thoracic air HU measurements across sites, scanner makes and models
limits the accuracy when measuring air trappings and the extent of emphysema-like lung
parenchyma, which has been defined as the percentage of voxels below —950HU within the
lung field on volumetric CT scans %22 or the HU value below which 15% of lung voxels fall
(P15) 23. The variability in intrathoracic air values makes comparisons between CT scanner
makes and models challenging.

The motivation for this study was our preliminary observations in animal experiments that
air in the trachea was consistently closer to —~1000HU when using Siemen’s Somatom
Definition Flash dual source dual energy (DSDE) scan mode compared to the same
scanner’s single source (SS) scan mode. The primary difference between the DSDE and SS
modes is the implementation of a dedicated hardware-based scatter correction in the DSDE
mode while the SS mode simply uses an anti-scatter grid which is expected to block all
scattered radiation. Therefore, the goal of this study was to test the hypothesis that the
scatter-correction employed in the DSDE mode results in more accurate (closer to the
nominal —1000 HU) CT numbers of air in the trachea compared to the anti-scatter grid
solution typical for conventional single-source CT.

Materials and Methods

The Siemens Somatom Definition Flash (Siemens Healthcare, Forchheim, Germany)
scanner 24 used in this study has two x-ray tube/detector systems (A and B) positioned on
the gantry with 95° angular off-set from each other. Tube A has a standard scan field of
view (SFOV) of 50 cm, while tube B has a smaller SFOV of 33 cm. In a single-source (SS)
mode, the scanner only uses tube A and its operation is essentially identical to that of
conventional single-source CT. In a dual-source (DS) mode, the scanner can operate with
both tubes running at the same kVp as in cardiac or high-pitch modes when projection data
from both tubes are combined in a single image dataset. It can also operate in a DSDE mode
when both tubes run independently at different kVp (high and low energy) and projection
data from each tube are reconstructed to produce two independent image datasets. These
datasets can be further used for dual energy post-processing2® or combined (e.g., by linear
mixing2®) to generate a single dataset similar to conventional single-source CT. To improve
the separation between the high and low-energy spectra in the DSDE mode, tube B is
equipped with additional tin filter2”. The DSDE mode can be operated using only 3 different
A/B kVp combinations (80/140Sn, 100/140Sn and 140/80, where Sn stands for the tin filter)

The scatter-correction technique for the dual-source scanner in DSDE mode relies on a
direct measurement of the scatter amplitudes with scatter sensors close to the detector, but
outside the penumbra of the fan beam. Measurement based scatter correction addresses both
cross-scatter and forward scatter and it uses the actual scatter profiles instead of approximate
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model-based profiles. Therefore, it shows an improved performance over model-based
scatter correction and it is applicable to larger patients and wider detectors28. The scanner
does not take advantage of this measurement-based correction in the SS mode.

Study Outline—Using both phantom and animal models (described below), we compared
the quantitative results of scans acquired using the SS and DSDE modes. Image data from
tube A could be compared between the SS and DSDE modes at 80, 100 and 140 kVp. Since
the primary purpose of the animal experiments was to acquire data for dual-energy post-
processing applications, both tubes were operated at similar dose outputs and, hence, the
contributions of cross-scattered and forward-scattered radiation in the DSDE mode could not
be controlled independently.

In the phantom model, we independently controlled the current of each x-ray tube in the
DSDE mode. This allowed us to practically eliminate the effect of cross-scatter by setting
the current of one tube to its minimum (near zero) value while using the data from the other
tube. Thus, the scatter contribution was dominated by forward-scattered radiation; very
similar to conventional single-source CT. Throughout the remainder of this paper we refer to
this mode as “DSDE-SS.” We would like to emphasize that the DSDE-SS mode is just a
partial realization of the DSDE mode and, hence, both the DSDE and DSDE-SS modes use
exactly the same scatter correction technique based on real-time measurements of scattered
radiation. The only difference between them is the additional contribution of cross-scattered
radiation in the DSDE mode, which can be neglected in the DSDE-SS mode. On the
contrary, the SS mode does not employ a dedicated scatter correction and uses a simple anti-
scatter grid solution to block forward-scattered radiation.

The images acquired in the SS mode were reconstructed with the B35f kernel that is
traditionally used for quantitative CT applications such as coronary calcium scoring. The
images acquired in the DSDE and DSDE-SS modes were reconstructed using both B35f and
the dedicated D30f kernel designed for the use with dual-energy post-processing, which is
highly dependent on accurate CT numbers. The B35f and D30f kernels have similar
(medium strength) sharpness and no edge enhancement. The edge enhancement feature can
modify CT numbers in the edge vicinity and, hence, affect the accuracy of CT numbers.

Animal Models

The Institutional Animal Care and Use Committee approved all animal studies reported
here. Six farm-bred ovine (39.2 + 1.8 kg; 4 female) and 13 farm-bred swine (33.4 + 3.1 kg;
8 females) were premedicated with Ketamine (20 mg/kg) and Xylazine (2 mg/kg)
intramuscularly, and anesthetized with 3-5% isoflurane in oxygen by nose cone inhalation.
Once surgical depth of anesthesia was achieved, an 8.0-mm inner diameter cuffed
endotracheal tube was placed through a tracheostomy and the animals were mechanically
ventilated with 100% oxygen, tidal volume of 10-14 mL/kg, rate of 10-20 breaths/min
adjusted to achieve an end-tidal PCO, of 30-40 mm Hg. Carotid arterial and external jugular
venous introducers were placed. Surgical plane of anesthesia was maintained with inhaled
isoflurane (1-5% in oxygen), neuromuscular blockade was achieved with pancuronium (0.1
mg/kg 1V initial dose and 0.5-1 mg/kg hourly as needed). Arterial pressure, oxygen
saturation, and airway pressures were continuously monitored and recorded. Animals were
placed supine on the scanner table and were held with gentle forelimb traction. Consistent
static breath-holds were achieved through the use of an adjustable water column positioned
next to the scanner, to provide 20 cmH,O airway pressure during the breath-hold with a
flow through of 3-5 L/min of room air to maintain backpressure, connected to the proximal
end of the endotracheal tube.
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Swine and ovine were included to determine if thorax shape had an effect on the quantitative
measurements in our scans. As seen in the top row of Figure 1, ovine have a more conical
and deep dorsal to ventral dimensioned thorax, while swine have a more ovoid and human-
like thorax.

Animals were scanned in the SS mode (80, 100, 140 kVp), and in the DSDE mode
(80/140Sn kVp, 140/80 kVp, and 100/140Sn kVp) while exploring the effect, if any, of
varying available scanning parameters. Such parameters included rotation time (0.28, 0.33,
or 0.5s); pitch (0.45, 0.55, or 1.0); slice thickness (0.6 or 0.75mm); scan direction (cranio-
caudal or caudo-cranial); detector collimation (64 or 128); and reconstruction kernel (B35f
or D30f). A consistent CTDlI,,, of 12 (+/- 0.1)mGy was used for all scans, except the dose
controlled scans which had a CTDl,,q of 6 (+/- 0.1)mGy.

Analysis—Semi-automated airway and whole lung segmentations of the animal scans were
performed using the Pulmonary Analysis Software Suite (PASS) 2. To ensure that only
lung tissue or tracheal air was used in voxel densitometry calculations, resultant
segmentations from PASS were spherically eroded by 3 voxels in the trachea, and 10 voxels
in the whole lung to minimize contamination by the chest wall, mediastinum or tracheal
wall. Airway segmentation was then limited to only include the tracheal lumen between the
end of the distal endotracheal tube and the carina. To avoid the early right bronchus take-off
in these animals, the endotracheal tube was situated just distal to the vocal folds. Additional
manual segmentations were taken of the inferior vena cava (1VVC) between the diaphragm
and the base of the heart, being careful to avoid any partial volume effect from the lung and
keeping distance from the heart to avoid any motion artifact. The tracheal, IVC, and lung
parenchymal regions of interest (ROIs) were compared for each of two scanning modes (SS
& DSDE). Unlike the phantom studies, in the animal studies we did not do the DSDE-SS
because this mode was not available at the time of scanning.

Phantom Protocol

We used a variant of the COPDGene Phantom 30 (Phantom Laboratories, Salem, NY) (Fig.
2, upper panel). This phantom consists of an outer ring that has the x-ray attenuation
characteristics similar to water (7—20HU). The inside of the ring contains a foam material
(sampled in region B of Fig. 2) with an average CT attenuation close to that of lung
parenchyma (~—860HU). There are three inserts within the foam material in the phantom: a
3.2 cm polymer bottle filled with distilled water (E in Fig. 2), a 3 cm air hole (C in Fig. 2)
and a 3 cm acrylic rod (D in Fig 2). In addition to the air within region C, a second air region
(A'in Fig. 2) is surrounded by an acrylic ring simulating attenuation of the mediastinum and
tracheal wall to better represent potential tracheal air artifacts.

The phantom was scanned in the SS mode (80, 100, 120 and 140 kVp), in the DSDE mode
(80/140Sn kVp, 140/80 kVp, and 100/140Sn kVp), and in the DSDE-SS mode (the same
combinations as in the DSDE mode but with tube A or B set at min mAs). A consistent
CTDlvol of 12 (+/- 0.1)mGy was used for all scans, except the dose controlled scans which
had a CTDIvol of 6 (+/- 0.1)mGy. Additional controlled scans were acquired comparing:
rotation time (0.33 or 0.5s); pitch (0.55 or 1.0s); slice thickness (0.6 or 0.75mm); slice
spacing (0.5 or 0.6mm); scan direction (cranio-caudal or caudo-cranial); number of detectors
used (64 or 128); and reconstruction kernel (B35f or D30f).

Analysis—The phantom inserts were manually segmented across the central third of the z-
axis extent for each of the five distinct regions of interest (actual ROIls are approximated by
the illustrative dashed lines: A, B, C, D, E shown in the upper panel of Fig. 2), being careful
to avoid any partial volume effect from the wall regions. The same ROI placements were

Acad Radiol. Author manuscript; available in PMC 2014 November 01.



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

1duasnuey Joyiny vd-HIN

Mobberley et al.

Results

Page 5

used for each scan (SS, DSDE or DSDE-SS) acquired in the phantom experiment. VVoxel
densitometry measures of mean, median, mode, and standard deviation were then recorded
along with histogram results.

Two-tailed paired difference t-tests were performed on both phantom and animal models by
taking the mean density values within segmented regions of a SS scan and comparing it to
the corresponding region on a DSDE or DSDE-SS scan. A Bland-Altman plot of the mean
of SS & DSDE vs. the difference between them was constructed for both the phantom and
animal models in the lung parenchyma and trachea regions. These plots were constructed
using the mean difference on a slice-by-slice basis in both 80 and 140 kVp scans along the
transverse axis of the segmented region of interest. An axial profile plot was constructed to
show the relationship between the mean lung densities and the difference within individual
transverse lung section along the z-axis.

Animal Study

The animal study demonstrated that, within the lung and tracheal regions of both ovine and
swine, the mean and median of the density histograms are close to —~1000HU when running
the scanner in the DSDE mode (Fig. 1), while the mean and median are shifted significantly
(p<0.001) towards more positive HU values (representing increased attenuation) by 32HU
on average when using the scanner in the SS mode (Table 1). This behavior (shown in Fig.
1, middle and lower panels for 140 kVp) was observed for all three kVp values of tube A
(80, 100 and 140) used in the DSDE vs. SS comparison. There is a statistically significant (p
< 0.001) quantitative shift in CT numbers seen in the IVC when comparing SS and DSDE
modes. Unlike in the less dense, more air-like, regions of thorax — where DSDE mode
measures are more negative — the HU shifting within the more dense (relative to lung
parenchyma) IVVC blood is in the positive direction (Table 1).

In the DSDE mode, the normalized density histograms derived from the images
reconstructed with the B35f and D30f kernels were nearly identical. This is expected. As
discussed above, the physical characteristics of both kernels are similar. No other
acquisition/reconstruction parameters showed an effect on the mean and median values of
the density histograms.

A plot of the SS vs. DSDE air values sampled from a representative ovine trachea (Fig. 3A,
left panel) demonstrates a relatively uniform attenuation throughout the trachea in the DSDE
scans with considerable variability in air values sampled from the SS scans. A Bland-
Altman plot from the same ovine trachea (Fig. 3A, right panel) demonstrates a mean biased
slope of 1.84, with the mean difference being 18.70HU between the SS and DSDE scan. The
lung parenchyma (Fig. 3B, /eft panel) shows a good correlation between the SS and DSDE
scans. However, the Bland-Altman plot (Fig. 3B, right panel) shows a bias in the opposite
direction to the trachea with a slope of —0.0871 and a mean difference of 6.25HU. The
Bland-Altman plot could be seen as a series of upward sloping relationships that mimic the
tracheal relationship, possibly representing varying slice-to-slice dominance of larger vs.
smaller bronchial segments. While details are slightly different between ovine and swine
data sets, all animals showed similar relationships as demonstrated in Figure 3A and 3B. To
demonstrate the local effects of thoracic structures on scatter, in Figure 4 we provide plots of
lung density vs. base-to-apex distance along the lung plotted against the difference between
the DSDE and SS scans. The mean lung density represents the mean of the DSDE and SS
slice means. Axial profile plots (Fig. 4A and Fig 4B, /eft panels) demonstrate the
relationship between the mean slice densities in the tracheal air and parenchymal regions
imaged using the SS and DSDE scan modes for an example swine (A) and and ovine (B).
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The relationship between structure shown as anterior-posterior and lateral volume
renderings and scatter correction effects are highlighted by the shaded areas color coded
similarly in the right and left panels. Note that the DSDE vs. SS differences are greatest in
the apical regions of the thorax where scapular, sternal and spinal structures converge to
cause the greatest amount of scatter, accounted for by the scatter corrections inherent to the
DSDE imaging. Increased noise in the tracheal region of the swine data set vs. the ovine
data set was likely due to the fact that there was an endotracheal tube in a portion of the
swine tracheal region but not the ovine tracheal region. In both cases, SS and DSDE-based
HU shifts observed in the trachea are also observe in the lung parenchyma.

Phantom Study

Similar to the animal experiment, a statistically significant (~16HU, p < 0.001) shift
between the mean HU values derived from the SS and DSDE modes (Fig. 2) was observed
in the “tracheal” region of the phantom (Fig. 2, region A), with the DSDE scans producing
CT numbers closer to the nominal air value of —~1000HU. This shift was essentially the same
when using either the DSDE or DSDE-SS modes (which showed a correlation of p< 0.05
with each other) and was similar for all kVp values.

The phantom inserts representing different materials demonstrated the HU shifts of varying
magnitudes, directions and significances (Table 2). For example, in the region simulating the
trachea, the difference is significant at over 15HU, with the DSDE scan resulting in a more
negative HU value. Meanwhile, in the acrylic region, the difference between the two scan
modes was over 20HU when comparing 140 kVp values, with the DSDE scan resulting in a
more positive HU value.

The observed DSDE vs. SS behavior remained similar across all acquisition/reconstruction
parameters used in the experiment, though some of the parameter changes were blunted
(Table 3). Standard deviation (image noise) in the DSDE mode was consistently higher than
in the SS or DSDE-SS modes. This is expected because matching CTDI,, between the
DSDE and SS modes resulted in much lower dose per tube for the DSDE mode because the
CTDl, is split between the two tubes.

Plots obtained from the phantom (Fig. 5A and 5B) are shown in formats similar to the in
vivo plots represented in Figure 3. While the trends between the phantom and animal studies
are similar, the phantom is missing the sloping relationship seen in the Bland-Altman plots
because of the missing added scatter effects associated with anatomic structure. Bland-
Altman plots in the phantom “trachea” segment (Fig. 5A, right panel) show a steady
difference of mean slice values, with the mean difference being 13.89HU between the SS
and DS scan. Similarly, the “lung” segment (Fig. 5B, right panel) shows a consistent
difference of 3.85HU.

Discussion

Our animal and phantom studies demonstrated that the Definition Flash scanner provided
more accurate CT numbers of air within the in-vivo trachea and within the trachea-like
portion of the phantom when the scanner was operated in the DSDE mode. A significant
positive shift of 15-35HU in the animal and phantom experiments was consistently
observed when the scanner was operated in the SS mode representing scanning similar to
that used in a conventional single-source CT. An overall smaller (but significant) shift on the
order of 10HU was observed for the whole-lung histograms; these shifts are markedly more
apparent in anatomically dense, and complex regions, e.g. the apical lung regions.
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Even though there are many different confounding factors that potentially shift CT-derived
air values from the nominal value of —1000HU, the two most likely causes are scatter and
beam hardening. To the best of our knowledge, the beam hardening correction is the same
for both SS and DSDE modes of operation. On the other hand, the anti-scatter solutions are
very different between the two modes. The SS mode relies on the grid of anti-scatter
collimators located at the detector level to block all scattered radiation and, hence, no
specific scatter correction method is used. On the contrary, the DSDE mode relies on the
correction method based on real-time measurements of scattered radiation. Therefore, the
results of this study suggest that the dedicated scatter correction technique employed by the
Definition Flash. 28 in the DSDE mode plays a major role in generating more accurate CT
numbers for tracheal air which are closer to the nominal value of ~1000HU.

Dual-source CT (DSCT) requires a very different approach for scatter correction compared
to conventional single-source CT. With both tubes operating simultaneously, scattered
photons originating from tube A can be detected not only by detector A (i.e., forward scatter
as in conventional CT) but also by detector B and vice versa resulting in cross-scattered
radiation. Compensation for cross- scattered radiation were reported for the first generation
DSCT 32 and modified for the second generation DSCT 28, The later scatter correction
method employs on-line measurements of both cross-scattered and forward-scattered
radiation during a DSCT scan. When the full beam collimation (128x0.6 mm) is used, these
measurements are done using the dedicated sensors located outside the cone beam in the z
direction. When a partial beam collimation (e.g., 64x0.6 mm) is used, these measurements
are done using the outer detector rows outside of the collimated beam.

More accurate CT numbers of air produced by the DSDE mode can be attributed to a better
compensation of forward-scattered radiation by use of added scattered radiation sensors,
placed on both sides of the primary detector module compared to the SS mode that only
relies on the anti-scatter collimators placed above the primary detector pixel elements 28,
These added scatter radiation sensors in DSDE mode result in additional compensation for
forward-scattered radiation which is not completely blocked by the anti-scatter

collimators. 28, The phantom scans done in the DSDE-SS mode provide evidence in support
of this statement because both the SS and DSDE-SS modes were predominantly affected by
forward-scattered radiation.. Moreover, no difference between the phantom results obtained
in the DSDE and DSDE-SS modes indicates that the cross-scatter contribution is properly
compensated and does not have a detrimental effect on the accuracy of air CT numbers.

Improving the accuracy of air CT numbers in the trachea and the lung parenchyma is of
great importance for quantitative CT (QCT) lung imaging. Since all QCT lung measures
(e.g., percentage of emphysema and air trapping) are based on the absolute HU thresholds
(e.g., —950HU for emphysema), shifts in air CT numbers on the order of 20-35HU (as
observed in this study) can result in significantly shifted estimates of percent emphysema
scores. This is especially important for longitudinal and multi-center studies that involve
scanners of different makes and models as well as scanner changes between time points.
Because our results suggest that scatter correction serves to correct air values within both the
in vivo lung scans as well as the phantom (more so in the in vivo scans) we conjecture that
non-ideal compensation of forward-scattered radiation is likely a major factor responsible
for the deviation of air CT numbers from the nominal value of ~1000HU. Therefore, we
believe that lung QCT can benefit from forward-scatter correction 33-35, Furthermore, the
upward sloping tracheal Bland-Altman plots (Fig. 3A) along with the variable scatter effects
on apical lung parenchyma (Fig. 5A and 5B) suggest that efforts to retrospectively correct
lung attenuation based upon tracheal samples may be ill-advised.
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In this study we only focused on the effect of scatter correction and did not investigate the
effect of beam hardening which, for example, is well known to cause significant changes in
CT numbers of iodine 36. Such investigation would involve scanning phantoms in a wide
size range, while the phantom we used in this study was available only in one size.
Nevertheless, no significant difference in the air CT numbers obtained at different tube
energies ranging from 80 to 140 kVp (except a small ~3-6HU shift at 140Sn kVp) suggest
that beam hardening is probably of less importance compared to scatter, at least under
conditions of our experiments. Furthermore, because the same beam hardening correction
algorithm is used in both DS and SS modes, we felt that the data presented provides the
strongest evidence for scatter being the likely source of air value offset in the SS scanning
mode.

In conclusion, our study suggests that the dedicated scatter correction technique employed
by the DSDE mode of a second generation DSCT scanner results in more accurate CT
numbers of the tracheal air compared to the SS mode representing conventional single-
source CT.
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Figure 1.

Swine (fop-left panel) have a more vertically dimensioned thorax compared to the more
human-like thorax present in ovine (fop-right panel). A positive HU shift is present in the
histograms of both the trachea (32-35HU, middle row) and whole lung regions (10-12HU,
bottom row) between SS and DSDE modes. The normalized density histograms shown are
derived from 140 kVp scans from example animals.
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Figure 2.

A variant of the COPDGene phantom (Zop panel), with regions representative of the trachea
(A), lung parenchyma (B), air (C), acrylic (D), and water (£), was scanned in SS, DSDE and
DSDE-SS modes at 80, 100 and 140 kVp. A HU shift between SS and DSDE modes is
demonstrated in the histograms of both the “tracheal” (26HU, middle panel) and the “lung”
regions (10HU, /ower panel). The normalized density histograms shown are derived from
SS and DSDE 140 kVp scans. Similar shifts are also seen in the 80 and 100 kVp scans.
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Figure 3.

A&B. Linear regression plots of average slice densities comparing SS and DSDE at 80 kVp
are shown for the in-vivo trachea (3A, /eft-panel) and lung parenchyma (35, /eft panel) from
an example swine. Similarly, Bland-Altman plots show the relationship of the mean of the
average slice densities from the SS and DSDE scans vs. the difference between values
obtained from the two scanning modes operated at 80 kVp. Data obtained from the trachea
(3A, right-panel) and lung parenchyma (3B, right-panel) of the same swine as depicted in
the left panels.
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Figure 4.

A&B. Mean of tracheal and lung HU values along the z-axis from SS and DSDE (80 kVp)
scans SS data are in grey and DSDE are in yellow. for an example swine (A) and ovine (B).
Anatomical reference volume rendered images (right panel) in the dorsal-ventral and lateral
projections of the swine (A) and ovine (B) are provided to demonstrate the anatomic basis
for the SS-DSDE differences. Color coded background bars are provided to help link the
anatomic locations to the positions on the density graphs. Note that SS vs. DSDE difference
in the trachea are reflected in the lung and the greatest SS vs. DSDE differences in both the
lung and tracheal regions occur in an anatomic location associated with the sternum and
scapula regions.
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A&B. These plots are similar to those shown in Figure 3 but are derived from a variant of

the COPDGene Phantom.
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