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Abstract

Rationale:Endothelial dysfunction isof interest in relation to smoking-
associated emphysema, a component of chronic obstructive pulmonary
disease (COPD). We previously demonstrated that computed
tomography (CT)-derived pulmonary blood flow (PBF)
heterogeneity is greater in smokers with normal pulmonary
function tests (PFTs) but who have visual evidence of centriacinar
emphysema (CAE) on CT.

Objectives:We introduced dual-energy CT (DECT) perfused
blood volume (PBV) as a PBF surrogate to evaluate whether
the CAE-associated increased PBF heterogeneity is reversible with
sildenafil.

Methods: Seventeen PFT-normal current smokers were divided into
CAE-susceptible (SS; n = 10) and nonsusceptible (NS; n = 7)
smokers, based on the presence or absence of CT-detected CAE.
DECT-PBV images were acquired before and 1 hour after
administration of 20 mg oral sildenafil. Regional PBV and PBV
coefficients of variation (CV), a measure of spatial blood flow

heterogeneity, were determined, followed by quantitative
assessment of the central arterial tree.

Measurements and Main Results: After sildenafil
administration, regional PBV-CV decreased in SS subjects but
did not decrease in NS subjects (P, 0.05), after adjusting for
age and pack-years. Quantitative evaluation of the central
pulmonary arteries revealed higher arterial volume and greater
cross-sectional area (CSA) in the lower lobes of SS smokers,
which suggestedarterial enlargement in response to increasedperipheral
resistance. After sildenafil, arterial CSA decreased in SS smokers but did
not decrease in NS smokers (P, 0.01).

Conclusions: These results demonstrate that sildenafil restores
peripheral perfusion and reduces central arterial enlargement in
normal SS subjects with little effect in NS subjects, highlighting
DECT-PBV as a biomarker of reversible endothelial dysfunction
in smokers with CAE.

Keywords: emphysema; COPD; endothelial dysfunction;
pulmonary blood flow; sildenafil

X-ray computed tomography (CT) is
providing quantitative maps of lung
destruction and airway remodeling (1) in
large multicenter studies (COPDGene
[Genetic Epidemiology of COPD] [2],
MESA-Lung [Multi-Ethnic Study of

Atherosclerosis Lung Study] [3],
SPIROMICS [Subpopulations and
Intermediate Outcomes in COPD Study]
[4], and so on) seeking to assess
subphenotypes of chronic obstructive
lung disease (COPD). However, a better

understanding of these anatomic alterations
is insufficient to identify causal factors
of emphysema, which is critical to
the development of new therapeutic
interventions. We present a multispectral
CT method (dual-energy CT [DECT]) for
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the assessment of regional pulmonary
perfused blood volume (PBV), a surrogate
for pulmonary blood flow (PBF) (5), with
the goal of establishing a novel phenotype
based on a difference in the peripheral
pulmonary vascular response to sildenafil.
Sildenafil inhibits phosphodiesterase-5, the
enzyme responsible for hydrolyzing cyclic
guanosine monophosphate, and enhances
the vasodilator effects of endogenous nitric
oxide that blocks hypoxic pulmonary
vasoconstriction (HPV) (6).

In approximately 50% of smokers,
regional lung injury resolves with
maintenance of normal parenchyma, but in
the remaining smokers, response to injury is
faulty, and COPD ensues (7). Pulmonary
vascular changes have been characterized as
an early event in COPD (8, 9). More
recently, enhanced delivery of progenitor
cells to sites of lung injury has been
demonstrated (10, 11). Thus, it is clear
that the normal pulmonary response to
constrict local vasculature in poorly
ventilated regions (i.e., injured), shunting
blood to better-ventilated regions, would
be counterproductive to the smoking-
associated immune response and repair
process.

Evidence suggests that, in humans,
HPV is normally blocked in the presence of
inflammation (12, 13) thus allowing for
maintenance of perfusion to inflamed
regions. In animals exposed to tobacco
smoke, pulmonary vascular abnormality
precedes emphysema (14–16). Using
dynamic, contrast-enhanced CT to assess
regional PBF, we have demonstrated that

smokers with normal pulmonary function
tests (PFTs), but who have small, visually
detectible signs of centriacinar emphysema
(CAE) have an increase in the coefficient
of variation (CV) of CT-based regional PBF
and mean transit time, which are two
measures of spatial PBF heterogeneity (17).
We have hypothesized that this is due to
the inability of CAE susceptible smokers
to maintain perfusion in an inflamed
lung due to a failure to block HPV (17). If
increased vascular tone in an inflamed
region is a critical event in the etiology of
emphysema, this would have greater
consequences in the lung apexes, where
PBF is further compromised due to
gravitational effects and explains the
predominance of the apical pathology
of smoking-associated CAE. In support
of these observations, Hueper and
colleagues (18) have recently
demonstrated, via magnetic resonance
imaging, that microvascular perfusion is
reduced in normal-appearing lung
parenchyma of subjects with mild to
moderate COPD.

In this study, we have sought
to demonstrate that the increased
heterogeneity of PBV (a surrogate for PBF)
in CAE susceptible normal smokers (17)
is reversible and not simply an index of
early destruction. A subset of results
presented here have been previously
reported in abstract form (19, 20).

Methods

Subject Characteristics

The institutional review board and the
radiation safety committee approved the
study, and written consent was obtained
from all subjects before entering the
study. Current smokers with normal PFTs
(see the online supplement) were evaluated
by CT for the presence or absence of
CAE. Emphysema susceptible smokers
(SS) were defined as presenting with
visually detected CAE, ground glass
nodules, and ground glass opacities
inspiratory CT scans; nonsusceptible
smokers (NS) did not have any of these
CT-based findings. All subjects were
recruited based upon previous CT
scanning within the Iowa cohort of the
COPDGene (2) or SPIROMICS trials (4).
These scans were evaluated by an
experienced cardiothoracic radiologist
(see the online supplement).

CT Scanning

Subjects were imaged in the supine posture
at predefined lung volumes, using a
computer-controlled lung volume controller
[see Fuld and colleagues (21) for details and
Iyer and colleagues (22) for validation].
Lung volumes, measured as a percent of
vital capacity (19) were standardized to
subjects’ individual lung mechanics:
noncontrast scans obtained at 90% VC
(approximating total lung capacity
[TLC]) were acquired for emphysema
assessment, and DECT scans at 20% VC
(approximating FRC) were acquired for
PBV assessment.

Subjects were imaged supine on a
second-generation, dual-source, dual-
energy 128-slice multidetector row CT
(MDCT) scanner (Siemens SOMATOM
Definition Flash, Forscheim, Germany).
Details of the scan protocol are in Table
E1 in the online supplement. The CT
scanning protocol consisted of (1) a
spiral noncontrast volumetric CT scan at
TLC to assess lung parenchymal structure
(0.5–0.6 mm in-plane, 0.5-mm slice
thickness); (2) a 30-ml iodinated contrast
test bolus (Isovue 370; Bracco Diagnostics,
Monroe Township, NJ) delivered at 4 ml/s,
used with a breath hold at 20% VC to
measure the scan delay required for steady-
state contrast equilibration within the
pulmonary circulation (determined as the
time to reach a contrast enhancement of
100 Hounsfield units within the left
atrium); and (3) two contrast-enhanced
DECT-PBV scans, before and after
administration of sildenafil, with the subject
holding their breath at 20% VC with 4 ml/s
contrast delivery commencing at the
predetermined time before onset of
scanning and continuing throughout the
scanning period. Subjects’ vital signs,
including heart rate, ECG, arterial blood
pressure, and oxygen saturation (SpO2

) were
monitored (Philips IntelliVue; Philips,
Eindhoven, the Netherlands) during and
for 1 hour after the end of imaging. No
contrast- or sildenafil-associated adverse
events (or any other adverse events) were
reported in any of the subjects.

DECT Image Analysis

Whole lung (right and left), individual lung
lobe masks, and pulmonary vascular tree
masks were segmented from CT images
(Apollo pulmonary workstation software,
VIDA Diagnostics, Coralville, IA) from the

At a Glance Commentary

Scientific Knowledge on the

Subject: Early emphysema
susceptibility is associated with
heterogeneity of pulmonary
parenchymal perfusion, but the
reversibility is unknown.

What This Study Adds to the

Field: In this study, we demonstrate
that perfusion heterogeneity is due to
reversible vasoconstriction, thus
providing a target for therapeutic
interventions in chronic obstructive
pulmonary disease. In addition, we
provide an imaging-based metric that
serves as a mechanistic phenotype.
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noncontrast TLC and contrast-enhanced
PBV scans (using the Sn140-kVp image).
The lung masks for the TLC images were
used to define the voxels from which

measures of mean lung density, tissue
fraction (percent), air fraction (percent), and
an emphysema index (percentage of voxels
below 2950 Hounsfield units [EI2950])

were obtained. The 80- and 140-kVp DECT
images were combined to generate an
image of contrast distribution in the lung
(i.e., PBV) (5).

Post PBV
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Figure 1. The process of pulmonary blood volume (PBV) imaging from acquisition, data collection, processing, and comparison of regional PBV

measures. (A) Dual-energy computed tomography (DECT) PBV imaging is performed using 80-kVp and Sn140-kVp energies, detectors 958 apart, which

acquires low- and high-energy contrast-enhanced CT images. (B) Axial CT images obtained after the test bolus injection were used to determine where to

draw a region of interest in the left atrium to compute a time versus contrast density curve (red circle). This curve was used to establish the delay time in

seconds necessary between the start of contrast injection and the start of the DECT acquisition. The delay time was determined by computing the interval

in seconds between the start of contrast injection and the contrast density reaching 100 Hounsfield units (HU) in the left atrium (vertical line). (C) Images

derived from 80-kVp and Sn140-kVp data used to calculate PBV maps. (D) Global and regional PBV analysis, showing lung mask outlining only the lung

parenchyma. Large vessels and airways are excluded. (E) Image registration: images are warped from Sn140-kVp images (post is moving, pre is target).

The displacement for this registration is used to warp the postsildenafil PBV image to the presildenafil PBV image. This is done to ensure accurate

comparison of the coefficients of variation for the same regions before and after sildenafil. CV = coefficient of variation.
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Briefly, lung segmentations were used
to extract PBV signals from the lung
parenchyma, removing the signal from large
central pulmonary vessels. The PBV signals
were then normalized to the iodine
concentration of blood in the main
pulmonary artery (PA). This normalization
was performed to account for any contrast
enhancement differences in the pre-
versus postsildenafil studies and any
variations between subjects. For each
subject, postsildenafil lungs were warped
into the shape of the presildenafil lung using
in-house image matching software (23, 24)
that has been shown to have an accuracy
on the order of 1 mm when matching full
inspiration to functional residual volume.
We matched closely related lung volumes.
Each un-warped lung was divided into
303 303 40 voxel regions (approximately
0.3–0.5 ml); PBV heterogeneity for each
region was assessed, and then the regional

PBV-CV for the postsildenafil image sets
were mapped into its presildenafil shape
(see the online supplement for details).
Figure 1 provides a flow diagram of the
process of image acquisition and analysis of
PBV images.

Central Pulmonary Artery Analysis

CT-derived central pulmonary vessel trees
were separated into arteries and veins using
custom in-house segmentation software,
and manually placed seed points were
placed in branches of the main PA and veins
to initialize the algorithm (25). Total
pulmonary arterial tree volumes (TPAVs)
for the right lungs were analyzed. We
excluded the left lungs due to cardiac
motion interference with measurement
stability. Total pulmonary vascular volumes
(TPVVs; arteries and veins) and TPAV
were measured before and after sildenafil.
The right lung vessels were further divided

into upper, middle, and lower lobe vessels,
using the lobe masks generated from the
20% VC images. The right upper lobe was
subject to artifacts related to the high
iodine concentration in the subclavian
artery, so we further limited analysis to the
right lower lobe (RLL). TPVV and TPAV
were both normalized to the RLL volume
(denoted herein as TPVVnorm for total
vascular and TPAVnorm for total arterial
volume percent).

Arterial Cross-Sectional Area

Cross-sectional area (CSA) of selected
arterial branches in the lower lobes of the
right and left lungs (RB10 and LB10) were
measured from reconstructed CT images.
The branches were chosen according to their
association with anatomically defined
airway segments, and arterial CSA was
computed semiautomatically at a specific
branch. Arterial centerlines (26) were
connected by a centerline-detection
algorithm (27). The CT image was
reconstructed in the plane orthogonal to
the centerline, and the arterial CSA was
measured using a radial sample line
approach (28). Airway CSA (using the
outer border of the airway to minimize the
effects of any early smoking-associated
changes in the luminal area or wall
thickness) were measured from segmented
airway trees (Apollo; VIDA Diagnostics),
and the airway-normalized arterial CSAs
(CSAnorm) were reported to account for
intersubject differences in inherent airway
and arterial sizes. We previously showed in
a small cohort (N = 10) of normal smokers
with repeat scans that the intraclass
correlation for RB10 and LB10 artery/airway
metrics were 92% and 98%, respectively
(29). Algorithm and sampling details are
provided in the online supplement.

Statistical Analysis

Data for PBV and PBV-CV differences
before and after sildenafil are represented as
a mean6 SD for the whole lung and lung
regions. A one-way analysis of variance
(R v. 3.1.1 statistical toolbox; R Statistics,
Vienna, Austria), followed by post hoc
analysis using the Bonferroni method, was
used to determine statistical differences
between NS and SS subjects with a P value
<0.05 considered significant. The RLL
volumes and corresponding lobar vascular
volumes (TPAVnorm) and CSAnorm were
compared between NS and SS subjects

Table 1. Subject Characteristics

Characteristic NS SS

N 7 10
Sex, % male 14 10
Age, yr 416 10 506 6*
BMI, kg/m2 26.26 3.7 256 4.5
Heart rate, beats/min
Before sildenafil 74.86 6.3 70.46 9.9
After sildenafil 73.86 10.4 71.76 12.9

BP, mm Hg
Before sildenafil

Systolic 1206 15.5 1136 13.6
Diastolic 69.96 9.9 68.86 6.0

After sildenafil
Systolic 1166 15 1146 14
Diastolic 67.36 8.7 68.56 8.6

SpO2

Before sildenafil 996 1.0 996 0.92
After sildenafil 99.16 0.69 996 1.1

CRP, mg/L 1.46 2.21 2.236 2.61
Pack-years 206 13 326 9*
Age started smoking, yr 166 4 166 3
BDI 11.96 0.38 10.16 2.0
FEV1, % 1206 16 1156 18
FVC, % 1166 10 1186 28
FEV1/FVC, % 806 4.8 786 6.9
DLCO before sildenafil, % 1136 22 856 14*
TLC air volume, L (CT) 4.966 0.40 4.816 0.71
Tissue volume, L (CT) 0.976 0.15 0.976 0.081
EI2950, % 0.366 0.25 0.436 0.31
MLD, HU 2830.76 17.3 28206 19.5

Definition of abbreviations: BDI = baseline dyspnea index; BMI = body mass index; BP = blood
pressure; CRP = C-reactive protein; CT = computed tomography; DLCO = diffusing capacity of the
lung for carbon monoxide; EI = emphysema index; HU =Hounsfield units; MLD =mean lung density;
NS = nonsusceptible smokers; SS = emphysema-susceptible smokers; SpO2

= oxygen saturation;
TLC = total lung capacity.
Results are expressed as mean6 SD unless noted. Spirometry and DLCO are reported as percent
predicted.
*P, 0.05 versus NS subjects.
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using one-way analysis of variance.
Subjects served as their own controls
when comparing presildenafil versus
postsildenafil differences in PBV, CV, and
TPAVnorm, and CSAnorm. Subjects’ age and
pack-years were adjusted in multivariate
analyses to assess between-group baseline
CVs and sildenafil-based CV changes
between groups. Paired t tests assessed
differences in the dependent versus
nondependent regions.

Results

Subject Characteristics

Twenty-two subjects were enrolled in this
study; three were excluded before scanning
because theywere on blood pressure or asthma
medications. The remaining 19 smokers were
characterized as either NS (8) or SS (11).

Quantitative assessments of CT
lung volumes, calculated via the Apollo
workstation for both the pre- and

postsildenafil DECT scans, were performed
on all 19 subjects, and there was no
significant difference in the lung volumes
before and after administration of
sildenafil in 17 subjects. One NS subject and
one SS subject had a more than 500-ml
difference in their lung volumes and were
excluded from the study based on the
previously reported influence of lung
volume levels on DECT measures
of regional PBV (5). NS and SS
demographics and physiologic findings
for the 17 remaining subjects are provided
in Table 1.

SS subjects were slightly older (mean
9 yr) and had a greater number of pack-
years smoking. Both groups, on average,
started smoking at similar ages. Thus, the
more pack-years in the SS group were likely
age related. Spirometric measurements,
including VC and FEV1/FVC, did not differ
between groups. The lung diffusing
capacities of carbon monoxide (percent
predicted), although normal, were
significantly lower in SS subjects compared
with NS subjects. Urine cotinine level and
C-reactive protein (CRP), an index of
inflammation, did not differ between
groups and was suggestive of active
smoking. The CRP level in one NS subject
was considerably higher (6.4 mg/L) than
the other subjects. Except for this one
subject, all others had a value ,1.0 mg/L. If
the one subject with a value of 6.4 mg/L
was eliminated from statistical analysis, the
CRP level was borderline greater (P, 0.06)
in the SS subjects.

Noncontrast CT Performed at Full

Inspiration before Sildenafil

The CT-based EI2950 was not significantly
different between groups despite the
presence of visually detected CAE in SS
subjects (Table 1). EI2950 for each group
was within the range of what has been
previously described as normal (30). Mean
lung densities were higher in both groups,
as expected, compared with normal
nonsmokers (22), but the densities did not
differ between groups. This is consistent
with the presence of smoking-associated
inflammation in both groups.

Sildenafil Decreases PBV

Heterogeneity in SS Subjects without

Affecting Whole-Lung PBV

The spatial heterogeneity of PBV was
measured by whole-lung and regional CVs.
As demonstrated, we divided the lung
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Figure 2. Example of pulmonary blood volume–coefficient of variation (PBV-CV) measures derived

from dual-energy computed tomography images for nonsusceptible smoker (NS) and

susceptible smoker (SS) subjects. (A) The whole lung was divided into dependent, middle, and

nondependent thirds by vertical height, and the PBV-CVs were calculated for each of these regions.

(B and C) A representative SS and NS subject (SS-1 and NS-1) before and after sildenafil, using

image matching. PBV images divided into 303 303 40 regions of interest were used to compute

PBV-CV for each region. Midcoronal sections from subject SS-1 (top row) and NS-1 (bottom row) are

depicted in B with presildenafil images on the left and postsildenafil images on the right. CVs for each

region are scaled as per color bars shown in the middle of each image pair. (C) A representative

CV histogram for SS-1/NS-1 subjects before and after sildenafil.
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(ignoring apical regions that contain
CT-beam hardening artifacts from dense
subclavian contrast) into thirds by vertical
height (ventral-to-dorsal in the supine
position) and compared the PBV-CVs for
each region between SS and NS subjects
(Figure 2A). Baseline CVs were similar to
those measured by Alford and colleagues
(17), averaging 0.426 0.09 and 0.376 0.03
for SS and NS subjects, respectively. The
gravitationally nondependent lung
(compared with the dependent lung) had
the greatest (P, 0.01) heterogeneity before
sildenafil for both the SS and NS subjects.
Region-for-region, PBV-CVs were greater
in the SS subjects versus the NS subjects,
with borderline significance (P values
0.07–0.09). Midcoronal sections from
representative SS and NS subjects (SS-1, top
row, and NS-1, bottom row) are depicted

with presildenafil images in the left column
and registered postsildenafil images in the
right column of Figure 2B. The regional
CVs were higher in the presildenafil SS
subjects. After sildenafil, there was little
change in the CV of the NS subjects,
whereas the color distribution of the SS
subjects depicted shifts (decreases) to
closely match the NS subjects. Note the
significant left shift (0.10) in the mode of
the SS histogram before versus after
sildenafil, with the postsildenafil CV mode
coming into alignment with the NS
histograms (Figure 2C). This CV mode
shift was significant for the cohort of SS
subjects compared with the NS subjects
(P, 0.05).

After administration of sildenafil,
the whole-lung PBV-CVs significantly
(P, 0.05) decreased in SS subjects by 0.03

(25%) and did not significantly change in
NS subjects. The decrease in the CV
occurred in all lung regions (dependent,
middle, and nondependent) of SS subjects
(Figure 3). Despite shifts in the CV with
sildenafil in SS subjects, mean PBV
(normalized to iodine content in the PA)
did not differ between groups either
before (0.166 0.05 and 0.176 0.04 in NS
and SS subjects, respectively) or after
sildenafil (0.176 0.05 and 0.176 0.03 in
NS and SS subjects, respectively). Thus,
shifts in CV were not likely due to shifts
in cardiac output or perfusion pressures,
and decreased CV in the SS subjects
represented a homogenization of
perfusion with shifts in flow from high- to
low-flow regions.

Central Arterial Volume Response to

Sildenafil Also Differentiates NS and

SS Smokers

With the notion that downstream vascular
resistance would reflect in upstream changes
of vascular volume, we examined the acute
arterial response in NS and SS subjects
to sildenafil using RLL CT-based TPAV
(central volume detectable anatomically by
CT) normalized to the TPAVnorm. The RLL
TPAVnorm in SS subjects was significantly
greater (P, 0.05) compared with NS
subjects. Administering sildenafil increased
the TPAVnorm in both NS and SS subjects,
and the differences between the groups
were eliminated. Figure 4 shows the change
in TPAVnorm versus the change in PBV
before versus after sildenafil. PBV and
TPAVnorm changes with sildenafil were
inversely correlated in SS subjects (R2 =
0.62; P, 0.01), whereas in NS subjects,
there was little change in PBV in response
to sildenafil and no significant relationship
(R2 = 0.13; P. 0.05) between PBV and
TPAVnorm changes.

The arterial CSA, an algorithmically
independent measure from that of
TPAVnorm, was compared between SS and
NS subjects before and after sildenafil. The
RB10 and LB10 associated arterial
segments are highlighted in red (Figure 5A),
and the arterial and airway CSAs are in
blue and green overlays, respectively
(Figure 5B). The CSAnorm of the SS smokers
were significantly (P, 0.01) larger than the
CSAnorm in the presildenafil values of the NS
subjects (Figure 5C). These SS versus NS
differences were eliminated with sildenafil.
Sildenafil increased the CSAnorm in the NS
subjects and decreased the CSAnorm in the SS
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Figure 3. Regional and whole-lung pulmonary blood volume–coefficient of variation (PBV-CV)

changes before and after sildenafil. The PBV images for nonsusceptible smoker (NS) (white bars;

6SE) and susceptible smoker (SS) (gray bars; 6SE) subjects were divided by vertical height into the

nondependent (ventral), middle, and dependent (dorsal) regions, depicted in the lower left sagittal

PBV image. The relative percent change [i.e., (postsildenafil 2 presildenafil)/presildenafil] in CV in

response to sildenafil for the SS subjects significantly decreased for each lung region, whereas there

were no significant changes in CV in any of the lung regions for the NS subjects. *P , 0.01, within

SS subjects (presildenafil vs. postsildenafil).
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subjects with a change that was significantly
different between the two groups (P, 0.01)
(Figure 5D).

At higher lung volumes, there is
compression of the microvascular bed and/
or stiffening of the parenchyma and central
vasculature. Because of this, we used
the 20% VC DECT image data in the
TPAVnorm and the CSAnorm analyses to
maximize the sensitivity of the central
vascular measures to differences in
peripheral vasoconstriction. To test this,
we performed the same CSAnorm analysis,
as previously described, using the
noncontrast 90% VC scans. As expected,
the between-group differences and
sildenafil effects observed using the 20% VC
scans were not found at this higher lung
volume.

Discussion

In this study, we introduce the use of
multispectral CT (DECT) to provide
quantitative, functional, and structural
measures of the central and peripheral
pulmonary vasculature by demonstrating
the presence of a unique phenotype
associated with SS subjects versus NS
subjects. We show that the previously
established (17) elevated PBF
heterogeneity in SS subjects is reversible
with sildenafil, and thus, is not simply a
result of early lung destruction but rather
evidence of a peripheral vasoconstriction
unique to CAE susceptible subjects.
In both the SS and NS subjects, the
PBV-CV was significantly greater in the
nondependent lung regions, which was

consistent with the previous observations
of Alford and colleagues (17), who used
dynamic perfusion CT. In addition, the
PBV-CV trended higher in the SS subjects
versus the NS subjects (P = 0.06 and
P = 0.08 for dependent vs. nondependent
lung regions, respectively), which
suggested greater vasoconstriction in the
nondependent lungs of SS subjects.
The sildenafil-induced reduction in the CV
was not merely an artifact of altered
cardiac output, because the mean PBV did
not differ between the groups before or
after sildenafil.

Although PBV has been shown to be a
strong surrogate for true parenchymal
perfusion (5), the measurement method
implemented in this study (Siemens
SOMATOM Definition Flash without
iterative reconstruction, relatively low-dose
imaging, coupled with a relatively small
sample size) likely explains this level of
statistical strength. The noise in the PBV
measurement is expected to diminish with
newer generation scanners and improved
iterative reconstruction software for DECT
(31). The noise effects on the PBV response
to sildenafil was less of a concern because
we carefully controlled lung volumes and
matched PBV image pairs before and after
sildenafil.

It is important to recognize that,
although our SS population was selected
based on visual evidence of CAE, the NS
cohort was selected based on an absence of
CT evidence of CAE. It is possible for
NS subjects to be incorrectly classified
simply because they were studied earlier in
the pathologic process (the SS subjects were
older by an average of 9 yr). A larger
population study would be useful and
could provide the ability to age match
the two groups. However, age was
accounted for in the multivariate analysis
model and did not contribute to group
differences.

Central pulmonary vascular
dimensions (TPAVnorm and CSAnorm) were
larger in the SS population, which was
consistent with the notion of peripheral
vasoconstriction and increased central
pulmonary arterial volume (32). The
increased CSAnorm in the SS subjects was
eliminated with sildenafil, and the change
in arterial volume was inversely correlated
with PBV change. These observations
support the hypothesis that CAE
susceptibility is associated with alterations
in peripheral vascular physiology. This
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after sildenafil. The normalized pulmonary arterial tree volume (TPAVnorm) of the right lower lobe

(RLL) was identified as the largest in susceptible smoker (SS) subjects before sildenafil (upper left

inset). The relative (Rel) change in TPAVnorm from before to after sildenafil was inversely correlated with

the RLL–pulmonary blood volume (PBV) change in SS subjects (R2 = 0.62) but not in nonsusceptible

smoker (NS) subjects (R2 = 0.13).

ORIGINAL ARTICLE

658 American Journal of Respiratory and Critical Care Medicine Volume 193 Number 6 | March 15 2016



also supports the previously reported
relationship between increased CT percent
emphysema, reduced venous return, and
reduced left ventricular filling (33), which
suggests a link between pulmonary
vascular dysfunction and emphysema.
Although dilation of central arteries, due
to distal vessel pruning, is associated with
advanced COPD (8, 9, 34), we observed
dilation of central arteries in our SS cohort
with limited parenchymal destruction.
Restoration of a more uniform PBV
distribution may represent restoration of PBF
to inflamed lung regions. Perfusion to injured
lung regions is important to the inflammatory
response cascade, including delivery of
progenitor cells that promote parenchymal
repair (10, 35).

The signaling pathway(s) that
subsequently mediate pulmonary
arteriolar vasoconstriction is
controversial, but a strong contender is the
attenuation of the nitric oxide–cyclic

GMP pathway (36, 37) (Figure 1).
Decreased expression of endothelial
nitric oxide has been found in primary
PA hypertension and pulmonary
hypertension associated with diseases
such as COPD (38–40). It was recently
demonstrated that increasing nitric oxide
production, such as by stimulating guanylate
cyclase, blocked the development of
pulmonary hypertension and emphysema in
cigarette smoke–exposed animal models and
human lung tissue (41). Sildenafil has been
shown to inhibit hypoxic vasoconstriction in
healthy subjects (42, 43).

A recent study by Blanco and
colleagues (44) demonstrated that, in
patients with pulmonary hypertension
associated with COPD, sildenafil (20 and
40 mg) improved hemodynamics at rest
and exercise. This effect was accompanied
by the inhibition of HPV that impaired
arterial oxygenation at rest (but not
exercise). An important result of the

present study is that in SS subjects,
sildenafil improved PBF without impairing
a pulse oximeter-derived measure of
oxygenation. Although the de-oxygenation
associated with restoration of flow to poorly
ventilated lung regions has been interpreted
as a negative outcome by Blanco and
colleagues (44), it is possible that such flow
restoration, if tolerated, could have longer term
benefits, including improved repair
mechanisms and restoration of parenchymal
architecture.

The decrease in PBV heterogeneity
with sildenafil was not accompanied by
an increase in mean PBV, suggesting a
redistribution of parenchymal blood
flow from areas with low CVs to areas
with high CVs, which presumably
represents restoration of perfusion to
regions of lung injury experiencing
smoking-associated pulmonary
vasoconstriction. Alford and
colleagues (17), using a more difficult
to implement method of dynamic
perfusion CT, similarly observed an
increased PBF heterogeneity in SS
subjects not associated with a difference
in mean PBF between SS, NS, and
nonsmokers.

The technical challenges of this study
were largely associated with the attainment
of similar lung volumes before and after
sildenafil during scanning. Large volume
differences are known to cause changes in
regional perfusion, whereby the stretch
of the parenchyma increases peripheral
vascular/capillary level resistance. We
accomplished lung volume control using a
turbine volume controller, (21, 22). We
acknowledge that attaining rigorous
volume control may be difficult in large
clinical studies, in which the effects of
coaching and spirometric methods on
quantitative PBV and PBV-CV need
to be further evaluated. However, an
approximate lung volume (FRC) can be
achieved with appropriate coaching and
is adequate when performing a single
scan for the assessment of perfusion
heterogeneity.

In summary, the key finding of
this study is that increased perfusion
heterogeneity (assessed via DECT-based
PBV) in subjects with early mild
emphysema and associated pulmonary
arterial enlargement are reversible,
suggesting an early functional mechanism
promoting parenchymal destruction and
serving as a target for early intervention.
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The image-based biomarkers we described

may be useful for exploring other

inflammatory lung diseases beyond

COPD. n
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