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Abstract

Rationale: Smoking-related microvascular loss causes end-organ
damage in thekidneys,heart, andbrain.Basic research suggests a similar
process in the lungs, but no large studies have assessed pulmonary
microvascular blood flow (PMBF) in early chronic lung disease.

Objectives: To investigate whether PMBF is reduced inmild as well
as more severe chronic obstructive pulmonary disease (COPD) and
emphysema.

Methods: PMBF was measured using gadolinium-enhanced
magnetic resonance imaging (MRI) among smokers with COPD
and control subjects age 50 to 79 years without clinical
cardiovascular disease. COPD severity was defined by standard
criteria. Emphysema on computed tomography (CT) was defined
by the percentage of lung regions below2950 Hounsfield units
(2950 HU) and by radiologists using a standard protocol. We
adjusted for potential confounders, including smoking,
oxygenation, and left ventricular cardiac output.

Measurements and Main Results: Among 144 participants, PMBF
was reduced by 30% in mild COPD, by 29% in moderate COPD, and by
52%insevereCOPD(allP, 0.01vs.control subjects).PMBFwasreduced
with greater percentage emphysema2950HU and radiologist-defined
emphysema, particularly panlobular and centrilobular emphysema
(allP< 0.01).RegistrationofMRIandCTimagesrevealedthatPMBFwas
reduced inmildCOPD in both nonemphysematous and emphysematous
lung regions. Associations for PMBF were independent of measures of
small airways disease onCT and gas trapping largely because emphysema
and small airways disease occurred in different smokers.

Conclusions: PMBF was reduced in mild COPD, including in
regions of lung without frank emphysema, and may represent
a distinct pathological process fromsmall airways disease. PMBFmay
provide an imaging biomarker for therapeutic strategies targeting the
pulmonary microvasculature.
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Chronic obstructive pulmonary disease
(COPD) is the third leading cause of death
globally and in the United States (1, 2).
Cigarette smoke, the major cause of COPD,
has protean effects on the airway
epithelium (3) but also causes endothelial
damage and loss of the microvasculature in
multiple organs, including the brain,

kidney, and heart (4). The consequent loss
of blood flow causes end-organ damage,
and therapies that ameliorate microvascular
blood flow, such as angiotensin-receptor
blockers, improve function of some of these
organs (5). Despite the importance of this
preventative and therapeutic target in other
organs, there has been little examination of
the pulmonary microvasculature early in
the course of COPD.

Basic science studies suggest that
smoking may have similar effects on the
pulmonary and systemic microvasculature
(6, 7). A cigarette contains 10 to 500 µg
of acrolein (8), which causes apoptosis
of human pulmonary microvascular
endothelial cells (9) and microvascular
damage. Endothelial apoptosis causes
emphysema-like changes in mice (10).
Hence, smoking-related pulmonary
microvascular damage may occur early
in COPD; however, there are limited
direct data in humans to support this
hypothesis.

In 1950, Liebow noted loss of
pulmonary capillaries in emphysema and
speculated that vascular loss may
contribute to emphysema pathogenesis (11).
Subsequent studies demonstrated
pulmonary vascular endothelial dysfunction,
perivascular inflammation, and remodeling
of muscular arteries in mild to moderate
COPD (12, 13), which challenge the notion
that changes in the pulmonary
vasculature and perfusion occur only in
severe COPD due to hypoxia and
parenchymal destruction.

Contrast-enhanced magnetic
resonance imaging (MRI) is an established
technique to quantify pulmonary perfusion
(14). Small, imaging-based studies have
found that smokers with normal lung
function and a normal quantitative
emphysema index but visually defined
mild, apical centrilobular emphysema
had greater heterogeneity of, although
not reduced, pulmonary perfusion (15),
and smokers with severe COPD and
emphysema had reduced pulmonary
perfusion or structural abnormalities
(16–18). Other small studies showed
perfusion deficits of lung parenchyma on
MRI in smokers at risk for COPD and
with COPD (19–21). Whether pulmonary

microvascular blood flow (PBMF) is
reduced in mild COPD and emphysema is,
however, unclear.

We therefore assessed PBMF by
dynamic contrast-enhanced MRI in
a multicenter study sampled from the
general population, hypothesizing that
PBMF is reduced in mild COPD, as
a surrogate for early disease, in addition to
more severe COPD and in emphysema.

Some of the results of these studies have
been previously reported in the form of
abstracts (22–24).

Methods

Participants
The Multi-Ethnic Study of Atherosclerosis
(MESA) COPD Study enrolled cases of
COPD and control subjects in 2009 to 2011
predominantly from two prospective
cohort studies, MESA (25) and an
emphysema progression study of smokers
(26), at four sites. Participants were age 50
to 79 years with >10 pack-years smoking
history. Exclusion criteria were clinical
cardiovascular disease, pulmonary
embolism, stage IIIb to V chronic kidney
disease, asthma before age 45 years, lung
resection, cancer, allergy to gadolinium,
claustrophobia, weight .300 lbs, metal in
the body, and pregnancy. We selected all
eligible participants in the larger MESA
Lung Study (27), oversampled participants
with obstructive lung function or
emphysema on computed tomography
(CT) from the remainder of the MESA
and from the cohort of smokers, and
recruited a small number of participants
from outside MESA. Quantitative MRI
lung perfusion parameters were obtained
at one site; semiquantitative MRI lung
perfusion parameters were measured at all
four sites. Written informed consent was
obtained from all participants, and the
protocol was approved by the Institutional
Review Boards of all collaborating
institutions.

Pulmonary Microvascular Perfusion
Participants underwent cardiac MRI
following the protocol of the fifth
examination of MESA modified to include
dynamic contrast-enhanced pulmonary
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At a Glance Commentary

Scientific Knowledge on the
Subject: Smoking-related
microvascular loss causes end-organ
damage in multiple organs. Basic
research suggests that a similar process
occurs in the lungs; normal smokers
with computed tomography (CT) signs
of centrilobular emphysema have
increased pulmonary perfusion
heterogeneity, and blood vessels
observable on noncontrast CT are
reduced in mostly severe chronic
obstructive pulmonary disease
(COPD). However, studies
demonstrating reduced pulmonary
microvascular blood flow (PMBF) in
COPD and particularly mild COPD are
lacking.

What This Study Adds to the
Field: Using noninvasive,
gadolinium-enhanced magnetic
resonance imaging, we found that
PMBF was reduced in participants with
mild, in addition to more severe,
COPD. PMBF was inversely related to
emphysema severity, particularly for
centrilobular and panlobular
emphysema, and reductions were
independent of disease probability
measures of small airways disease and
gas trapping. This work suggests that
pulmonary microvascular changes
occur early in COPD and represent
a distinct pathological process from
small airways disease. PMBF on
magnetic resonance imaging may
provide an imaging biomarker for
therapeutic strategies targeting the
pulmonary microvasculature in
chronic lung diseases.

ORIGINAL ARTICLE

Hueper, Vogel-Claussen, Parikh, et al.: Pulmonary Microvascular Blood Flow in Mild COPD and Emphysema 571



MRI using 1.5 Tesla MRI (GE and Siemens
Healthcare).

Coronal 3D spoiled gradient echo
sequences were performed at functional
residual volume with a slice thickness of
10 mm at 5-mm intervals between the
anterior and the posterior chest wall.
A bolus of 0.1 mmol/kg bodyweight
gadolinium diethylenetriamine pentaacetate
(Magnevist, Berlex, Wayne, NJ) was injected
at 5 ml/s, followed by a saline flush of 20 ml
at the same rate. First-pass pulmonary
perfusion was assessed with an update rate
of one image per 1.2 to 2.4 seconds.

Pulmonary microvascular perfusion
was assessed on a coronal slice at the level of
the trachea in the peripheral 2 cm of the lung
as previously described (28). This region
was selected to limit assessment to vessels
of no more than 500 mm and
predominantly less than 200 mm in
diameter (29, 30). Quantitative parameters
of pulmonary microvascular blood flow
(PMBF), volume, and mean transit time
were calculated as described in the online
supplement. The semiquantitative
parameters of signal increase after
gadolinium injection and its slope were
calculated from signal intensity–time
curves; these parameters correlate well with
PMBF (28). The coefficient of variation of
all measures was 1.5 to 7.6%.

Spirometry
Spirometry was conducted in accordance
with American Thoracic Society/European
Respiratory Society (ATS/ERS) guidelines
(31) following the MESA Lung protocol
(32). Post-bronchodilator spirometry was
performed after inhalation of two puffs of
albuterol.

COPD was defined as a post-
bronchodilator FEV1/FVC ratio of ,0.70
(33, 34). COPD severity was classified as
mild (FEV1> 80% predicted), moderate
(FEV1 50–80% predicted), and severe
(FEV1, 50% predicted) (33). Predicted
values were calculated using Hankinson
Equations (35) with a 0.88 correction for
Asians (32).

Emphysema and Emphysema
Subtypes
All participants underwent full-lung CTs at
suspended full inspiration on 64-slice helical
scanners (GE and Siemens Healthcare)
following the MESA-Lung/SPIROMICS
protocol (0.984 pitch, 0.5 s, 120 kVp) (36).
Expiratory scans were acquired at functional

residual volume on a subset. Details are
provided in the online supplement.

Emphysematous regions were defined
as voxels within the lung field that fell below
2950 HU, and the percentage emphysema
was defined as the percentage of the lung
voxels that were emphysematous (37). Gas
trapping on CT was defined as regions on
the expiratory scans below 2856 HU.
The upper limit of normal for percentage
emphysema was defined using MESA
reference equations (38).

The percentage of the lung with
emphysema and each emphysema subtype
were assessed qualitatively by experienced
thoracic radiologists using a standardized,
reproducible protocol as previously
described (39).

Registration of PMBF and
Emphysematous Regions
To evaluate alterations in PMBF in lung
regions that were not emphysematous at an
attenuation of 2950 HU, we coregistered
CT scans to MRI perfusion images for
a subset of participants as described in the
online supplement.

Disease Probability Measures on CT
Inspiratory and expiratory CT scans were
coregistered to yield a continuous metric
of small airway disease–like regions,
emphysema-like regions, and regions of
normal lung. Additional details are
provided in the online supplement.

Plethysmography
Body plethysmography was measured with an
Autobox 220 Series instrument and with
aV6200 Series Autobox (Sensormedics/Viasys
Healthcare, Yorba Linda, CA) following
ATS/ERS guidelines (40, 41).

Smoking Status and Other Covariates
Age, sex, race/ethnicity, educational
attainment, pack-years of smoking, and
medical history were self-reported. Height,
weight, resting blood pressure, medications,
fasting plasma glucose, complete blood
count, and oxygen saturation were measured
following MESA protocols (42). Current
smoking was defined as blood cotinine level
.100 ng/ml or urinary cotinine.500 ng/ml
on the day of the examination or report of
cigarette smoking in the prior 30 days.

Semiautomated contouring of the left
ventricle (LV) on MRI (Cardiac Image
Modeller [CIM]; Auckland MRI Research
Group, Auckland, New Zealand) (43) was

used to obtain end-diastolic and end-
systolic volumes, the difference in which was
multiplied by the heart rate to obtain LV
cardiac output. Similar measures were made
for the right ventricle as previously described
(44).

Statistical Analysis
The sample was stratified by COPD severity
for descriptive purposes. Initial tests for
COPD status were performed with a t test.
Subsequently, linear regression was used
to test the association of pulmonary
microvascular perfusion with categories
of COPD severity. The base model was
adjusted for age, sex, race/ethnicity, and
cohort of recruitment. This model was then
additionally adjusted for smoking status,
pack-years, educational attainment, weight,
height, oxygen saturation, and LV cardiac
output. Because the primary test of interest
was the decrement in PMBF in mild COPD,
we specified the Holm’s Step-Down test
a priori to account for multiple
comparisons.

Analyses of percentage emphysema
were additionally adjusted for milliamperes.
All analyses with continuous dependent
variables were weighted according to
cohort-specific probabilities of selection and
enrollment into the MESA COPD study to
account for the sampling approach (45).
Robust standard errors were used in the
weighted analyses.

Generalized additive models were
used to test the linearity of associations
and to depict graphically multivariate
relationships. Analyses were performed in
SAS 9.2 and R 2.14.1.

Results

Participant Characteristics
We enrolled 338 participants, of whom 321
underwent cardiopulmonary MRI, 285
received gadolinium, and 257 had valid
pulmonary microvascular perfusion
measures assessed by signal increase (see
Figure E1 in the online supplement). At one
site, 144 participants received a second
gadolinium bolus, allowing calculation of
PMBF.

The mean age of the 144 participants
was 686 7.1 years, 40% were women,
42% were non-white, 35% were current
smokers, and the median number of pack-
years was 35. Fifty-six percent had COPD
(37% with mild, 46% with moderate, and
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17% with severe COPD), and the
remainder of participants were control
subjects. None of the participants had
evidence of pulmonary embolism on
perfusion MRI or mediastinal tumor or
lymphadenopathy on CT.

Patients with more severe COPD were
more likely to be white and African
American and to have a greater smoking

history, lower body mass index, lower
oxygen saturation, and obstructive sleep
apnea compared with control subjects
(Table 1). Nonpulmonary medication use
was similar across severities of COPD
except calcium-channel blockers, which
were more frequently used in severe
COPD; pulmonary medications were more
commonly used in severe COPD.

Pulmonary Microvascular Perfusion in
COPD
PMBF was 38% lower in patients with COPD
compared with control subjects [mean, 52.1
mlblood/(min $ 100 mllung) vs. 82.7 mlblood/
(min $ 100 mllung); P = 0.004]. The mean
difference between subjects with COPD and
control subjects was 221.7 mlblood/(min $
100 mllung) (95% confidence interval [CI],

Table 1. Clinical Characteristics of Participants in the MESA COPD Study with Measures of Quantitative Pulmonary Perfusion
Stratified by Chronic Obstructive Pulmonary Disease Severity

No COPD
(n = 63)

Mild COPD
(n = 30)

Moderate
COPD
(n = 37)

Severe/Very
Severe COPD

(n = 14)

Age, yr, mean6 SD 68.26 6.5 68.56 7.0 67.16 7.8 65.66 8.0
Male sex, n (%) 35 (55.6) 21 (70.0) 21 (56.8) 9 (64.3)
Race/ethnicity, n (%)
White 32 (50.8) 20 (66.7) 21 (56.8) 10 (71.4)
African American 9 (14.3) 7 (23.3) 11 (29.7) 4 (28.6)
Hispanic 13 (30.2) 3 (10.0) 4 (10.8) 0
Chinese 3 (4.5) 0 1 (2.7) 0

Education, n (%)
<High school degree 17 (27.0) 6 (20.0) 10 (27.0) 2 (14.3)
Some college 15 (23.8) 5 (16.7) 8 (21.6) 7 (50.0)
>College degree 31 (49.2) 19 (63.3) 19 (51.4) 5 (35.7)

Cigarette smoking status, n (%)
Former 44 (69.8) 21 (70.0) 19 (51.4) 9 (64.3)
Current 19 (30.2) 9 (30.0) 18 (48.7) 5 (35.7)
Pack-years of smoking, median (IQR) 27.0 (18.0–42.6) 34.3 (23.5–46.0) 42.5 (37.5–54.7) 37.5 (17.5–52.5)

Height, cm, mean6 SD 1676 9.4 1726 9.4 1696 9.2 1686 8.6
Weight, kg, mean6 SD 80.36 16.2 78.66 13.7 75.86 18.9 74.36 15.7
Body mass index, kg/m2, mean6 SD 28.66 5.1 26.66 3.6 26.26 4.8 26.36 4.6
Oxygenation saturation, %, mean6 SD 97.56 1.5 96.76 2.1 97.46 1.3 96.26 2.1
Percentage ,95.7% saturation 8 (12.9) 6 (23.1) 2 (5.9) 3 (33.3)
Hypertension, n (%) 22 (34.9) 11 (36.7) 17 (27.0) 6 (42.9)
Systolic blood pressure, mm Hg, mean6 SD 1196 15.0 1196 15.2 1276 14.8 1256 13.1
Diastolic blood pressure, mm Hg, mean6 SD 69.36 9.7 71.16 10.5 73.46 9.4 77.26 10.1
Diabetes mellitus, n (%) 11 (17.5) 2 (6.7) 7 (18.9) 3 (21.4)
Fasting plasma glucose, mg/dl, median (IQR) 100 (94.0–110) 103 (91.0–108) 102 (97.0–113) 94.0 (87.0–108)
Obstructive sleep apnea, self-reported, n (%) 2 (3.2) 3 (10.0) 3 (8.1) 2 (14.3)
Medication use
Statin, n (%) 21 (33.3) 14 (46.7) 18 (48.7) 5 (35.7)
ACE inhibitors or angiotensin antagonists, n (%) 11 (17.5) 11 (36.7) 13 (35.1) 3 (21.4)
Calcium channel blockers, n (%) 11 (17.5) 2 (6.7) 8 (21.6) 4 (28.6)
b-blockers, n (%) 7 (11.1) 4 (13.3) 9 (24.3) 1 (7.1)
Omega-3, n (%) 7 (11.1) 2 (6.7) 5 (13.5) 0
Postmenopausal hormones (among women), n (%) 1 (3.6) 0 0 0
Aspirin, n (%) 28 (44.4) 18 (60.0) 19 (51.4) 4 (28.6)
Short-acting bronchodilators, n (%) 0 2 (6.7) 7 (18.9) 10 (71.4)
Long-acting bronchodilators, n (%) 1 (1.6) 1 (3.3) 2 (5.4) 3 (21.4)
Inhaled or systemic corticosteroids, n (%) 2 (3.2) 3 (10.0) 5 (13.5) 12 (85.7)
Home oxygen therapy, n (%) 0 0 0 5 (35.7)

White blood cell count, billions/L, mean6 SD 6.56 1.8 6.26 1.3 7.36 1.9 7.66 2.6
Hemoglobin, g/L, mean6 SD 13.96 1.4 14.16 0.9 13.86 1.3 13.96 0.8
FEV1, % predicted, mean6 SD 1016 16.9 92.16 11.4 68.66 8.0 40.66 6.0
FVC, % predicted, mean6 SD 98.56 16.2 1086 13.2 92.86 12.4 81.16 13.6
FEV1/FVC ratio, mean6 SD 0.776 0.04 0.646 0.05 0.576 0.09 0.386 0.06
Percentage emphysema2950, median (IQR) 0.85 (0.43–1.52) 2.64 (1.04–4.72) 2.65 (1.05–7.89) 13.4 (7.11–26.7)
Left ventricular cardiac output, l/min, mean6 SD 5.126 0.95 4.806 0.92 4.706 0.95 4.846 1.32
DLCO, %, mean6 SD (n = 87) 67.56 9.5 64.86 11.6 53.46 15.3 40.56 14.9
DLCO/VA, %, mean6 SD (n = 87) 78.56 13.5 70.46 15.4 67.06 19.2 58.16 20.3
RV/TLC ratio, mean6 SD (n = 87) 0.326 0.06 0.326 0.06 0.396 0.08 0.496 0.08

Definition of abbreviations: ACE = angiotensin converting enzyme; COPD = chronic obstructive pulmonary disease; DLCO = diffusing capacity of carbon
monoxide; IQR = interquartile range; MESA =Multi-Ethnic Study of Atherosclerosis; RV = residual volume; TLC = total lung capacity.
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27.3 to 236.0; P = 0.003) after accounting
for demographic and anthropological
factors, smoking, oxygen saturation, and LV
cardiac output.

PMBF was significantly reduced in mild
COPD in addition to in moderate and severe
COPD (P, 0.01 for all comparisons) in

both minimally and fully adjusted models
(Table 2). The 30% reduction in PMBF in
mild COPD was of similar magnitude to that
in moderate COPD; in severe COPD, PMBF
was reduced by 53%. These differences were
clearly visible in the perfusion maps
(Figure 1). The relationship of the PMBF to

the FEV1/FVC ratio was approximately
linear (Figure E2).

In addition, pulmonary microvascular
blood volume was reduced in patients with
COPD compared with control subjects
(mean difference, 21.1 mlblood/100 mllung;
95% CI, 20.2 to 22.1; P = 0.02) and in
patients with mild COPD (Table 2). The
increase in mean transit time was
nonsignificant (multivariate mean difference,
0.3 s; 95% CI, 20.3 to 0.8; P = 0.36).

Pulmonary Microvascular Perfusion
and Percentage Emphysema
PMBF was significantly and monotonically
related to percentage emphysema on CT
(Table 3). Mean PMBF among participants
in the highest quintile of percentage
emphysema was less than half of that in the
lowest. The relationship between PMBF
and percentage emphysema was nonlinear
(P = 0.015), demonstrating a greater
reduction in PMBF in milder disease
(Figure E3).

Percentage emphysema was also
associated with large reductions in pulmonary
microvascular blood volume and marginal
increases in mean transit time (Table 3).

Pulmonary Microvascular Perfusion
and Emphysema Subtypes
Similar to findings for percentage
emphysema, PMBF was reduced among
participants with radiologist-defined
emphysema (adjusted P = 0.01). This
reduction was related to the extent of
panlobular emphysema and centrilobular
emphysema (Table 4), whereas there was

Table 2. Predicted Mean Pulmonary Microvascular Perfusion across Categories of Chronic Obstructive Pulmonary Disease Severity
(N = 144)

None (n = 63) Mild (n = 30) Moderate (n = 37) Severe (n = 14)

Pulmonary microvascular blood flow, mlblood/(min $ 100 mllung)

Model 1, predicted mean 81.7 56.8* 58.0* 38.8*
Model 2, predicted mean 81.4 59.7* 62.7† 43.1*

Pulmonary microvascular blood volume, mlblood/100 mllung

Model 1, predicted mean 5.03 3.90† 4.43 3.10†

Model 2, predicted mean 5.05 3.96† 4.04 3.23†

Mean transit time, s

Model 1, predicted mean 3.84 4.36 4.51† 5.14†

Model 2, predicted mean 6.89 5.76 5.91 5.04†

Model 1 was adjusted for age, sex, race/ethnicity, and cohort. Model 2 was adjusted for variables in model 1 in addition to smoking status, pack-years,
education, weight, height, oxygen saturation, and left ventricular cardiac output.
*P, 0.01.
†P, 0.05.

Figure 1. Quantitative maps of pulmonary microvascular blood flow (PMBF) of participants with varying
chronic obstructive pulmonary disease (COPD) severities and a participant without COPD. Shown are
examples of PMBF maps in a participant without COPD and in participants with mild, moderate, and severe
COPD. Window width and level are the same for all examples. PMBF is globally reduced in the examples of
participants with mild, moderate, and severe COPD, as is blood flow in the region defined as representing the
microvasculature (peripheral 2 cm of the lung). PMBF was reduced in emphysematous regions of lung (e.g.,
superior lung in the case of mild COPD); these regions were excluded in the results provided in Table 5.

ORIGINAL ARTICLE

574 American Journal of Respiratory and Critical Care Medicine Volume 192 Number 5 | September 1 2015



no relationship of PMBF to paraseptal
emphysema.

Pulmonary Microvascular Perfusion in
Nonemphysematous Regions of the
Lungs
Results were similar for pulmonary
microvascular perfusion and COPD in
regions of the lung with attenuation above
the standard threshold for emphysema of
2950 HU: the mean difference between
patients with COPD and control subjects

in the fully adjusted model was
228 mlblood/(min $ 100 mllung) (95% CI,
253 to 211; P = 0.007). Results by COPD
severity (Table 5) demonstrated, if
anything, greater decrements in mild
COPD compared with the main analysis.

Adjustment for RV Structure and
Function
Adjustment for RV end-diastolic volume,
mass, or ejection fraction did not attenuate
the observed reductions in PMBF in mild or

more severe COPD, with emphysema, or
with emphysema subtypes (see Table E1 in
the online supplement).

Pulmonary Microvascular Perfusion,
Disease Probability Measures of
Emphysema and Small Airways, and
Gas Trapping
Reductions in PMBF were large and
statistically significant in participants with
emphysema by disease probability measures
regardless of small airway disease measures,

Table 3. Predicted Mean Values of Pulmonary Microvascular Perfusion Measures by Quintile of Percentage of Emphysematous
Lung on Computed Tomography (N = 143)

CT Percentage Emphysema Predicted Mean Value

Difference per Unit Increase
in log 2950 HU (95% CI) P Value

Quintile 1
(n = 29)

Quintile 2
(n = 28)

Quintile 3
(n = 29)

Quintile 4
(n = 28)

Quintile 5
(n = 29)

Pulmonary microvascular blood flow, mlblood/(min $ 100 mllung)

Model 1 89.8 76.2 67.7 56.3 39.2 213.8 (218.6 to 28.89) ,0.001
Model 2 91.3 77.9 69.4 58.2 41.3 213.6 (218.9 to 28.30) ,0.001

Pulmonary microvascular blood volume, mlblood/100 mllung

Model 1 5.88 5.21 4.79 4.23 3.39 20.68 (21.04 to 20.31) ,0.001
Model 2 5.76 4.98 4.49 3.84 2.86 20.79 (21.18 to 20.40) ,0.001

Mean transit time, s

Model 1 3.67 3.99 4.19 4.45 4.85 0.32 (0.13 to 0.52) 0.01
Model 2 3.91 3.88 4.00 4.18 4.45 0.22 (0.01 to 0.43) 0.045

Definition of abbreviations: CI = confidence interval; CT = computed tomography; HU =Hounsfield units.
Model 1 was adjusted for age, sex, race/ethnicity, and cohort. Model 2 was adjusted for variables in model 1 in addition to smoking status, pack-years,
education, weight, height, oxygen saturation, left ventricular cardiac output, and high milliamperes.

Table 4. The Association of Pulmonary Perfusion Measures with Emphysema Subtypes (N = 142)

Centrilobular
Emphysema

(per log Unit Increase) P Value

Panlobular
Emphysema

(per log Unit Increase) P Value

Paraseptal
Emphysema

(per log Unit Increase) P Value

Pulmonary microvascular blood flow, mlblood/(min $ 100 mllung)

Model 1, mean
difference

212.3 (218.9 to 25.58) ,0.001 212.3 (220.9 to 23.59) 0.006 22.07 (214.7 to 10.6) 0.75

Model 2, mean
difference

29.65 (216.3 to 22.97) 0.005 211.2 (218.7 to 23.66) 0.004 2.91 (210.0 to 15.8) 0.66

Pulmonary microvascular blood volume, mlblood/100 mllung

Model 1, mean
difference

20.57 (21.00 to 20.14) 0.01 20.58 (21.09 to 20.06) 0.03 0.23 (20.58 to 1.06) 0.57

Model 2, mean
difference

20.60 (21.04 to 20.15) 0.009 20.65 (20.10 to 0.10) 0.005 0.25 (20.62 to 1.13) 0.57

Mean transit time, s

Model 1, mean
difference

0.32 (0.05 to 0.58) 0.02 0.41 (0.06 to 0.76) 0.02 0.45 (20.02 to 0.91) 0.06

Model 2, mean
difference

0.15 (20.11 to 0.42) 0.25 0.24 (20.04 to 0.53) 0.10 0.06 (20.40 to 0.52) 0.81

Model 1 was adjusted for age, sex, race/ethnicity, and cohort. Model 2 was adjusted for variables in model 1 in addition to smoking status, pack-years,
education, weight, height, oxygen saturation, and left ventricular cardiac output.
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whereas PMBF was only modestly and
nonsignificantly reduced in those with
disease probability measures of small airway
disease (Figure 2).

PMBF was inversely associated with the
disease probability measures of emphysema

and small airways disease in minimally and
fully adjusted models, and both were
associated with decrements in PMBF
independent of the other (Table E2). Results
were similar for pulmonary blood
volume, but mean transit time was increased

in the fully adjusted model only with
greater disease probability measures of
emphysema.

PMBF was not significantly associated
with the plethysmographic measures of
gas trapping residual volume or residual
volume/total lung capacity (Table E3).
Associations of PMBF with mild COPD and
percentage emphysema also remained
significant with additional adjustment for
gas trapping on CT (P = 0.02 and P = 0.006,
respectively).

Additional Analyses
The associations of PMBF with any COPD,
mild COPD, and percentage emphysema were
similar in sensitivity analyses (1) restricted to
participants without hypoxemia, participants
recruited from MESA and the emphysema
progression cohort only, and whites and
African Americans only; (2) excluding
participants with hypertension, diabetes, or
obstructive sleep apnea, using a 2910 HU
threshold for percentage emphysema; and (3)
additionally adjusted for white blood cell
count, medication use, and oxygen use
(Figures E4A–E4C).

Associations of PMBF with COPD and
mild COPD were of somewhat greater
magnitude among current smokers than
former smokers (Figures E4A and E4B),
although the interactions were not
statistically significant (e.g., P = 0.58 for
COPD). Statistical weighting did not
substantially affect the results
for percentage emphysema (Figure E4C).

Table 5. Association of Mean Pulmonary Microvascular Perfusion in Regions of the Lung with Attenuation of More Than 2950
Hounsfield Units across Categories of Chronic Obstructive Pulmonary Disease Severity

No COPD (n = 18) Mild COPD (n = 12) Moderate COPD (n = 13) Severe COPD (n = 5)

Medial pulmonary microvascular blood flow, mlblood/(min $ 100 mllung)

Model 1, predicted mean 88.8 43.3* 54.4† 43.3‡

Model 2, predicted mean 88.8 44.4* 68.1 54.1†

Medial pulmonary microvascular blood volume, mlblood/100 mllung

Model 1, predicted mean 5.03 3.06* 4.07 3.69
Model 2, predicted mean 5.03 3.01 4.15 4.03

Medial mean transit time, s

Model 1, predicted mean 3.50 4.65† 3.90 5.52*
Model 2, predicted mean 3.51 4.43† 3.58 4.96†

Definition of abbreviation: COPD = chronic obstructive pulmonary disease.
Model 1 was adjusted for age, sex, race/ethnicity, and cohort. Model 2 was adjusted for variables in model 1 in addition to smoking status, pack-years,
education, weight, height, oxygen saturation, and cardiac output.
*P, 0.001.
†P, 0.05.
‡P, 0.01.
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Figure 2. Mean pulmonary microvascular blood flow (PMBF) among participants with emphysema
compared with small airways disease. The presence of emphysema and small airways disease was
defined by disease probability measures on co-registered computed tomography results greater than the
median value. The mean values of PMBF were adjusted for age, sex, race/ethnicity, cohort, weight,
height, and chronic obstructive pulmonary disease. Mean PMBF was reduced in participants with
emphysema without (n = 11; P=0.03) and with (n = 29; P=0.02) reductions in small airway count but did
not differ significantly among participants with reduced small airway count only (n = 13; P= 0.15)
compared with those with neither phenotype.
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In multivariable analyses that adjusted
for both COPD and percentage emphysema,
the association of PMBF and percentage
emphysema remained significant (P, 0.001),
as did that for COPD (P = 0.03).

Signal Increase
A similar pattern of results for pulmonary
microvascular perfusion assessed as Signal
Increase was observed in the larger sample
of 257 patients across categories of COPD
severity and with percentage emphysema
(Tables E4 and E5).

Discussion

PMBF assessed by dynamic contrast-
enhanced MRI was substantially reduced in
mild, as well as moderate and severe, COPD
and was related to emphysema on CT
scan, particularly of the panlobular and
centrilobular types. The findings suggest
marked microvascular damage in COPD
and emphysema, provide evidence for
microvascular changes early in the disease
process, and suggest a vascular process
distinct from small airways disease.

The current results from state-of-the-
art MRI scanning are broadly consistent
with an earlier meta-analysis of 10 small
studies that assessed ventilation and
perfusion using the multiple inert gas
elimination technique (46). That study
demonstrated abnormal ventilation/
perfusion heterogeneity in 15 patients
with mild COPD predominantly due to
increased dispersion of pulmonary blood
flow. Similar to the present study, perfusion
abnormalities were marked in mild COPD
and only slightly worse in severe/very
severe COPD. Other smaller studies of
pulmonary perfusion in more severe COPD
have found consistent associations using,
variously, MRI (16, 17), single photon
emission tomography (47, 48), and CT
perfusion scanning (15, 49). These studies,
however, were small, single-center, and
generally uncontrolled.

The current results are also consistent
with a study of predominantly severe COPD
that showed that ratios of small (,5 mm2) to
total vessel volumes visible on noncontrast
CT were inversely associated with
percentage emphysema and reduced in
severe COPD (18), although that study
assessed neither the pulmonary
microvasculature nor blood volume per se.
The present study extends the findings to

mild COPD and emphysema subtypes with
adjustment for multiple cardiac and
physiologic factors. Importantly, PMBF was
also markedly reduced in regions of the lung
that are considered nonemphysematous
based on the standard thresholding on CT,
suggesting that the observed reductions were
not simply due to overt loss of lung tissue.

The present study did not assess the
mechanism of the marked decrement in
PMBF in mild COPD and emphysema
directly; however, cigarette smoking causes
endothelial dysfunction in the pulmonary
and systemic circulations (6, 50), and
a variety of lipid moieties, including
ceramide, cause pulmonary endothelial
cell apoptosis and emphysema in animal
models (10, 51). A growing literature in
humans suggests endothelial dysfunction,
whether measured ex vivo (13, 52) or
in vivo indirectly by flow-mediated
dilation of the brachial artery (26, 53) or
more directly by endothelial
microparticles (54–56), occurs early in
COPD and emphysema.

Findings were strongest for
emphysema and particularly for panlobular
and centrilobular emphysema. The
association with panlobular emphysema in
humans is consistent with original, but little
examined, observations of elastin models
of panlobular emphysema in animals
(57) and with newer experimental work
demonstrating the vascular effects of
a1-antitrypsin (58–60) deficiency.

Regional hypoxic pulmonary
vasoconstriction undoubtedly contributed
to some of the observed decrement in
PMBF as mild to moderate hypoxia
can contribute to vasoconstriction
and remodeling of the subepithelial
microvascular bed (61). We did not measure
regional hypoxia in the lung or arterial blood
gases. However, few patients with mild
COPD were hypoxemic, and our results were
unchanged among participants without
hypoxemia (e.g., oxygen saturation >98%).
Hence, it is unlikely that hypoxia alone caused
the observed marked reduction in pulmonary
microvascular perfusion in mild COPD.

An alternative explanation is that gas
trapping due to small airways disease reduced
PMBF. To address this concern, we used
disease probability measures of coregistered
scans to define the extent of emphysema and
small airways disease and found that PMBF
was reduced in patients with emphysema
and little to no evidence of small airways
disease. Furthermore, gas trapping on

plethysmography was not associated with
PMBF, and findings were independent of gas
trapping on CT. Together, these findings
suggest that reduced PMBF is a feature
predominantly of emphysematous COPD
and less of small airways–related COPD.

Reduced cardiac output is prominent in
early COPD and emphysema (62). However,
the observed reductions in PMBF were
independent of (and probably contributed
to) reductions in LV cardiac output. The
observed reductions in cardiac output may
have contributed to the reduced right
ventricular volumes that we recently
described in this cohort, particularly in
centrilobular emphysema (44). The present
findings for PMBF, however, were robust to
adjustment for right ventricular structure
and function, which implies the primacy
of changes in the pulmonary vasculature,
particularly in panlobular emphysema.

Sleep apnea is associated with COPD in
clinical populations (63), although not
in general population samples like the present
one (64), and may have a small contribution
to pulmonary vascular changes in COPD.
Sleep apnea was assessed only by self-report;
nonetheless, exclusion of these patients had
no appreciable impact on the findings.

We did not validate PMBF against
anatomically confirmed microvascular
damage in COPD or pulmonary pressures;
however, we have previously shown PMBF
to be inversely associated with CD311
endothelial microparticles, markers of
endothelial damage (56). Furthermore,
gadolinium-enhanced imaging is a well-
accepted and validated measure of
myocardial microvascular disease in the
absence of epicardial coronary (muscular)
artery disease (65, 66). Because there is no
difference in the lumen diameter of the
muscular pulmonary arteries in patients
with mild COPD compared with smoking
control subjects (12) and because pulmonary
perfusion was assessed in the periphery
of the lung that is perfused mostly by
the microvasculature, it is reasonable to
conclude that our measures of pulmonary
perfusion represent microvascular perfusion.

We quantified lung perfusion only in
a mid-lung coronal slice and did not examine
the whole lung. This approach was chosen
becausewe focused onmicrovascular perfusion
rather than redistribution of blood flow.

There remains some disagreement on
the optimal definition of COPD. The present
one was based upon current guidelines (34),
and Figure E2A shows no evidence for an
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inflection at any threshold of the FEV1/FVC
ratio. Mild COPD is not synonymous with
early COPD; nonetheless, mild decrements
in lung function strongly predict accelerated
decline in the FEV1 and progression of
COPD (67) such that, it is hypothesized,
ongoing prospective follow-up of this cohort
will demonstrate the prognostic significance
of these measures in early COPD.

Finally, the current study is cross-
sectional; hence the direction of the
association is not entirely clear and may be
subject to selection bias. The latter was
minimized by the mostly nested design
of the study, and fully nested analyses
confirmed the main findings.

In conclusion, PMBF was markedly
reduced in mild COPD and emphysema
as well as in more severe COPD. These
findings, together with prior animal work
(10, 68, 69), suggest that reduced PMBF
might be implicated in the pathogenesis of
emphysematous COPD. PMBF on MRI
may be a helpful imaging biomarker for
therapies targeting the pulmonary
vasculature given that it is reproducible
(28), noninvasive, specific, and easily
repeatable in the short term. Randomized
clinical trials of therapies targeting the
microvasculature in early COPD and
emphysema are warranted to determine
if the observed association underlies

a reversible component of COPD
pathogenesis. n
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