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Tobacco smoking is a risk factor for both pulmonary disease and atherosclerosis and 
a number of studies have provided both experimental and epidemiological evidence 
about the potential links between chronic obstructive pulmonary disease and 
atherosclerosis that is not explained by tobacco smoking alone. While this evidence 
is very compelling, the direct mechanisms that potentially accelerate atherosclerosis 
development in patients with chronic obstructive pulmonary disease have not 
been established. At the same time, major advances in quantitative pulmonary and 
vascular noninvasive imaging tools have advanced the development and validation of 
surrogate or intermediate end points of these chronic disorders. This article provides 
a review of emerging and established imaging methods that have the potential to 
quantify pulmonary disease and atherosclerosis noninvasively and robustly, in the 
same patients over time; we summarize studies that endeavored to evaluate lung 
structure–function and atherosclerosis in order to provide novel insights on disease 
pathogenesis and progression.

Keywords:  atherosclerosis • computed tomography • COPD • intima–media thickness • MRI 
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Background & overview: is there 
a relationship between chronic 
lung & vascular disease that is not 
explained by smoking history?
There is increasing evidence that chronic 
obstructive pulmonary disease (COPD) and 
atherosclerosis may be directly and mecha-
nistically related beyond shared risk factors 
of cigarette smoking and exposure to envi-
ronmental pollutants. Large-scale investiga-
tions such as the Lung Health study [1], the 
MESA lung study [2] and the ARIC study 
[3], along with population-based studies on 
COPD mortality and morbidity [4–6], have 
established that impaired lung function is a 
risk factor for vascular disease, independent 
of cigarette smoking. While atherosclerosis 
and chronic pulmonary disease share com-
mon risk factors such as cigarette smoke, air 
pollution, biomass exposure, poor nutrition 
and in much of the developed world, low 
socioeconomic status [7], the relationship 

between COPD and atherosclerosis-related 
morbidities, such as ischemic heart disease 
and stroke, extend beyond these shared risk 
factors. However, the exact mechanisms 
underlying this relationship are not well 
understood [8].

As shown in Figure 1, van Eeden and oth-
ers have recently proposed the ‘lung perme-
ability’ theory as an important mechanism 
behind the relationship between COPD and 
atherosclerosis [8]. These authors and others 
suggest that inhalation of the environmen-
tal irritant (e.g., cigarette smoke, air pollu-
tion particles, respiratory viral or bacterial 
microbes) is the inciting event. In response, 
the host mounts a robust inflammatory reac-
tion to control and eliminate these envi-
ronmental irritants, preventing the direct 
translocation of toxic chemicals, respiratory 
pathogens and air pollution particles into the 
systemic circulation and enabling the host 
defenses to remove these unwanted visitors. part of
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To promote this process, airway epithelial cells, alveo-
lar macrophages and various circulating hematopoietic 
cells (e.g., neutrophils) synthesize cytokines, chemo-
kines and reactive oxygen and nitrogen species in the 
lungs. Because the lungs are highly vascularized, it is 
possible although not proven, that during periods of 
inflammatory and oxidant stress, the alveolar–capil-

lary interface may become highly permeable and allow 
inflammatory mediators to migrate into the systemic 
circulation. Some of these inflammatory mediators 
(e.g. IL-6 and IL-1β) can coax the liver to increase 
production of secondary mediators of inflammation 
such as C-reactive protein, fibrinogen, serum amyloid 
protein and procoagulant factors, and the bone mar-
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Figure 1. Proposed mechanism explaining atherosclerosis burden in patients with chronic lung disease related 
to smoking or environmental toxins. Chronic exposure to toxins, mainly cigarette smoke and/or air pollution 
triggers an inflammatory response within the lung air spaces that is dominated by alveolar macrophages. 
The inflammatory markers within the alveoli spill [8] into the vascular system where they stimulate the liver 
and bone marrow to release various inflammatory and coagulation mediators such as: C-reactive protein, 
fibrinogen, platelets and leukocytes. The systemic inflammatory response that follows promotes atherogenesis in 
combination with high levels of circulating cholesterol, coagulation factors and inflammatory mediators. 
LDL: Low-density lipoprotein; NO: Nitric oxide.
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row to increase the synthesis and release of leukocytes 
into the systemic circulation, causing an amplification 
of the inflammatory signal. With chronic lung insult 
(as in the case of cigarette smoking or living in highly 
polluted areas), the alveolar–capillary interface may 
‘re-model’ and become persistently ‘leaky’, leading 
to a state of chronic (low-grade) systemic inflamma-
tion, even after the environmental exposure is removed 
(as in the case of smoking cessation). The constantly 
elevated level of inflammatory markers may contribute 
to the genesis and progression of atherosclerosis. How-
ever, recent work in this area [9,10] has shown that sys-
temic inflammation is not the only factor contributing 
to atherogenesis in COPD. In fact, systemic inflam-
mation is common to several COPD comorbidities [9] 
and it was recently shown that COPD patients with 
cardiovascular disease differ only in levels of IL-6 [10]. 
This suggests there must be other drivers of cardiovas-
cular disease in COPD. Potential mediators, such as 
nutrition, inactivity, genetic factors or medication, may 
promote vascular dysfunction in COPD patients.

To date, the large majority of studies evaluating 
links between pulmonary and vascular disease have 
focused on pulmonary function tests to assess lung 
function and mainly carotid atherosclerosis intermedi-
ate end points such as intima–media thickness (IMT). 
One major limitation of ‘global’ pulmonary function 
tests is that they provide no anatomical or regional 
information of the lungs [11]. This limitation has been 
surmounted by the advent of noninvasive pulmonary 
imaging techniques that can directly quantify pulmo-
nary structure–function correlates and enable accurate 
phenotyping of disease [12–14].

The risk of atherosclerosis can be monitored with 
or without vascular imaging techniques. Commonly, 
blood level measurements of lipids such as low-den-
sity lipoprotein, high density lipoprotein and triglyc-
erides and, less frequently, inflammatory mediators 
such as C-reactive protein and myeloperoxidase, are 
used to provide surrogate measures of lipid profile and 
systemic inflammation, which may play a role in ath-
erogenesis. In addition to blood sampling, the ankle 
brachial index (ABI) – the ratio of the systolic pres-
sure of the ankle to the arm – is also widely used as 
another ‘nonimaging’ surrogate measure of atheroscle-
rosis [15,16]. Although these nonimaging methods have 
been used in pulmonary–vascular disease studies, they 
are limited in the fact that they provide measurements 
of ‘generalized’ atherosclerosis or vascular disease [15]. 
From a direct imaging perspective, carotid ultrasound 
(US) measurements have emerged as reliable tools for 
evaluating atherosclerosis burden because they corre-
late well with future cardiovascular events [17,18] and, 
importantly, the method is relatively rapid, inexpensive 

and uncomplicated to acquire and quantify. Although 
there is still some controversy as to which US measure-
ment best estimates risk of outcomes such as stroke [19], 
there is no disagreement that extensive development 
of noninvasive imaging methods to directly quantify 
atherosclerosis [20–24] has stimulated the development 
of improved medical treatment options and improved 
outcomes [25].

As several excellent reviews are available on chronic 
respiratory disease [26] and cardiovascular risk [7,27–29], 
and owing to the limited use of angiography [30–33] and 
intravascular US [34,35] for research purposes outside 
of coronary artery disease, here we focus on emerging 
pulmonary and atherosclerosis imaging techniques. 
There are few studies published that use imaging to 
interrogate pulmonary and vascular disease in the 
same patients. As summarized in Table 1, a number 
of key studies have primarily used imaging to inves-
tigate the relationship between carotid atherosclerosis 
and pulmonary function in COPD. Collectively, these 
studies provide a strong foundation for future stud-
ies that may incorporate novel imaging methods of 
both pulmonary and vascular disease in smokers and 
ex-smokers.

Imaging atherosclerosis
Carotid arteries
Carotid atherosclerosis is the main cause of transient 
ischemic attack and ischemic stroke, and is believed to 
be closely linked to atherosclerosis in the coronary and 
peripheral vascular beds that cause myocardial infarc-
tion and leg claudication, respectively [50]. As shown 
in Figure 1 and in more detail in Figure 2, the carotid 
artery bifurcates within the neck and in most subjects, 
this allows for direct and noninvasive imaging through 
the neck tissues using US methods. In the longitudinal 
or transverse view, the atherosclerotic plaque is typi-
cally observed near the bifurcation and in the internal 
carotid artery and, in the axial view, wall thickening 
and lumen stenosis can be visualized.

Several imaging techniques have evolved to bet-
ter understand the morphology of atherosclerosis and 
monitor its progression over time. Brightness-mode 
(B-mode) carotid US is a noninvasive, relatively inex-
pensive imaging technique that provides direct mor-
phological measurements at the site of future cardiovas-
cular events [18,51]. Doppler US is commonly used for 
evaluating carotid stenosis [52]. For research purposes, 
3D US and carotid MRI are unique among carotid 
imaging methods in their ability to readily distinguish 
between different atherosclerotic tissue components 
and plaques. This provides a way to potentially assess 
carotid plaque vulnerability [20]. Distinct from carotid 
atherosclerosis imaging, imaging the heart using 
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Table 1. Summary of studies investigating lung and heart disease using imaging.

Study Sample 
(n)

Age 
range 
(years)

Sex, 
M/F (%)

Location Cardiovascular 
measurements

Pulmonary 
measurements

Study results Ref. 

Ebrahim 
et al.

800 56–77 53/47 Britain Carotid US FEV1 Cross-sectional 
association with FEV1 and 
IMT

[36] 

Engström 
et al.

207 55 100/0 Sweden Calf 
plethysmography, 
ABI, Doppler US

FEV1, VC Lower FEV1 and VC in 
men with atherosclerosis

[37]

Zureik 
et al.

656 59–71 38/62 France Carotid US PEF Subjects within lowest 
quintile of PEF >IMT

[38]

van den 
Hout et al.

19 21–73 79/21 The 
Netherlands

Real-time MRI 
flow

Breathing 
maneuvers

Decreased stroke volume 
in COPD

[39]

Schroeder 
et al.

14,480 45–64 43/57 USA 
(ARIC study)

ABI, carotid US FEV1, FVC and 
FEV1/FVC

Decreased FEV1 
associated with <ABI and 
>IMT

[3]

Iwamoto 
et al.

305 45–60 100/0 Japan Carotid US FEV1, FVC and 
FEV1/FVC

IMT and plaque highest 
in smokers with COPD. 
Negative correlation 
between FEV1 and IMT

[40]

van Gestel 
et al.

585 69 78/22 The 
Netherlands

Carotid US COPD based on 
GOLD

IMT associated with 
COPD severity. Increased 
IMT associated with 
increased risk of total 
mortality in COPD 
patients

[41]

Dransfield 
et al.

240 55–74 154/86 USA
(NLST study)

CT aortic 
calcification

CT percent 
emphysema

COPD subjects 
had greater aortic 
calcification. Aortic 
calcification correlated 
with percent emphysema

[42]

Kim et al. 116 60 98/2 Korea Carotid US FEV1, FVC and 
FEV1/FVC

IMT higher in COPD 
subjects IMT negatively 
correlated with FEV1, FVC 
and FEV1/FVC

[43]

McAllister 
et al.

1312 45–84 52/48 USA
MESA study

CT coronary 
calcification 
MRI aortic 
distensibility

FEV1, FVC and 
FEV1/FVC CT 
percentage 
emphysema

Lower FEV1 and FEV1/FVC 
associated with aortic 
calcification

[44]

Matsuoka 
et al.

51 47–82 57/43 USA
LTRC study

CT aortic 
calcification

CT of pulmonary 
vessels, LAA 
FEV1, FVC, FEV1/
FVC and DLCO

Aortic calcification 
related to percentage of 
vessels with CSA <5 mm2 
but not with LAA or FEV1

[45]

Frantz 
et al.

448 46–78 41/59 Sweden Carotid US FEV1, FVC and 
FEV1/FVC TLC, 
RV and DLCO

More subjects with a 
COPD diagnosis had 
plaques FEV1, VC and DLCO 
lower and RV higher in 
subjects with ICA plaques

[46]

A: Aorta; ABI: Ankle-brachial index; CSA: Cross-sectional area; CT: Computed tomography; DL
CO
: Diffusing capacity of the lung for carbon monoxide; FEV

1
: Forced 

expiratory volume in 1 s; FVC: Forced vital capacity; GOLD: Global initiative for Chronic Obstructive Lung Disease; IMT: Intima–media thickness; LAA: Low 
attenuation area; LTRC: Lung Tissue Research Consortium; PA: Pulmonary artery; PEF: Peak expiratory flow; RV: Residual volume; TLC: Total lung capacity; 
US: Ultrasound; VC: Vital capacity. 
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thoracic computed tomography (CT) for the detection 
and quantification of coronary artery calcifications 
has also emerged as a means to noninvasively evaluate 
atherosclerosis risk [33].

B-mode US
B-mode US is typically used to image carotid arter-
ies for atherosclerotic burden, principally because it is 
noninvasive, relatively inexpensive and widely avail-
able in most clinical facilities. To obtain a 2D gray-
scale image, high-frequency US pulses are transmitted 
to internal tissues and their reflections (which them-
selves are dependent on the different acoustic imped-
ances of the tissues) are converted to different pixel 
intensities [53,54]. A good example of this is provided in 
Figure 3 and shows the IMT measurement that is now 
recognized as robust and reliable for evaluating ath-
erosclerotic burden [55]. It provides a 1D measurement 
of the mean distance between the lumen–intima and 
media–adventitia boundaries of the common carotid 
artery [54]. To standardize IMT measurements, guide-
lines were established by the Mannheim Intima–Media 
Thickness Consensus [56,57]. The 2D US images used 
to segment IMT are either generated by navigating 
a reconstructed 3D volume to visualize the desired 

plane [58], or by directly acquiring a 2D image using 
the US probe [23]. Importantly, IMT measurements 
do not incorporate a measure of carotid plaque, as 
users are encouraged to perform IMT segmentation 
only in regions of the common carotid artery that 
are void of plaque to ensure they capture an accurate 
representation of the intima–media layer [56,57].

Doppler US
Carotid Doppler US incorporates B-mode and Dop-
pler US imaging [59]. The recorded B-mode 2D image 
provides structural and anatomical information about 
the vessel and surrounding tissues, while the Dop-
pler component provides useful information about 
the blood flow in the vessel [60]. This offers a way to 
determine the velocity of blood in a vessel and pro-
vides information regarding the degree of stenosis in 
the artery [60]. Atherosclerotic stenosis and blood flow 
velocity are directly proportional; therefore, arteries 
with larger plaques present with a greater blood veloc-
ity [60]. Even though carotid disease is still diagnosed 
using conventional angiography, carotid Doppler US 
is suggested to be the most accurate noninvasive imag-
ing modality in screening individuals for carotid artery 
stenosis [52,60].
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Table 1. Summary of studies investigating lung and heart disease using imaging (cont.).

Study Sample 
(n)

Age 
range 
(years)

Sex, 
M/F (%)

Location Cardiovascular 
measurements

Pulmonary 
measurements

Study results Ref. 

Barr et al. 3642 45–84 49/51 USA
(MESA study)

Carotid US ABI 
CT coronary 
calcification

FEV1, FVC and 
FEV1/FVC CT for 
LAA

FEV1, FVC and FEV1/FVC 
associated with ABI, 
upper-lobe emphysema 
associated with ABI and 
IMT

[2]

Lahousse 
et al.

1173 55 43/57 The 
Netherlands
(Rotterdam 
study)

Carotid US, MRI FEV1, FVC and 
FEV1/FVC COPD 
based on GOLD

Carotid wall thickening 
higher in subjects with 
COPD, carotid artery 
plaques with a lipid core 
more prevalent in COPD

[47]

Rasmussen 
et al.

1535 57–65 55/45 Denmark 
(Danish LCST 
study)

CT coronary 
calcification

FEV1, FVC and 
FEV1/FVC

Correlation between 
coronary artery 
calcification and FEV1, 
COPD severity related to 
calcification risk score

[48]

Chae et al. 134 52 87/14 Korea CT coronary 
calcification

CT percentage 
emphysema 
FEV1, FVC, FEV1/
FVC and DLCO

CT calcification score 
correlated with 
percent emphysema CT 
calcification score 
correlated with FEV1 and 
DLCO

[49]

A: Aorta; ABI: Ankle-brachial index; CSA: Cross-sectional area; CT: Computed tomography; DL
CO
: Diffusing capacity of the lung for carbon monoxide; FEV

1
: Forced 

expiratory volume in 1 s; FVC: Forced vital capacity; GOLD: Global initiative for Chronic Obstructive Lung Disease; IMT: Intima–media thickness; LAA: Low 
attenuation area; LTRC: Lung Tissue Research Consortium; PA: Pulmonary artery; PEF: Peak expiratory flow; RV: Residual volume; TLC: Total lung capacity; 
US: Ultrasound; VC: Vital capacity. 



58 Imaging Med. (2014) 6(1)

3D US
Figure 4 shows a schematic for the methodology of 
3D US volume acquisition. These scans differ slightly 
from 2D acquisition because the US probe is trans-
lated along the neck of the individual. This ‘linear 
translation’ [21] along the neck acquires a series of 2D 
images that are co-registered spatially into a 3D vol-
ume [54]. As shown in Figure 3, several measurements 
have been developed to date that utilize reconstructed 
3D US volumes in order to monitor atherosclerotic 
disease progression. These measurements include the 
2D total plaque area (TPA) measurement, and 3D 
total plaque volume (TPV) and vessel wall volume 
(VWV) measurements [61–64]. The TPA US measure-
ment provides a 2D measurement that quantifies the 
area of a plaque along the longitudinal view of the 
artery. The user is required to outline the plaque as it 
appears in its largest dimension, which can be some-
what subjective. The segmentation can be performed 
on the US scanner by finding the plane of interest and 
freezing and magnifying the image [61] and the cursor 

is used to trace around the selected plaque [61]. The 
reconstructed 3D volume can also be used to isolate 
the longitudinal view of interest and perform the mea-
surement by tracing the perimeter of the plaque using 
computer software. Previous research [61,65] has dem-
onstrated that TPA is associated with serum choles-
terol levels, hypertension myocardial infarction, risk 
of stroke and risk of death.

3D TPV and VWV measurements have been 
developed to monitor atherosclerotic disease progres-
sion, while providing useful information about the 
development of atherosclerotic plaques. The first 
technical development of TPV [62] used a manual 
segmentation approach, where the volume of the 
plaque was generated from the area of a series of axial 
slices. However, more recently, TPV has been gener-
ated using a semi-automated approach [66] and this 
has helped to improve speed and reproducibility of 
the measurements.

A 3D IMT measurement that includes plaque can 
be generated from a 3D US – the 3D US VWV [55]. 
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Figure 2. Carotid artery atherosclerosis. (A) Axial or cross-sectional view: the CCA is shown with atherosclerotic 
plaque in yellow under a thin fibrous cap within the intima layer and modest lumen narrowing or arterial stenosis. 
(B) Longitudinal or transverse view: the CCA bifurcates approximately at the jawline into the ICA and the ECA, at 
the BF point. The lumen–intima, and media–adventitia boundaries and calcified atherosclerotic plaque are readily 
visible in both the axial and longitudinal views of the artery. 
BF: Bifurcation; CCA: Common carotid artery; ECA: External carotid artery; ICA: Internal carotid artery.
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3D US VWV provides a circumferential wall thick-
ness measurement, including plaque [55,67], and 
can be used to track changes over short time scales 
[68]. Recent research has shown that these measure-
ments correlate well with age and sex [54]. US imag-
ing measurements have been widely used to under-
stand cardiovascular disease and patient outcomes 
[36,61], although it is difficult to distinguish between 
atherosclerotic plaque components.

Carotid MRI
MRI provides a way to distinguish between soft tis-
sues, allowing for the evaluation of plaque composi-
tion and potentially, plaque vulnerability to rupture 
and thrombosis [69]. Plaque vulnerability is typically 
assessed by examining different characteristics such 
as the fibrous cap, lipid core and localized calcifi-
cations in the carotid arteries [20,47]. In particular, 
the thickness of the fibrous cap is of great interest, 

since rupturing of this component would expose 
the necrotic lipid core to the blood flow, which is 
believed to cause thromboembolic events; recent 
studies [70] have shown that carotid MRI findings 
correlate with histology and are sensitive in detecting 
thin and ruptured fibrous layers [71]. Other studies 
[72,73] have reported the use of a gadolinium-based 
contrast agents to obtain a higher contrast between 
atherosclerotic plaque characteristics and have found 
that the contrast between plaque structures can be 
enhanced even more.

Thoracic CT
As shown in Figure 5, thoracic CT can be used to reveal 
and quantify calcifications within the coronary arter-
ies as a surrogate measurement of advanced coronary 
artery disease and atherosclerosis [33]. Such calcified 
lesions within the arterial wall are much denser than 
surrounding cardiovascular tissue and are visualized 
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Figure 3. Brightness mode and 3D ultrasound of the common carotid artery. (A) Conventional brightness-mode 
ultrasound (US) common carotid artery image in the transverse plane and the generation of IMT measurement. 
(B) 3D US common carotid artery in the axial or cross-sectional plane with the generation of TPV and VWV US 
measurements. 
IMT: Intima–media thickness; TPV: Total plaque volume; VWV: Vessel wall volume.

3D volume

2D view

IMT

TPV

VWV
1 cm



60 Imaging Med. (2014) 6(1)

as regions of greater x-ray attenuation on thoracic CT 
scans. Commonly, a threshold of ≥130 HU is used 
to identify calcified lesions on thoracic CT based on 
the scoring method previously described by Agatston 
[74]. This approach has been the most widely used 
quantification method for coronary calcifications 
and studies have shown that Agatston scores corre-
late with future cardiovascular events [75,76]. The use 
of coronary artery calcifications has not been widely 
used, however, to evaluate the relationship between 
vascular and pulmonary disease.

Imaging COPD
COPD is characterized by chronic airflow limita-
tion and systemic inflammation and is currently 
the fourth leading cause of death worldwide, affect-
ing approximately 10% of the population over 40 
years of age [77]. COPD is a heterogeneous disease 
comprised of airway inflammation, alveolar destruc-
tion (emphysema), mucociliary dysfunction, pul-
monary hypertension and small airway remodeling 
[11,78]. Traditionally, COPD is diagnosed using the 
spirometry threshold of the forced expiratory vol-
ume in 1 s (FEV

1
) <70% of the forced vital capac-

ity (FVC). However, it has been suggested that FEV
1
 

and FVC are relatively insensitive to the pathophysi-
ological changes that occur well before lung function 
declines [78]. Consequently, FEV

1
 and FVC alone do 

not sufficiently characterize lung disease onset, pro-
gression or response to treatment, especially early 
in the disease [79,80]. Moreover, spirometry provides 
only a global measurement of overall lung disease 
with no regional, structural or functional informa-
tion to identify the diseased area or the underlying 
pathology. These drawbacks have provided the major 
motivation behind the development and optimiza-
tion of sensitive and noninvasive pulmonary imaging 
modalities that can locate, characterize and quantify 
pathophysiological changes that cause lung function 
decline.

Pulmonary imaging offers several advantages for 
characterization of COPD:

•	 It is sensitive to early structural and functional 
changes in the lungs [81–85];

•	 It allows visualization of the pathophysiological 
processes contributing to airflow limitation [14,86];

•	 It provides regional information of which ana-
tomical locations of the lung are affected by disease 
[14,87];

•	 Patients can potentially be stratified for treatment 
based on lung disease phenotype identified using 
pulmonary imaging [86,88–90].

Thoracic x-ray CT of COPD
The development of quantitative tools to measure 
airway dimensions and parenchyma structure using 
high-resolution CT have made it the pulmonary 
imaging modality of choice [13,14,90,91]. As previously 
mentioned, pulmonary function tests do not correlate 
well with morphological changes in the lung [11,79,80]. 
CT, however, is well suited to distinguish whether 
lung function decline is attributable to emphysema or 
airways disease. Thoracic CT images of pulmonary 
structure are based on tissue attenuation of x-rays in 
the lung parenchyma and surrounding vasculature. 
Therefore, high-resolution images of pulmonary 
structure can be acquired without the use of contrast 
agents.

Smoking-related emphysema is characterized by 
alveolar destruction, which leads to increased lung 
volume, decreased surface area for gas exchange and 
either localized or uniform emphysematous lesions to 
the lung parenchyma [78]. The emphysematous lesions 
have markedly reduced density, which can be iden-
tified by regions of lower x-ray attenuation values in 
Hounsfield units from the density frequency histogram 
taken from CT images [90]. One approach for quanti-
fying the extent of emphysema has employed a thresh-
old cut-off for voxels with attenuation values below a 
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Figure 4. 3D ultrasound image acquisition. (A) Typical 3D ultrasound scanning procedure. The subject is supine 
with head turned to enable access to the right and/or left carotid arteries. The mechanical mover shown in the 
left panel holds the transducer in place and translates it up the neck. (B) Transducer acquiring a series of 2D 
images that are coregistered to generate a 3D volume. (C) 3D volume for the common carotid artery in the axial or 
transverse plane.
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predetermined Hounsfield unit as emphysematous 
tissue [90]. CT attenuation thresholds have been used 
to identify emphysema at -910 [92], -950 [93], -960 and 
-970 HU [94]. However, -950 HU has emerged as the 
most common cut-off to distinguish between emphy-
sematous and healthy lung tissue [93]. Another widely-
used method for determining emphysema severity is 
with a ‘percentile cutoff ’ (e.g., the lowest 15th percen-
tile) that identifies the percentage of emphysematous 
tissue based on the frequency distribution of attenu-
ation values across a group of subjects [90,94,95]. Both 
techniques are considered acceptable for cross-sec-
tional COPD studies. However, the Alpha-1 Founda-
tion workshop committee recommended [96] that only 
the percentile cutoff approach be used for longitudinal 
studies since technical variations have less influence 
on these measurements [96]. Another technique for 
quantifying emphysema also incorporated attenua-
tion cut-off values, but used a statistical approach to 
identify low attenuation clusters (LACs) [97,98]. Briefly, 
the size of an emphysematous lesion (connected voxels 
below a certain attenuation value) is plotted against 
the total number of ‘clusters’ of connected voxels on a 
log–log plot (cluster size on x-axis, number of clusters 
on y-axis). The slope of this relationship, which follows 
a power law, represents the size of the emphysematous 
lesion [99]. Typically, flatter curves with lower slope 
values represent larger emphysematous lesions.

Airways disease can be assessed using CT-derived 
measurements of airways dimensions. Airway remod-
eling in COPD is prominently caused by inflamma-
tion within the airway wall epithelium and mucous 
plugs in the airway lumen [78]. Therefore, CT mea-
surements of airway wall area and lumen area are of 
interest for evaluating the severity of airways disease. 
The primary limitation of CT airway analysis lies 
within the limits of x-ray resolution and dose [90]. 
Previous work [100] has established that the major site 
of airflow limitation in COPD is in airways <2 mm 
in diameter. These airways, however, are difficult 
to visualize on CT [101]. Many different computa-
tional algorithms have been used to measure air-
ways [102–105]; however, it remains unknown which 
algorithm provides the most useful airway data [96]. 
Figure 6 shows representative coronal CT images 
and CT-derived airway trees and LAC maps for two 
healthy (FEV

1
/FVC ≥70%) and two COPD subjects 

(FEV
1
/FVC <70%). Compared with the healthy sub-

jects, the COPD patients have greater heterogeneity 
of attenuation values, which are reflected in the large 
LAC clusters corresponding to these low attenuation 
regions. These images are a good representation of 
how CT, along with quantification software, can be 
used to evaluate disease severity.

MRI of COPD
Until recently, pulmonary MRI has been challenging 
owing to the low proton (1H) density (and in contrast, 
high air density) within the lungs. Conventional MRI 
generates signal and tissue contrast based on the per-
turbation of 1H, which is bound to both water and 
fat in most tissues of the body. Distinct from other 
organs, the lungs have very low proton density, which 
results in low contrast and little-to-no morphologi-
cal information on pulmonary 1H MRI [25]. This has 
motivated the development and optimization of MRI 
techniques that are able to visualize lung structure 
and function. Namely, hyperpolarized noble gas MRI 
and ultra-short echo time 1H MRI have emerged as 
promising methods to noninvasively image the lungs 
and have been used to study COPD.

Hyperpolarized noble gas MRI provides a way to 
visualize lung function by imaging ventilation within 
the lung. As shown in Figure 7, a breath-hold technique 
can be performed using hyperpolarized 3He or 129Xe 
gases [106] to generate images of ventilation within the 
lungs. These ‘static ventilation’ images provide func-
tional information by visualizing gas distribution, and 
as shown in Figure 8, ventilation distribution in healthy 
subjects is homogeneous, with gas filling all regions 
within the lung [107]. In contrast, COPD patients have 
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Figure 5. Axial computed tomography view of chronic 
obstructive pulmonary disease patients with coronary 
calcifications. Yellow arrows point to coronary 
calcifications, which are easily visible by increased x-ray 
attenuation within cardiovascular tissues. 
CT: Computed tomography.
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regions of signal void or ventilation defects, which 
represent areas of the lung that do not participate in 
ventilation [25]. To quantify hyperpolarized 3He and 
129Xe MRI data, the volume of gas visualized in the 
images can be normalized to the patient’s thoracic cav-
ity volume to generate a ventilation defect volume [108], 
a ventilation defect percent [109] and percent ventilation 
volume [83]. Although it is likely that ventilation defects 
represent disease, the exact etiology underlying them is 
not entirely clear. In COPD, these ventilation abnor-
malities may be due to airway disease, emphysema or 
a combination of both diseases. Another possibility is 
that these areas may be slow filling and are not venti-
lated during the breath-hold scan. In the future, uncov-
ering the pathophysiology of noble gas ventilation 
defects in COPD will require the accurate registration 
of structural CT images with functional MRI, inte-
grating other lung structural modalities such as optical 
coherence tomography [110] and comparing MRI data 

with histology [111]. Beyond functional imaging, noble 
gas MRI can also be used to probe lung microstructure 
by using diffusion-weighted MRI, which can charac-
terize the dimensions of acinar ducts and alveoli, the 
main structures involved in gas exchange [12,112,113]. By 
sensitizing the MRI system to diffusion of the noble 
gas atoms, apparent diffusion coefficient (ADC) maps 
can be generated and quantified to assess lung micro-
structure [112]. In COPD, emphysema is associated with 
acinar duct enlargement and alveolar destruction [78]. 
These larger alveolar spaces in diseased subjects will gen-
erate higher ADC values on diffusion-weighted MRI 
scans compared with small, intact alveoli of a healthy 
volunteer [87,111] because the gas atoms have a larger 
distance per unit time to travel. This is represented in 
Figure 8 where the ADC maps display brighter colors 
as COPD/emphysema severity increases, representing 
an increase in ADC values and larger airspaces in these 
subjects. A limitation to diffusion-weighted MRI in 
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Figure 6. Thoracic x-ray computed tomography in healthy elderly subjects and patients with chronic obstructive 
pulmonary disease. (A) Computed tomography coronal and axial centre slice scans. (B) Corresponding computed 
tomography-derived volume rendered airway tree next to coregistered airway tree with LAC map for two healthy 
subjects (S1 and S2) and two COPD subjects (S3 and S4). 
COPD: Chronic obstructive pulmonary disease; LAC: Low attenuation cluster.
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noble gas imaging of the lungs is related to the ventila-
tion patterns mentioned previously. ADC values can be 
extracted only for regions of the lung that participate in 
ventilation, therefore, in patients with high ventilation 
defect percent, the structure of the ventilation defect 
volume cannot be probed.

Independent of MRI methods that employ tracer 
gases to visualize lung structure and function, conven-
tional 1H MRI using short echo times can be used to 
visualize pulmonary structure [12]. Such methods have 
been employed to try to reduce air–tissue interface 
artifacts [114], which are typically abundant on pulmo-
nary MRI, allowing acquisition of images that can pro-

vide structural information by differentiating between 
regions of low and high proton density [115]. This has 
potentially useful applications to COPD because low 
proton-density regions may represent emphysematous 
lesions, whereas regions of high proton density could 
represent areas of other diseases or lung injuries such 
as edema [25,115].

Imaging relationships between lung disease 
& atherosclerosis
While cardiovascular and respiratory diseases are 
the first and third leading causes of death in the 
USA [116], both diseases have typically been evalu-
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Figure 7. Conventional anatomical 1H MR and functional 3He and 129Xe MR images. (A) Anatomical 1H MRI, and 
(B) corresponding 3He (aqua-blue) and 129Xe (purple) MRI coregistered to anatomical MRI (grayscale) for a healthy 
and COPD subject. 
COPD: Chronic obstructive pulmonary disease.
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Figure 8. 3He MRI ventilation and apparent diffusion coefficient maps. (A) Healthy elderly never-smoker. (B) Four 
representative COPD subjects with Global initiative for Chronic Obstructive Lung Disease (GOLD) stages I–IV. 
Grayscale 1H anatomical MRI is coregistered to aqua-blue ventilation pattern from 3He MRI. Corresponding ADC 
maps generated from diffusion-weighted MRI using b = 1.6 s/cm2. 
ADC: Apparent diffusion coefficient; COPD: Chronic obstructive pulmonary disease; SV: Static ventilation.
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ated as separate conditions. However, the last two 
decades have seen numerous studies providing imag-
ing evidence that both diseases are related [1,2,5,6,39–

45,47–49,117–120]. These studies, summarized in Table 1, 
have established two important clinical findings: 
COPD patients have an increased burden of athero-
sclerosis in the form of carotid atherosclerosis and 
coronary artery plaque; and the relationship linking 
lung and heart diseases is complex and involves both 
structural and functional abnormalities to the lungs 
and vascular system.

Application of carotid US to lung 
& atherosclerosis studies
Carotid US semiautomated measurements of IMT 
make it well suited to be used in large-scale studies 
investigating atherosclerosis and lung disease. Studies 
using carotid US to investigate a relationship between 
atherosclerosis and lung disease started to emerge over 
a decade ago [36–38]. In one study [36], subjects from the 
British Regional Heart Study were evaluated and the 
investigators observed a cross-sectional relationship 
between carotid IMT and spirometry. Shortly after, a 
significant association between spirometry and Doppler 
US measurements of stenosis in an elderly population of 
Swedish men was reported [37]. Another study [38] used 
carotid US to examine carotid IMT and the develop-
ment of carotid plaques in relation to peak expiratory 
flow (PEF) in an elderly cohort from France. Consistent 
with the two other studies, they found that reduced lung 
function (reduced PEF) was associated with increased 
atherosclerotic burden through elevated IMT and 
increased carotid plaque occurrence. Four years later, 
this area of research was revisited [3] in a large cohort 
recruited from the ARIC study. Using carotid US IMT 
and the ABI (i.e., the ratio of ankle to arm systolic blood 
pressure) in tandem with spirometry measurements, a 
cross-sectional association was observed between spi-
rometry and IMT and ABI. This study invited future 
research on the coincident findings of lung disease and 
atherosclerosis using a number of imaging techniques. 
Subsequent work focused on the relationship of carotid 
US measurements of atherosclerosis and spirometry 
measurements of pulmonary function.

Several years later, a study [40] in 305 Japanese vol-
unteers showed that COPD smokers had significantly 
greater IMT and plaque compared with smokers and 
nonsmokers without airflow limitation. Furthermore it 
was observed that FEV

1
 was independently associated 

with IMT after adjustment for age, BMI and blood 
pressure. The finding that IMT was elevated in patients 
with airflow limitation was replicated 2 years later [43] 
in a Korean study that showed greater IMT in COPD 
patients compared with non-COPD subjects. This 

group also observed a significant correlation between 
IMT and spirometry (FEV

1
, FEV

1
/FVC and FVC). 

There is evidence that this relationship may work in 
both directions, meaning that cardiovascular disease 
patients may have equally high risk of developing respi-
ratory diseases as COPD patients are of developing car-
diovascular conditions. Another research team obtained 
preoperative spirometry and carotid US measurements 
in a group of vascular surgery patients undergoing aor-
tic or carotid artery surgeries and classified the patients 
based on severity of COPD [41]. They observed that 
subjects with spirometry evidence of airflow limitation 
had significantly greater IMT than non-COPD vas-
cular surgery patients. In the 5-year follow-up period, 
nearly 30% of vascular surgery patients died, and after 
adjusting for confounders, elevated IMT was associ-
ated with increased total mortality. This work was in 
agreement with another investigation that evaluated 
[46] relationships between carotid plaque, FEV

1
 and VC 

along with total lung capacity, residual volume and dif-
fusion capacity of the lung for carbon monoxide. The 
researchers observed that subjects with plaque had sta-
tistically significantly lower FEV

1
, VC and diffusion 

capacity of the lung for carbon monoxide and higher 
residual volume, but no significant difference in total 
lung capacity. This was the first study to probe pulmo-
nary measurements beyond spirometry and PEF, and 
showed that these relationship were complex, with lung 
structure–function implications [46].

Application of carotid MRI to lung 
& atherosclerosis studies
Few studies have utilized carotid MRI to study lung 
and heart disease that is coincident in patients. One 
recent study [47] evaluated a subgroup from the Rot-
terdam cohort [121] using carotid MRI, carotid US 
and pulmonary function tests. The results were con-
sistent with other studies, showing elevated carotid 
wall thickening in subjects with airflow limitation. 
However the carotid MRI data added valuable infor-
mation about carotid plaque characteristics in COPD 
subjects that had not previously been reported. They 
showed that:

•	 The severity of stenosis measured using carotid 
MRI was greater in COPD patients;

•	 Subjects without COPD had higher incidence of 
plaque calcification than subjects with COPD;

•	 Carotid plaque in COPD patients were more likely 
to have a large lipid core, a recognized plaque 
component that is associated with cerebrovascular 
events [122].
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These results were the first to associate carotid 
plaque characteristics with COPD cases and increased 
awareness that COPD is a risk factor for cardiovascu-
lar disease and importantly for debilitating ischemic 
events such as stroke.

Application of pulmonary imaging to lung 
& atherosclerosis studies
Thus far, pulmonary imaging has not played a large 
role in studies focused on the relationship between 
lung and heart disease in smokers. In Figure 9, we 
show the direct comparison of carotid 3D US TPV 
and IMT with hyperpolarized 3He MRI ventilation 
defect percent in a never- and two ex-smokers with 
normal pulmonary function and without airflow limi-
tation from our own center. In a similar approach, a 
study from the Emphysema and Cancer Action Proj-
ect [123] incorporated the use of thoracic CT to evalu-
ate flow-mediated dilation of the brachial artery in a 
group of ex-smokers with early or very mild COPD. 

The results showed that low FEV
1
 and greater indi-

ces of emphysema was associated with attenuated 
flow-mediated dilation, suggesting that vascular endo-
thelial function is influenced by lung function and 
structure. Other findings from the MESA lung study 
[2,124] also used thoracic CT to measure emphysema 
in subjects without cardiovascular disease, and evalu-
ated subclinical atherosclerosis with carotid US and 
cardiac CT to determine vascular phenotypes. Inverse 
associations were observed between spirometry and 
IMT, similar to previously described [3,36,40,41,43], but 
novel insights with respect to the relationship between 
emphysema and vascular disease were also provided. 
Although whole lung emphysema percent was not 
related to IMT, upper-lobe emphysema was signifi-
cantly related with internal carotid IMT. Other stud-
ies [42,49], have furthered our understanding of this 
relationship between emphysema and vascular disease 
by showing that emphysema percentage is related not 
only to carotid atherosclerosis, but also to calcifica-
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Figure 9. 3He MRI ventilation maps and corresponding carotid 3D ultrasound images for a never-smoker and two 
ex-smokers. (A) 3He MRI static-ventilation images for a never-smoker and two ex-smokers. (B) Axial view of the 
carotid 3D US images for the never- and ex-smokers. The green contour represents the carotid lumen and the 
yellow contour encircles carotid plaque. (C) Longitudinal carotid 3D US view of the never- and ex-smokers. The 
carotid lumen is visualized by yellow and red contours. Compared with the never-smoker, the ex-smokers have 
more heterogeneous 3He ventilation throughout the lungs and greater carotid plaque volume. 
IMT: Intima–media thickness; TPV: Total plaque volume; US: Ultrasound; VDP: Ventilation defect percentage. 

4 mm

Never smoker Ex-smoker S1 Ex-smoker S2

3 H
e 

M
R

I
A

xi
al

Lo
ng

itu
di

na
l

3D
 U

S

3He MRI VDP = 2%
IMT = 0.70 mm
TPV = 10 mm3

3He MRI VDP = 8%
IMT = 0.91 mm
TPV = 410 mm3

3He MRI VDP = 9%
IMT = 0.93 mm
TPV = 330 mm3



www.futuremedicine.com 67

tion scores in the aorta, coronary arteries, as well as 
aortic and mitral annuli. Collectively, these studies 
provide strong evidence of a relationship between ath-
erosclerosis and emphysema and support the notion of 
complex, heterogeneous vascular and lung disease in 
ex-smokers.

Application of thoracic & vascular imaging 
to evaluate pulmonary & cardiovascular 
disease
The development of cardiovascular imaging modali-
ties that can provide surrogate measurements of vas-
cular disease has played an important role in charac-
terizing lung–vascular disease phenotypes. In 2003, 
real-time MRI of aortic flow [125] was used to quan-
tify left ventricle stroke volume and cardiac perfor-
mance in healthy control and COPD subjects [39]. The 
investigators observed that the COPD subjects had 
decreased cardiac performance compared with healthy 
volunteers and that the nonuniform breathing patterns 
in the COPD patients resulted in decreased stroke vol-
ume. Taken together, these results provided evidence 
that the abnormal breathing patterns and shallow res-
piration that may accompany COPD may be related 
to cardiovascular complications. Thoracic CT has 
also been used to provide a way to measure vascular 
changes and coronary artery calcification in patients 
with lung disease. Three studies in particular [44,45,48], 
have used thoracic CT to investigate the relationship 
between aortic calcification and pulmonary physiol-
ogy using pulmonary function tests. Importantly, 
associations between the severity of aortic calcifica-
tion were reported with lung function and morpho-
logic parameters. Interestingly, this work [45] showed 
that pulmonary vascular alterations were correlated 
with aortic calcification, whereas other studies [44,48] 
showed associations between aortic calcifications and 
FEV

1
. A number of studies [126–128] have also inves-

tigated vascular dysfunction and arterial stiffness in 
COPD patients using pulse wave velocity, a functional 
measurement of vascular tone. These findings showed 
that COPD patients exhibit increased arterial stiffness 
[126] and furthermore, that the degree of arterial stiff-
ness was related to the severity of airflow limitation 
[127,128].

Conclusion & future perspective
A number of recent studies have demonstrated the 
value of emerging and well-established vascular and 
pulmonary imaging approaches for furthering our 
understanding on the direct relationship between 
advanced lung and vascular disease in smokers and 
ex-smokers that cannot be explained on the basis of 
tobacco-smoking alone. In particular, carotid US 

measurements are valuable tools for the evaluation of 
cardio- and cerebro-vascular risk.

Beyond the evaluation and screening for inflam-
matory markers, the incorporation of carotid US and 
perhaps other atherosclerosis imaging methods into 
the clinical workflow and treatment plan for COPD 
may help identify significant peripheral, cardiovascu-
lar or cerebrovascular atherosclerosis. Similarly, the 
acquisition of spirometry and other pulmonary func-
tion measurements in ex-smokers with cardiovascu-
lar disease or vascular risk factors would help detect 
airflow limitation that might otherwise go undiag-
nosed [8,43]. In mild COPD especially, cardiovascular 
events are a major source of morbidity and mortality 
[8], so it is possible that advanced imaging of both dis-
eases may help treatment decisions that improve out-
comes overall and cardiovascular events in particular. 
Regardless, it is important to keep in mind that the 
underlying mechanisms linking COPD and athero-
sclerosis are still not clear, and as recently described 
[9,10] systemic inflammation may only provide a par-
tial explanation for the links between COPD and 
advanced progressive atherosclerosis.

The incorporation of pulmonary functional imaging 
into vascular disease studies will provide new insight 
on the role of pulmonary morphological changes in 
the pathophysiology of vascular disease. Such stud-
ies will build on previous findings of emphysema in 
subjects with subclinical atherosclerosis [2,42,49]. In 
addition, the notion of different vascular and lung 
disease phenotypes [86,88,89,129–132] also holds promise 
for this area of research. In the future, a large-scale 
prospective study should be executed to monitor longi-
tudinal changes in vascular and pulmonary conditions 
using sophisticated imaging techniques. Longitudinal 
monitoring of vascular and pulmonary disease in ex-
smokers will provide more insight onto the genesis 
and progression of vascular disease changes in COPD 
patients and using imaging, there is potential to moni-
tor treatment effects and phenotype relationships. At 
present, there is some evidence supporting a mechanis-
tic link between pulmonary and vascular disease that 
is not explained by tobacco smoking alone; however, 
the direct mechanisms that potentially accelerate ath-
erosclerosis in ex-smokers with COPD have not been 
firmly established.

Major advances in noninvasive quantitative pulmo-
nary and vascular imaging tools have advanced the 
development and validation of surrogate or interme-
diate end points of these chronic disorders. Based on 
this foundation of previous research, there is a clear 
role for novel vascular and pulmonary imaging meth-
ods to identify the direct potential links in future 
studies.
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Executive summary

Chronic obstructive pulmonary disease & atherosclerosis
•	 Ex-smokers and smokers with chronic obstructive pulmonary disease (COPD) have a greater atherosclerosis burden than 

ex-smokers and smokers without airflow limitation.
•	 Major cardiovascular disease outcomes are the leading cause of hospitalization and the second leading cause of death in patients 

with mild-to-moderate COPD.
•	 COPD is a major risk factor for ischemic heart disease death, with an attributable risk of 20–25%, independent of cigarette 

smoking (an attributable risk that is similar to hypercholesterolemia and hypertension).
Imaging atherosclerosis or COPD in ex- & current smokers
•	 The ultrasound measurement of carotid intima–media thickness is related to lung function measurements such as forced 

expiratory volume in 1 s, forced vital capacity and forced expiratory volume in 1 s/forced vital capacity.
•	 The presence of atherosclerotic plaques identified using carotid ultrasound is more common in COPD patients compared with 

ex- and current smokers without COPD.
•	 MRI measurements of plaque characteristics (calcifications and lipid core) differ between COPD patients and ex- and current 

smokers without airflow limitation.
•	 Most published studies to date have explored cardiovascular imaging phenotypes and their relationships with pulmonary 

function measurements and volumes.
•	 Pulmonary imaging biomarkers and intermediate end points have been under-exploited in current research.
Future perspective
•	 The relationship between COPD and accelerated atherosclerosis that appears to be independent or at least additive to the burden 

imposed by tobacco smoke exposure requires direct evidence that can be provided by vascular and pulmonary imaging studies.
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