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I. Introduction

Chronic obstructive pulmonary disease (COPD) is a syndrome encompassing a number of 

phenotypic subtypes with differing clinical features. These comorbid processes may be due 

to a mechanical interdependence with the lung (i.e. hyperinflation and impaired ventricular 

filling), a localized or systemic inflammatory response to chronic tobacco smoke exposure 

(i.e. atherosclerosis, cachexia), or potentially an admixture of the two[1]. It is clear though 

that the presence and severity of such comorbidities has a significant impact on a patient’s 

health status and mortality, and a better understanding of the prevalence and etiology of such 

conditions may improve medical care. One such condition that has long been associated 

with increased health care costs and mortality in smokers is right sided heart dysfunction 

and pulmonary vascular disease [2]. Despite 50 years of clinical observations supporting this 

contention, however, there are still only limited tools available to assess pulmonary vascular 

remodeling in smokers. Joint appearance of coronary artery disease in COPD either 

presenting with cardiac or pulmonary symptoms is also being increasingly recognized as 

another potential manifestation of the relationship between COPD and the circulation [3, 4].

The process by which chronic tobacco smoke exposure leads to pulmonary vascular 

remodeling is not clear. It has been observed clinically in subjects with severe emphysema 

and histopathologically even in smokers with normal lung function [5]. While the former 

may be due to compression of the intraparenchymal vasculature or even pruning of the 

vessels, the latter likely represents an inflammatory process that could be the precursor for 

clinically significant hemodynamic changes[6]. Given the multitude of causes for this 

condition and the generally modest resultant increase in pulmonary arterial pressure, clinical 

and therapeutic investigation in this heterogeneous cohort is challenging.
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Thoracic imaging is playing an increasingly central role in screening for and monitoring 

pulmonary vascular disease and has potential to be used in a complementary manner with 

functional studies such as right heart catheterization. Such imaging includes assessment of 

extra and intra parenchymal pulmonary vascular morphology, regional lung perfusion, and 

both right and left ventricular function. This article provides a brief overview of the 

mechanisms that may contribute to pulmonary vascular remodeling in smokers followed by 

a more detailed description of the imaging techniques that are increasingly being used to 

refine our understanding of this disease. In addition, it offers a brief overview of the known 

interplay between COPD and coronary artery disease.

I. Clinical Implications of Pulmonary Vascular Disease in COPD

Estimates of the prevalence of clinically significant pulmonary vascular disease in patients 

with moderate to severe COPD ranges from 25 to over 50%. [2]. For example, one study 

found that 63 out of 105 patients in whom the right ventricular (RV) systolic pressure was 

estimated had pulmonary hypertension[7]. In another study, of the 215 patients with severe 

COPD referred for surgical therapy receiving cardiac catheterizations, 50% had elevated 

pulmonary artery (PA) pressures [8]. Ninety one percent of patients catheterized as part of 

the National Emphysema Treatment Trial had PA systolic pressures greater than 20 mmHg 

[9].

Most patients with pulmonary hypertension in COPD are categorized as mild, with one 

study finding 13.5% of patients with elevated pulmonary pressures of greater than 35mmHg 

[8] and another finding 5.8% with more than mild elevation of pulmonary pressures. It is 

important, however, to consider the effect of mild pulmonary hypertension (PH) when 

superimposed on the already existing activity limitations caused by COPD. Additionally, 

resting pulmonary hypertension may significantly underestimate the effect of PH on exercise 

tolerance in patients with COPD [10].

Despite the heterogeneous prevalence of PH, it has been well known that it worsens exercise 

tolerance and is a predictor of hospitalization and mortality [11–13]. Treatment with oxygen 

has been thought to improve at least the pulmonary vasconstrictive effect of hypoxemia in 

COPD patients; however, despite treatment with long-term oxygen, PH continues to be 

predictive of mortality. The relationship between mortality and pulmonary hypertension may 

in part be due to the observation that pulmonary pressures tend to be particularly worsened 

during COPD exacerbations. The relationship between pulmonary hypertension and other 

cardiac morbidities associated with COPD remains difficult to quantify.

II. Mechanisms of Cardiopulmonary coupling in COPD

Increased pulmonary vascular resistance and accompanying RV dysfunction defines a 

specific pathophysiologic entity, cor pulmonale. The relationship of this process with airway 

disease, its selective progression, and the coupling of pulmonary vascular remodeling to 

right ventricular failure remains an area of intense research.

Initial studies of pulmonary vascular disease in smokers focused on the mechanical effects 

of emphysema and hyperinflation on perfusion. This is thought to predominantly affect the 
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more compressible vasculature such as the alveolar capillary beds. Despite their peripheral 

anatomic location, interruption of blood flow at these sites has the potential for significant 

contribution to the overall vascular resistance [14]. More recent data from the National 

Emphysema Treatment Trial, however, suggests that a reduction in hyperinflation through 

surgical lung volume reduction does not systematically result in a significant improvement 

in hemodynamics [15, 16]. It is possible that although this mechanism plays a role in the 

development of the vascular disease, it has led to irreversible changes in patients eligible for 

lung volume reduction surgery. Alternatively, surgical excision of intact vascular beds may 

in some cases offset any improvements in pulmonary vascular resistance (PVR) caused by a 

reduction in vessel compression.

Other causes of increased pulmonary vascular resistance include hypoxemia and 

hypercapnia. These processes, often found in patients with sleep disordered breathing and 

more severe expiratory airflow obstruction, appear to act synergistically to promote 

pulmonary vasoconstriction and remodeling. Under normoxic conditions, pulmonary 

vascular resistance will return to normal following transient changes in O2 and CO2. It has 

been suggested that prolonged exposure to hypoxemia may lead to irreversible remodeling 

of the vasculature; however, clinical observations suggest that the administration of 

supplemental oxygen attenuates the progression of pulmonary hypertension in COPD. 

Additional factors such as tissue destruction with emphysema, increased viscosity due to 

polycythemia and worsening acidosis may all contribute to the worsening pulmonary 

hypertension[17].

Despite the number of potential changes in the vascular environment associated with COPD, 

the irreversible remodeling of the pulmonary vasculature is thought to be the key common 

pathway marking disease progression [6, 18]. This process of remodeling has been 

extensively described and involves multiple stages thought to begin with endothelial 

dysfunction [19].Tobacco smoke exposure initiates an inflammatory cascade that results in 

thickening of the vessel walls (intimal hyperplasia), deposition of collagen and ultimately 

smooth muscle cell proliferation (Figure 1) [20]. It is thought that this process precedes the 

development of pulmonary hypertension in COPD [6, 18] since such vascular changes are 

also noted in smokers with normal lung function [5].

Despite the presence of progressive vascular remodeling, the extent of pulmonary 

hypertension and ventricular failure remain difficult to predict from the degree of vascular 

remodeling on histopathology [21]. In addition, it has been noted that aberrant angiogenesis 

may play an additional role in increased pulmonary vascular resistance [22] and that 

disturbance of the molecular constituents of pulmonary vascular bed may play a key role in 

the development and progression of COPD [23, 24]. Recently, it has been further 

appreciated that COPD may be considered as a systemic disease and that impairments in 

metabolism and inflammatory cascades as a whole may lead to the many manifestations of 

this disease including the vascular changes and right heart failure which may all evolve 

together [23]. For example, a study in 157 COPD patients showed a correlation between 

arterial stiffness as measured in the upper limb and the CT-based extent of emphysema [18]. 

In addition, Maclay et al demonstrated that there is systemic elastin degradation in COPD, 

which leads to loss of lung parenchyma and also has effects on the vasculature with 
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increased peripheral resistance and on the skin with loss of elasticity [25]. All these effects 

compound on the increased pulmonary vascular resistance and right heart strain.

III. Diagnosis and Monitoring of pulmonary vascular disease in COPD: Role 

of Imaging

Right heart catheterization is the gold standard for the diagnosis of pulmonary vascular 

disease, but its invasiveness precludes its use in large study cohorts. Spirometry is used to 

diagnose COPD and monitor disease progression; however, studies have shown that the 

degree of expiratory airflow obstruction in smokers is neither sensitive nor specific for the 

presence of pulmonary vascular disease [17]. The diffusion length of carbon monoxide 

(DLCO) can be reduced due to pulmonary vascular disease, but it is not reliable when 

emphysema is also present, which may alter DLCO independently [26]. Imaging may 

provide a non-invasive tool to assess pulmonary vascular morphology, lung perfusion, 

inflammation, and cardiac coupling. The following is a brief overview of multiple imaging 

modalities divided into the study of the right ventricle, the pulmonary vascular anatomy 

(both proximal and distal) and lastly imaging of lung perfusion.

Imaging of the Right Ventricle

The hallmark radiographic findings suggestive of emphysema and hyperinflation include 

narrowing of the cardiac silhouette suggestive of underfilling of the cardiac chambers[23]. A 

subset of smokers, however, are found to have cardiomegaly with dilation of the right 

ventricle (RV). While radiographs are insensitive to the detection of early stage disease, it 

was historically well understood that by the time cardiomegaly is evident on conventional 

radiographs, that the prognosis was fairly poor.

The advent and availability of the echocardiogram has revolutionized screening and the 

diagnosis of pulmonary hypertension in patients with COPD. Specifically, estimations of the 

right ventricular (RV) systolic pressure using tricuspid regurgitation, [27] have been 

explored extensively in patients with COPD [28, 29]. Most often patients receive an 

echocardiogram as part of a work-up for cardiac ischemic disease, heart failure or dyspnea 

that appears out of proportion to their COPD. There remains concern, however, that 

echocardiography is inaccurate in detecting pulmonary hypertension in patients with more 

severe COPD[30]. This inaccuracy may be in part due to the rapid pressure changes in the 

chest cavity in the presence of significant parenchymal lung disease as well as inaccuracy 

introduced by increased distance between the probe and the heart [26, 30].

In addition to providing an estimate of pulmonary pressures, echocardiography has the 

advantage of providing a functional assessment of the right ventricle. A decrease in RV 

ejection fracture, and evidence of RV or right atrial (RA) dilation may all be indicative of 

progressive right sided heart failure and may prompt more aggressive treatment or further 

investigation by right heart catheterization. Recently, other more specific cardiac imaging 

markers have gained more widespread use in assessment of pulmonary hypertension. For 

example, the tricuspid annular plane systolic excursion (TAPSE), the distance travelled by 

the wall of the right ventricle as defined by the plane of the tricuspid valve, is measured 
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during systole [31] and is thought to be a more reliable assessment of RV function than 

ejection fraction alone [32, 33]. Another functional echocardiographic parameter, the 

Myocardial Performance Index (Also referred to as the Tei index) has been further 

developed from the concept of assessing the time that the right heart spends in isovolumetric 

contraction and isovolumetric relaxation compared to the time it spends actually pumping 

blood [34]. This method has been studied in pulmonary hypertension patients and has been 

found to have good prognostic potential [34, 35].

Despite such advances in echocardiography, there remains significant concern about not 

capturing the full mechanical effect of the pressure-volume relationship that governs cardiac 

function with a simple 2D geometric model of the right ventricle. Such concerns may be 

addressed using 3-Dimensional echocardiography[36] and additional techniques such as 

tissue doppler imaging with the latter being leveraged to quantify the velocity of cardiac 

contraction and ejection of blood from the heart [37].

Another more recently developed technique, speckle tracking, takes advantage of the stable 

tissue based acoustic patterns that form which do not change their relationship with respect 

to each other significantly during cardiac motion (Figure 2) [38]. These natural markers or 

“speckles” are then tracked through the cardiac cycle giving a representation of muscle 

movement throughout the cardiac chamber. Both doppler tissue imaging and the refined 

speckle tracking can be used to estimate not only chamber anatomy but also a 2 or 3 

dimensional strain pattern for the cardiac muscle [39]. These dynamic measurements of 

strain complement measurements of chamber size in providing a more complete mechanical 

view of the right heart chamber including estimation of pressure volume relationships [40] 

and are currently under investigation for short term monitoring and long-term 

prognostication in pulmonary vascular disease [41, 42].

While echocardiograms have become widely available and are the standard for non-invasive 

monitoring of right ventricular function, recent advances in cardiac MRI have made it a fast 

growing alternative. Cardiac MRI naturally lends itself to 3D mapping of cardiac structure 

and function and changes such as increases in RV mass and decreases in stroke volume can 

be readily quantified. Recently it was observed that during exercise the RV stroke volume 

response was reduced in patients with COPD, likely due to exercise induced increases in 

pulmonary vascular pressures (figure 3) [43]. These signs of pressure overload detectable by 

cardiac MRI may even be present before decreased ejection fraction is noted [44]. For 

example, an index of adaptive change in RV measured by RV mass divided by RV end 

diastolic volume was significantly increased in mildly hypoxemic COPD patients as 

compared to normal controls, despite there being no difference in RV ejection fraction or 

estimated pulmonary pressures [45].

The MRI data can further be used to estimate cardiac pressures and pulmonary vascular 

resistance [46]. Other more sophisticated measures of cardiac myocyte work-load, such as 

the kinetic energy contained in the muscle walls, can be derived [47]. Finally, phase contrast 

methods can be used to estimate blood flow and be combined with right heart catheterization 

to give a complete quantitative mechanical description of right heart function and its 

coupling to the pulmonary vasculature [48]. Parameters such as pulmonary artery (PA) 
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capacitance, elasticity, distensibility, RV ejection fraction, RV end systolic volume, and 

right ventricular work index can all be monitored simultaneously. Using these techniques, 

PA stiffness predicts RV dysfunction even when accounting for increased pulmonary 

pressures suggesting that RV dysfunction may be driven in part by pulsatile work load [48].

Imaging of the Pulmonary Vasculature

Early angiographic studies of the lungs of smokers suggested that emphysema was 

associated with distal vascular narrowing and pruning [5, 20, 49, 50]. While providing some 

of the first in-vivo assessments of pulmonary vascular morphology, such techniques are 

limited in the subjective data that they may provide. Multi-detector CT (MDCT) scanning 

has made possible volumetric acquisition of isotropic data in a single breath hold. This 

improved acquisition time, resolution, and noise reduction, combined with increasing 

capabilities in storage and post-processing software have made this technology ideal for 

objective assessments of proximal and distal vascular structure.

Even in the early era of CT scans, precise measurements of the proximal pulmonary artery 

were noted to be useful in predicting pulmonary hypertension[51]. This observation has 

been further refined by dividing the pulmonary artery diameter by the diameter of the 

descending aorta, finding not only the presence of pulmonary arterial enlargement but 

additionally good correlation with invasive hemodynamic measurements [52]. The result of 

these studies has yielded the general clinically used heuristic that a PA to Aortic diameter 

ratio greater than one should raise suspicion for clinically relevant pulmonary hypertension. 

In a large multicenter trial with over 3400 patients with COPD, analysis of this ratio was 

shown to be correlated with frequency of exacerbations (Figure 4) [53].

More dynamic assessments of proximal vascular morphology, such as PA distensibility, 

have been demonstrated to be predictive of the degree of pulmonary vascular disease. [54, 

55] including subjects with COPD [56]. While the exact pathophysiological sequence 

leading to changes in the size and mechanical properties of the proximal vasculature remains 

to be elucidated, such changes may precede the development of RV dysfunction or even be a 

risk factor for it to develop. Decreased vascular distensibility may lower the efficiency of the 

heart by mechanically decoupling the RV from the arterial bed [57, 58].

Quantitative assessment of microvascular morphology is generally beyond the resolution of 

most imaging modalities. While Gadolinium-enhanced MRI may provide measures of 

alveolar capillary perfusion, it cannot provide insight into capillary structure. However, 

distal remodeling and luminal occlusion eventually leads to pruning and occlusion of more 

proximal vessels and these can be visualized using CT and pulmonary angiography [59]. 

This relationship was first leveraged by Matsuoka et al who developed a technique for 

measuring the vascular cross sectional area (CSA) on non-volumetric axial HRCT data in 

smokers [60]. By limiting the structures of interest to those that appear circular in the axial 

plane, they were able to assess the aggregate cross sectional area of vessels of different 

sizes. Using CT and RHC data from the National Emphysema Treatment Trial, the total 

cross sectional area of vessels with area less than 5mm2 was shown to correlate with 

pulmonary arterial pressures in patients with severe emphysema. Current MDCT technology 

allows volumetric acquisition and isotropic reconstruction of structural data in the chest, and 
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it is now possible to objectively assess vascular 3-dimensional structures. Advanced post-

processing techniques have been developed that can identify blood vessels and the relative 

blood vessel volume as a function of aggregate vascular cross sectional area [61]. This 

measurement has been shown to have clinical implications in smokers beyond standard 

spirometric measures of lung function (Figure 5) [62]. These tools may provide a basis for 

monitoring of disease progression and treatment response using widely available imaging 

modalities in an anatomic site that is closer to where much of the pathophysiology may be 

taking place.

Functional Imaging: Perfusion

Pulmonary angiography has served as the gold standard for assessing proximal pulmonary 

anatomy as well as for providing insight into the relative perfusion of the various lung 

segments [63]. It is an invasive procedure that requires placement of a right heart catheter 

(RHC) followed by the fluoroscopic visualization of contrast medium injected directly into 

the pulmonary arteries (Figure 6). While this has significant clinical utility in the assessment 

for pulmonary embolism and extrinsic compression of the central vessels, it is limited to a 

series of 2D projections of 3D data and the need for placement of a RHC precludes its use in 

large scale studies.

With the advent of CT angiography and MR angiography, contrast injections are followed 

by high resolution image acquisition and post-processing, which give a similar visualization 

of the pulmonary vessels receiving blood (Figure 7) [64, 65]. However, because 

conventional angiography provides an animation of blood filling of the pulmonary 

vasculature, it can yield a non-quantitative but visual understanding of the relative perfusion 

of different segments.

Dual energy CT imaging leverages tissue specific absorption of photons and two sources of 

radiation at different energies to produce an image that can differentiate structures not 

discernable on standard CT scanning [66]. In the lung, this can be exploited to measure the 

degree of penetration of contrast into the tissue and thus acquire a perfusion map of the 

lungs. Dual-energy CT scanning shows promise in looking at perfusion [67] and has been 

explored in applications such as detection of pulmonary emboli and chronic thromboembolic 

disease (figure 8) [68, 69]. This technique has also been applied in smokers, leading to the 

finding that lung perfusion is compromised in regions of emphysema proportional to the 

degree of parenchymal destruction [70]. The use of inhaled contrast agents such as hyper-

polarized noble gases also allows for direct observation ventilation. As a contrast agent, 129-

Xenon has the added benefit of being freely diffusible across that alveolar capillary 

boundary which further enables assessment of the most basic function of the lung, 

ventilation and perfusion matching in health and disease [71, 72].

Similar to MDCT, contrast enhanced MRI can be used to assess regional lung perfusion. 

With MRI, the progressive dilution of contrast can be followed, from which multiple 

markers of tissue perfusion can be derived, including time of transit of blood through the 

pulmonary circulation, pulmonary blood flow and pulmonary blood volume [73]. This has 

been shown to correlate with disease severity in patients with pulmonary hypertension [74]. 

Additionally, some correlation has been shown with invasive hemodynamic measurements 
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in pulmonary hypertension [75] and this method has also been demonstrated to be useful in 

distinguishing between patients with group 1 PH and those with chronic thromboembolic 

disease [76]. For more information on this technique, also see the accompanying article by 

Swift et al in this issue.

Another method that may be useful for quantifying perfusion is use of the radioisotope 15-

Oxygen to assess the degree of perfusion. Since the development of positron emission 

tomography (PET), it has been investigated as a tool for studying the pulmonary vasculature 

[77] and more recently to quantify parenchymal perfusion abnormalities in patients with 

asthma, pulmonary embolism and COPD (Figure 9) [78, 79]. One advantage of PET 

scanning is that it allows for temporal monitoring of perfusion and ventilation during both 

quiescent observation and following therapeutic intervention.

IV. Treatment of pulmonary vascular disease in COPD

Because of the known link between hypoxemia and pulmonary vasoconstriction, continuous 

oxygen therapy has been extensively studied as a therapy of pulmonary hypertension in 

COPD. This is particularly true if hypoxemia is worsened by sleep disordered breathing at 

nights. Oxygen therapy has been shown to stabilize the progression of pulmonary 

hypertension despite worsening airway disease and offer minor improvement in 

hemodynamics [80] as well as exercise tolerance [81]. The treatment effects however, have 

not led to complete amelioration of symptoms and progression, leading to a search for better 

therapeutic options.

Treatment with medications used in pulmonary arterial hypertension (WHO group 1) has not 

yet been shown to be consistently beneficial in COPD patients. There have been conflicting 

reports of the utility of cycloxygenase inhibitors in this context [82]. An early small trial of 

prostacyclin in COPD patients in acute respiratory failure did not demonstrate improvement 

[83], but animal models have suggested that prostacyclin may have a protective effect in 

development of pulmonary hypertension in COPD [84]. Additionally, there has been a case-

report of prostacycline being used in a COPD patient to treat disproportionate PH [85]. A 

clinical trial of Bosentan, an endothelin antagonist FDA approved for treatment of 

pulmonary arterial hypertension, did not show improvement in hemodynamics, functional 

capacity or quality of life [86]. Currently no specific medication is FDA approved for use in 

pulmonary hypertension in COPD.

Surgical treatment with lung volume reduction surgery can help relieve obstructive airway 

disease hyperinflation. However, there is no evidence that LVRS improves hemodynamics, 

though by this advanced disease stage vascular remodeling may be irremediable [16] leaving 

lung transplantation as the only therapeutic option [87].

Currently the role of imaging in treatment of PH in COPD has been limited to monitoring 

the progression of pulmonary hypertension and the development of RV dysfunction as 

discussed above. Dynamic perfusion imaging with MRI or assessment of pulmonary 

parenchymal vascular morphology with MDCT may be useful in detecting pulmonary 

vascular abnormalities early on when treatments such as oxygen may have a more protective 

effect. Furthermore, phenotypic characterization of pulmonary vascular anatomy and 
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perfusion may be useful in characterizing subtypes which may prove to respond to various 

therapies that have not yielded results in the general COPD population. Imaging based 

animal models may be useful in assess potential therapeutic targets as well as monitoring 

treatment efficacy and safety in humans.

V. Coronary Artery Disease and COPD

It is of interest to mention the correlation between COPD and coronary artery disease, which 

is likely a direct reflection of the systemic effects of cigarette smoking. With the use of 

large-scale studies screening for coronary artery calcification as a marker for coronary artery 

disease, it became apparent that many patients have comorbid disease of emphysema [3]. 

Similarly, large cohort studies evaluating the extent of COPD have found many patients also 

demonstrate coronary artery calcifications [4, 88] Furthermore, several studies have shown 

that this relationship is responsible for significant comorbidity and affects the outcome of 

patients with COPD and coronary artery disease.

Several studies demonstrated a correlation between COPD and cardiovascular fatal and non-

fatal events [33, 35]. The Multi-Ethnic Study of Atherosclerosis (MESA), a large cohort 

study of 2,816 asymptomatic subjects being screened for coronary artery disease, showed a 

linear relationship between increasing CT-determined emphysema and decreasing MRI 

determined left ventricular function [3]. An MRI study evaluating left ventricular (LV) 

function also showed that LV function was diminished in patients with emphysema[89]. The 

same research group had also shown in a previous study that LV function improved 

following lung volume reduction surgery [29] supporting the hypothesis that hyperinflation 

may play a role in worsening heart function. A further study in 138 COPD patients showed 

that the size of cardiac chambers decreased with more severe COPD, and that impaired left 

ventricular diastolic filling pattern negatively impacted the 6 minute walking distance [31]. 

Lastly, the Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints 

ECLIPSE study, which evaluated the extent of COPD using CT in relation to smoking 

history, demonstrated that the coronary artery calcification was directly correlated with 

COPD as assessed by CT, the degree of dyspnea, exercise capacity and all cause 

mortality[32].

VI. Conclusion

Pulmonary vascular disease and subsequent right heart failure is a key mechanism of 

cardiopulmonary coupling in COPD. It has high prevalence, has been associated with 

symptomatic and functional impairment, and is a poor prognostic sign. The mechanism by 

which it develops includes hypoxemia, inflammation, vascular deformation due to 

hyperinflation, remodeling, and loss of vessels, all of which may lead to right ventricular 

dysfunction and failure. In addition, coronary artery disease and COPD are directly 

correlated, likely due to a common etiology with smoking history a key factor.

Imaging has been integrated into standard clinical practice, and echocardiography is 

commonly used to screen for pulmonary vascular disease in smokers. Coronary artery 

calcium scoring with CT is commonly employed in patients with risk factors for coronary 

artery atherosclerosis and will also yield pulmonary parenchymal information. In addition, 
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phenotypic markers derived from anatomic and functional examination of the lung 

parenchyma are becoming increasingly available. These include three dimensional 

reconstruction of the intraparenchymal vasculature, as well as objective assessments of lung 

ventilation and perfusion. These phenotypic markers may be used in the future to assess 

potential therapeutic targets, identify more homogeneous subsets of disease for therapeutic 

investigation, and as an intermediate study endpoint for clinical investigation.
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Figure 1. 
Pathology of pulmonary hypertension in COPD showing the various progressive processes 

including smooth muscle proliferation, hyperplasia and deposition of collagen fibers [6] –
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Figure 2. 
Speckle tracking using echocardiography. Speckles are identified on the echocardiogram 

and their movement is used to assess the relative position of the segments of the ventricular 

wall [38].
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Figure 3. 
Images of cardiac MRI showing RV anatomical changes in a COPD patient compared to a 

healthy subject [45].
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Figure 4. 
Computation of PA diameter to aortic diameter ratio in patients with COPD. This ratio has 

been shown to be predictive of the presence of elevated pulmonary arterial pressures and 

correlated with frequency of exacerbations [53].
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Figure 5. 
Quantification of pulmonary vascular blood volume from volumetric CT scans and 

comparison of a non-smoker and a smoker with advanced COPD showing loss of pulmonary 

vasculature and decreased blood volume in the smaller vessels[62].
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Figure 6. 
Classic angiogram showing distal vessel pruning in various stages of pulmonary 

hypertension associated with congenital heart defects [63].
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Figure 7. 
Angiogram constructed using MRI showing the pulmonary arterial anatomy[65].
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Figure 8. 
Dual energy CT used to detect areas of perfusion defect, in this case caused by a pulmonary 

embolus. A) Axial reconstruction with color-coded dual energy perfusion, showing 

perfusion defects in both lungs. B) Coronal reconstruction with perfusion defects 

throughtout except the apices. C) Volume rendered image. (From Siemen’s booklet on their 

dual CT device)
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Figure 9. 
Pulmonary perfusion as assessed by contrast dilution techniques. Panel a shows the 

reference chest CT with panlobular emphysema. Panel b shows heterogeneously decreased 

regional pulmonary blood flow. Panel c shows heterogeneously decreased blood volume. 

Panel d shows decreased regional mean transit time of blood [73].
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Figure 10. 
PET imaging used to quantify the heterogeneity of regional ventilation and regional 

perfusion in lungs of a normal patient and a patient with COPD. Larger spatial filter length 

scales are used to highlight heterogeneity on different scales. Using this method it was 

demonstrated that the heterogeneity in perfusion was greater in patients with COPD and that 

it is not wholly accounted for by the heterogeneity in regional ventilation[79].
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