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Pulmonary arterial hypertension (PAH) can be a rapidly progressive disorder and is associated with high rate of mortality, despite medical
intervention. With the availability of effective therapy, early disease detection is an important strategic objective to improve treatment out-
comes. Resting echocardiography is currently the recommended screening modality for high-risk population groups. However, it is clear that
derangements in resting haemodynamics (and symptoms) are late sequelae of the pathobiological processes that begin in the distal pulmon-
ary arteries. Exercise stress may unmask early pulmonary vascular dysfunction but the definition, clinical significance, and natural history of
‘exercise PAH’ remain undefined. We will review the currently available and potential future strategies aimed at early disease detection, and
propose that ultimately the way forward is to detect disease at a stage prior to the rise in resting pulmonary artery pressure.
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Introduction
Pulmonary hypertension (PH) is a pathophysiological state
defined by an increase in mean pulmonary arterial pressure
(PAP) ≥25 mmHg at rest as assessed by right heart catheteriza-
tion.1 –3 According to the values of pulmonary capillary wedge
pressure (PCWP), PH is defined as pre-capillary (PCWP ≤
15 mmHg) or post-capillary (PCWP . 15 mmHg).3 Pulmonary
hypertension can be found in multiple clinical conditions (at
least 37 separate disease entities according to the most recent
clinical classification)4 and is classified into six groups according
to similar pathophysiological and therapeutic characteristics
(Table 1). Pulmonary hypertension owing to left heart disease
(post-capillary PH) is distinct from other PH groups which rep-
resent pre-capillary PH. Despite comparable elevations in PAP
and pulmonary vascular resistance (PVR) in the different
pre-capillary PH groups, the underlying disease mechanisms,
diagnostic approaches, prognosis, and therapeutic implications
are completely different.

Pulmonary arterial hypertension (PAH) (Group 1) is a distinct
clinical group of uncommon conditions characterized by the
presence of pre-capillary PH in the absence of other causes of
PH such as lung diseases (Group 3), chronic thrombo-embolic
PH (Group 4), or other rare diseases (Group 5). Although
PAH (Group 1) consists of different forms [such as idiopathic,
heritable, drug and toxin induced, associated with connective
tissue diseases, HIV infection, portal hypertension, and
congenital heart disease (CHD)],3 they all share a similar clinical
picture and virtually identical pathological changes in the distal
pulmonary arteries (,500 mm), which we will refer to as pul-
monary vascular disease (PVD). The pathological changes of
established PVD are characterized by medial hypertrophy,
intimal proliferative changes (concentric and/or eccentric),
adventitial thickening with moderate peri-vascular inflammatory
infiltrates, complex lesions (plexiform, dilated), and thrombotic
lesions.5

The exact processes that initiate PVD are largely unknown. It is
hypothesized that the interaction between genetic predisposition
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and environmental risk factors may be involved in the initial stages
of the disease.6 It appears that a specific injury on the vessel wall of
the distal pulmonary arteries may trigger, in the predisposed indi-
vidual, a pathobiological cascade of events which leads to a
common final pathological obstructive condition.

The initial phases of the disease is clinically silent and detectable
pathophysiological changes in the pulmonary circulation and the
heart usually appear when the pathological lesions are fully devel-
oped.7 The length of this pre-clinical phase of the disease is
currently unknown.6,8 Furthermore, if we consider that late
symptom reporting and delayed diagnosis are common in PAH, it
is clear how distant the early stages of the disease may be from
the initiation of effective therapies. On the other hand, the data avail-
able from PAH trials support the hypothesis that earlier intervention
may improve the efficacy of current therapies.9,10 The EARLY
study,10 which included mildly symptomatic patients in WHO func-
tional Class II, demonstrated that therapy with the endothelin recep-
tor antagonist bosentan delayed the time to clinical worsening.

Therefore, it is imperative to reduce the time between the
beginning of the pathobiological processes leading to PAH and
the initiation of effective medical therapy. The present paper will
discuss the possible strategies devoted to the early detection of
PVD in PAH patients.

The paradigm of early disease
detection

Pulmonary artery pressure rise is a
late event
The normal pulmonary circulation is unique in its ability to accom-
modate the entire cardiac output at low arterial pressure, even
during condition of maximal exercise. This is accomplished by its
high-capacitance and low-resistance circuit,11 with large microcir-
culatory reserves which are ‘unrecruited’ at rest.12 During exercise,
the pulmonary microcirculation is progressively recruited, resulting
in the maintenance of relatively low arterial pressure despite

increasing flow. The recruitment of the microcirculation also
serves to increase the capillary surface area available for gas
exchange during exercise.

The high capacitance of the pulmonary circulation means that
early PVD can be well compensated for. In fact, .50% of the pul-
monary circulation must be obstructed before a rise in resting PAP
is detected.13 Single-lung transplantation may be successful in the
treatment of PAH patients, and patients who have undergone
pneumonectomy do not usually develop severe PH. Thus, a rise
in resting PAP is a late marker of the obliterative and remodelling
processes occurring in the distal pulmonary arteries (Figure 1).

This situation presents major challenges for the early detection
of PVD: first, it is clinically silent until vascular damage is advanced;
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Table 1 Definition and clinical groups of pulmonary hypertension

Haemodynamic definitiona Clinical group

Pre-capillary PH Mean PAP ≥25 mmHg (Group 1) PAH

PCWP ≤ 15 mmHg (Group 3) PH due to lung disease of hypoxia

(Group 4) Chronic thromboembolic PH

(Group 5) PH with unclear and/or multifactorial mechanisms

Post-capillary PH Mean PAP ≥25 mmHg (Group 2) PH due to left heart disease

PCWP . 15 mmHg

Passive TPG ≤ 12 mmHg

Reactive (out of proportion) TPG . 12 mmHg

PH, pulmonary hypertension; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure.; TPG, transpulmonary gradient (TPG = mean PAP - PCWP).
aAll haemodynamic values are at rest.

Figure 1 Schematic representation of the relationship between
pulmonary microcirculation loss and PAP. The high capacitance of
the pulmonary circulation implies that early microcirculation loss
is not accompanied by a change in resting PAP. Many of the
current screening modalities are dependent on detecting a rise
in PAP, and thus will fail to detect the early stages of PVD.
PAP, pulmonary artery pressure; PVD, pulmonary vascular
disease; PAH, pulmonary arterial hypertension; PVR, pulmonary
vascular resistance; CO, cardiac output; RV, right ventricle.
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and second, our current screening strategies are devoted to
detecting disease at a stage when resting PAP is already elevated.
Therefore, using the current haemodynamic definition of PH
(resting PAP ≥25 mmHg),14 PVD is necessarily identified at a rela-
tively late stage, potentially reducing the efficacy of any current or
future anti-remodelling therapeutic strategies.

Exercise pulmonary arterial
hypertension: a precursor to
resting pulmonary arterial
hypertension?
Many diagnostic tests utilize ‘stress’ to elicit symptoms or abnormal
physiological responses to facilitate disease detection. If alterations
in resting haemodynamics are inadequate to identify early PVD,
can we ‘stress the system’ to enable earlier disease detection? The
earliest symptom in PAH is usually exertional dyspnoea, and it is
thus rational that examination of the status of the pulmonary circula-
tion during exercise stress may provide insights into early PVD.
However, the exercise haemodynamics of the pulmonary circulation
is a complex issue with many unresolved questions to be addressed.

Resting and exercise haemodynamics
in normal individuals
Recent re-evaluation of available data has shown that the mean
PAP in normal individuals at rest is 14+ 3 mmHg with an upper
limit of normal of �20 mmHg.15,16 As the current definition of
PAH is characterized by a mean PAP ≥25 mmHg, the significance
of mean PAP values between 21 and 24 mmHg is unclear. Patients
who present with PAP in this range need further evaluation in epi-
demiological studies to detect a possible progression to higher
values (or regression to lower values) and to clinically detectable
disease.

The arbitrary definition of PH on exercise (mean PAP
.30 mmHg), as assessed by right heart catheterization, is not sup-
ported by published data and healthy individuals can reach much
higher values.15,17 While mean PAP at rest is virtually independent
of age, the normal ranges of mean PAP during exercise is depen-
dent on age, cardiac output, exercise method, and body weight.
In a recent review by Kovacs et al.,15 mean PAP during mild exer-
cise was 19.4+ 4.8 mmHg in subjects ,50 years of age compared
with 29.4+8.4 mmHg in subjects .50 years. Mean PAP values
during lower exercise levels almost always remained ,30 mmHg
in normal subjects ,50 years, but 21% of them (and 47% of
those aged 50 years or older) surpassed the threshold of
30 mmHg during maximal exercise.

The analysis of the plot between mean PAP and the cardiac
index in normal individuals during exercise shows a relatively
mild slope as large increases in cardiac output can be accommo-
dated without proportional elevations of PAP. Interestingly, part
of the increase of mean PAP is related to the increase of PCWP
which may reach values .20 mmHg during supine exercise in
normal subjects.15 As a consequence, PVR, calculated as transpul-
monary gradient (mean PAP2PCWP) divided by cardiac output, is
apparently reduced on exercise in normal individuals.15,17

It is important to realize that our understanding of the normal
haemodynamic response of the pulmonary circulation to exercise,
despite the available data, remains limited. The majority of inva-
sively measured exercise haemodynamics are derived from old
studies with varying patient populations, methodologies, and exer-
cise protocols. There are significant inconsistencies in the literature
with regard to the normal ranges of PAP, PCWP, and hence PVR
during exercise. Thus, at this stage, no age-specific and -sensitive
right heart catheter study-based definition for exercise PH can
be provided.

Exercise haemodynamics in pulmonary
arterial hypertension patients
Exercise haemodynamics has been used in patients with idiopathic
PAH to evaluate the efficacy of medical therapies. In the study of
Castelain et al.,18 the slope of the plot between the mean PAP
and cardiac index during exercise at baseline is much steeper com-
pared with normal individuals. Moreover, the extrapolated
pressure intercept of the pressure–flow plot (zero-flow intercept)
is positive, and consequently PVR is no longer a constant value
independent of the absolute level of PAP and pulmonary blood
flow.18 In this case, PVR values calculated as the transpulmonary
pressure gradient divided by cardiac output are misleading
because the extrapolated pressure intercept of the linear portion
of the pulmonary artery pressure–flow plot is positive and its
value is not considered. Therefore, the functional state of the pul-
monary circulation in patients with PAH is probably better
described by the slope of multipoint mean PAP vs. cardiac index
curves (true PVR) than by a single PVR determination at rest
(Figure 2). The treatment with continuous intravenous infusion of
epoprostenol for 6 weeks did not change substantially the values
of mean PAP, cardiac index, and PVR (single-point measurement)
at rest but a relevant increase in exercise capacity as assessed by
the 6 min-walk test was detected.18 This might be explained by a
reduction in the slope of the relationship between mean PAP
and cardiac index (true PVR) during the exercise haemodynamic
test performed after 6 weeks of treatment. In other words, with
epoprostenol therapy, higher values of cardiac index could be
achieved on exercise with smaller increases in mean PAP, testifying
a possible vasodilator effect of the drug detectable only with
exercise stress.

This observation could be utilized in the identification of early
stages of PVD in PAH, analysing not only the maximal value of
mean PAP achieved during the exercise but also its relationship
with the increase of cardiac index. In fact, it is possible that the
maximal value of mean PAP generated by the right ventricle is
not substantially different between normal individuals and patients
with early PVD. However, a different behaviour of the PVR in the
early stages of the disease (e.g. lack of the physiological reduction)
might result in a lower rise of cardiac index for each given value of
mean PAP on exercise, thus increasing the slope of the relation-
ship. In other words, the definition of PH on exercise might
require the identification of normal thresholds for the slope of
the relationship between mean PAP and cardiac index rather
than the absolute value of mean PAP per se.
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Despite the appeal of utilizing exercise in order to identify early
PVD in subjects with normal resting PAP, this is constrained by
the lack of uniform data on the values that define the bounds of
normal physiology. Furthermore, outcome studies are needed to
demonstrate that subjects with an ‘abnormal’ haemodynamic
response during exercise will progress to resting PAH over
time. Without this specific validation it is not possible, at present,
to assume the atypical response to exercise as a sign of early disease.

Detecting early pulmonary
vascular disease
The ideal screening test is one that is sensitive as well as specific,
non-invasive, widely available, inexpensive, and able to detect
disease at an early stage. For meaningful screening, it is also desirable
that an effective intervention (ideally one that reduces mortality) is
available when a disease is detected. Unfortunately, an ideal screen-
ing test for early PVD is lacking. In this section, we will examine: (i)
the populations that a screening programme should target; (ii) the
established modalities that are currently in clinical use to detect
resting PH; and (iii) emerging techniques that may ultimately
enable early disease detection, prior to a rise in resting PAP.

Who to screen?
Pulmonary arterial hypertension is an uncommon disease, with an
estimated population prevalence of 15–50 cases per million.19–21

Any strategy aimed at early disease detection must target specific
populations at high risk of PAH (Table 2). Although many factors
including genetics, gender, drugs, toxins, and certain medical con-
ditions are known to be risk factors for the development of
PAH, only a few of these associated factors confer an absolute
risk high enough to merit the adoption of a screening strategy.
Germline mutations in bone morphogenic protein receptor type
2 (BMPR2) are found in around 60–70% of patients with familial
PAH 22,23. Interestingly, BMPR2 mutations are also detected in
11–40% of patients with apparently sporadic PAH without a
family history,24,25 highlighting the importance of genetic pre-
disposition in the development of PAH. Bone morphogenic
protein receptor type 2 mutation penetrance is incomplete and
a carrier has an estimated lifetime risk of 20% for the development
of PAH.26 Patients with systemic sclerosis (SSc) represent a very
high-risk group, with a 10–15% lifetime risk of developing clinical
PAH.27– 30 Systemic sclerosis-associated PAH is also an aggressive
disease, with a poorer survival compared with idiopathic PAH
despite similar baseline haemodynamics.31 Around 5–15% of
adults with CHD develop PAH, usually as the result of large
left-to-right shunts.32 With advances in corrective surgery, an
increasing number of children with repaired complex CHD (such
as single-ventricle physiology) are surviving into adulthood with
the late development of PVD. Up to 10% of patients with
chronic liver disease presenting for liver transplant assessment
(and 0.5% of those with less severe liver disease) have portopul-
monary hypertension. Finally, 0.5% of patients with HIV infec-
tions33 and up to 2% of subjects with sickle cell disease (as well
as with other chronic haemolytic anaemias) may develop PAH.34

Currently, international guidelines support the screening for
PAH in (i) family members of idiopathic/familial PAH, (ii) patients
with connective tissue disease, and (iii) patients with portal hyper-
tension being evaluated for liver transplantation.35,36

Established modalities for the screening
of resting pulmonary arterial
hypertension
The current approach to PAH screening is centred on the use of
echocardiography in high-risk patients. Complementary use of

Table 2 Pulmonary arterial hypertension prevalence
in the general population and at-risk polulations

Prevalence of PAH in the general population

15–50 cases per million (0.0015–0.0050%)

Prevalence of PAH in at risk populations

CHD: 4–15%

Systemic sclerosis: 8–10%

Portal hypertension: 0.5–10%

HIV: 0.5%

Sickle cell disease: 2%

BMPR2 mutation carriers: 20%

PAH, pulmonary arterial hypertension; CHD, congenital heart disease; HIV, human
immunodeficiency virus; BMPR2, bone morphogenic protein receptor 2.Figure 2 Exercise haemodynamics in PAH patients. The

extrapolated zero flow pressure intercept is greater than
PCWP and hence PVR is no longer a constant value independent
of pulmonary blood flow. Furthermore, epoprostenol therapy
after 6 weeks may not substantially change the values of mean
PAP and cardiac index at rest, but the slope of the pressure–
flow relationship during exercise (continuous line) is reduced as
compared with before treatment (dotted line), explaining the
improvement in exercise capacity following therapy. The func-
tional state of the pulmonary circulation is better described by
‘true PVR’ or the slope of multipoint PAP vs. cardiac index
relationship, rather than by a single PVR determination at rest.
Redrawn from Castelain et al.18 PAP, pulmonary artery pressure;
PAH, pulmonary arterial hypertension; PCWP, pulmonary capil-
lary wedge pressure; PVR, pulmonary vascular resistance.
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biomarkers and pulmonary function testing may also support the
presence of PAH.

Resting Doppler echocardiography
Resting Doppler echocardiography (DE) is the most widely used
screening method for the detection of PH. It provides a reasonably
reliable and comprehensive assessment of the right heart and the
pulmonary circulation, and can often indicate the underlying
cause of PH.37 Doppler echocardiography can also provide an esti-
mation of left-sided filling pressure to support the suspicion of
post-capillary PH which is common.

The main DE parameter of interest in the detection of PH is the
tricuspid regurgitation velocity (TRV). Right ventricular systolic
pressure (RVSP) is estimated using the modified Bernoulli equation
(RVSP ¼ 4 × TRV2 + right atrial pressure). Right atrial pressure
(RAP) can be assessed by the size and respiratory variation of
the inferior vena cava.37 Pulmonary vascular resistance may be esti-
mated indirectly by taking into account pulmonary blood flow
using the time velocity integral of the right ventricular outflow
tract (TVIRVOT). The related equation (PVR ¼ 10 × TRV/
TVIRVOT) has been shown to correlate with invasively measured
PVR.38,39 Other complementary indices, such as pulmonary accel-
eration time, and right ventricular isovolumetric relaxation time,
can be used to support the presence of PH40 –42 (Table 3).
These indices are particularly useful if a good-quality TRV jet is
not obtainable. However, the majority of these complementary
indices are based on small studies without prospective validation,

and their sensitivities in detecting early PAP elevation are also
questionable.

All these parameters should be integrated with echocardio-
graphic variables that might raise or reinforce the suspicion of
PH. These include increased dimensions and abnormal function
of the right heart chambers, abnormal shape and function of inter-
ventricular septum, and dilated main PA. Right ventricular systolic
function can be evaluated by several simple methods such as frac-
tional area change, tricuspid annular plane systolic excursion, and
right ventricular index of myocardial performance from pulsed
Doppler examination of the tricuspid annulus. However, these
changes tend to occur later in the course of the disease and
their sensitivity for early PVD is thus poor.

The ‘performance’ of resting DE as a screening tool in popu-
lations at risk of PAH is entirely based on the chosen threshold
of TRV. If it is low, the rate of false positive increases dramatically,
while too high a threshold will increase the number of false-
negative cases. The reliability of several TRV cut-off values, using
right heart catheterization as reference, has been reported in
large screening studies in high-risk populations. A trial evaluating
the reliability of prospective screening of patients with SSc based
on TRV . 2.5 m/s in symptomatic patients, or .3.0 m/s irrespec-
tive of symptoms, found that 45% of cases of DE diagnoses of PH
were falsely positive.28 In symptomatic patients with HIV infection,
PH criterion based on TRV . 2.5 and 2.8 m/s was found to be a
false positive in 72 and 29%, respectively.33 At present, a TRV .

2.8 m/s is considered to be elevated, except in the elderly and
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Table 3 Summary of key echocardiographic indices used in the estimate of pulmonary haemodynamics

Index Formula Comments

TRV sPAP ¼ 4 × TRV2 + RAPa PH unlikely if

TRV ≤ 2.8 m/s, sPAP ≤ 36 mmHg and no additional
echocardiographic variable suggestive of PH

PH possible if

TRV ≤ 2.8 m/s, sPAP ≤ 36 mmHg with additional echocardiographic
variable suggestive of PH

TRV 2.9–3.4 m/s, sPAP 37–50 mmHg

PH likely if

TRV . 3.4 m/s, sPAP . 50 mmHg14

Pulmonary flow acceleration time ,93 ms suggests presence of PH40

Tei index (IVRT + IVCT)/RVET .0.36 suggests the presence of PH41

Right ventricular IVRT by tissue Doppler .65 ms suggests sPAP . 40 mmHg42

Ratio of TRV to time velocity integral of right
ventricular outflow tract

TRV/TVIRVOT .0.2 suggests PVR . 2 woods unit38

IVC size and collapsibility Various algorithms are available to estimate RAP based on IVC size and
collapsibility37

sPAP, systolic pulmonary artery pressure; TRV, tricuspid regurgitation velocity; RAP, right atrial pressure; IVRT, isovolumic relaxation time; IVCT, isovolumic contraction time;
RVET, right ventricular ejection time, TVIRVOT, time velocity integral of RV outflow tract; PVR, pulmonary vascular resistance; IVC, inferior vena cava.
aAssuming an RAP of 5 mmHg.
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the obese where the normal range of systolic PAP is higher.43

Recent European guidelines suggest that a TRV . 3.4 m/s is indica-
tive of ‘likely PH’, and ‘possible PH’ when the TRV is between 2.8
and 3.4 m/s.14

An interpretable TRV jet may not be obtainable in about
10–20% of patients presenting for the assessment of PH,44

although signal quality can be improved by the injection of agitated
saline.45 The precision of DE estimates of systolic PAP is also deba-
table. In studies that have compared DE values with heart catheter-
determined values, the mean difference ranged from 3 to
38 mmHg, and systolic PAP was underestimated by .20 mmHg
in 31% of all patients studied.46 A recent study by Fisher et al.47

demonstrated that up to 48% of cases have a discrepancy of
.10 mmHg compared with invasive measurements. Underestima-
tion can be particularly problematic when TRV jet quality is poor,
potentially leading to delayed or incorrect diagnosis. As DE esti-
mate of systolic PAP is a summation of the TRV-derived gradient
and RAP, the imprecise estimation of RAP by echocardiography
introduces further potential error into this calculation.48

Therefore, invasive haemodynamic confirmation of PAH is manda-
tory when treatment of this condition is considered. Pulmonary vas-
cular resistance must be calculated as high cardiac output states
may be associated with an elevated PAP without a true increase in
PVR. During right heart catherization, confrontational testing with
fluid challenge may be used to unmask diastolic dysfunction when
baseline PCWP is ≤15 mmHg but this condition is clinically sus-
pected.49,50 However, there is no consensus about fluid challenge
protocols and the age-related normal response has not been defined.

Pulmonary function testing
The classic pulmonary function abnormality seen in PAH is an iso-
lated reduction in diffusing capacity for carbon monoxide (DLCO)
in the presence of normal spirometry and lung volumes. Diffusing
capacity for carbon monoxide is reduced in PAH as a result of a
reduction in pulmonary capillary blood volume. Studies examining
the utility of DLCO as a screening tool have been performed
mainly in the SSc population. Longitudinal data from the large Pitts-
burgh Scleroderma Databank demonstrated that the development
of PAH was strongly associated with a DLCO ,55% predicted,
and a forced vital capacity (FVC)-to-DLCO ratio .1.4 at the
time of initial evaluation. Among those with an FVC/DLCO ratio
of .1.4, �20% developed PAH within 5 years.51 A serial decline
in DLCO was also a powerful predictor of future PAH52 (Figure 3).

It should be stressed that the measurement of DLCO rep-
resents the composite of two components: conductance across
the alveolar-capillary membrane (DM) and pulmonary capillary
blood volume (VC). Therefore, a reduction in DLCO is not specific
for PAH, and may represent the presence of diffuse parenchymal
lung disease. However, a small study examining the utility of parti-
tioning DLCO into its two components (DM and VC) failed to
demonstrate improved discrimination for the presence of PH com-
pared with a lone DLCO measurement.53

Biomarkers
Brain natriuretic peptide (BNP) is released from the ventricles in
response to volume and pressure overload, and serve as a non-
invasive marker of ventricular strain. In patients with established

PAH, both BNP and NT-proBNP (the inactive precursor
N-terminal fragment) have been shown to correlate with exercise
capacity and haemodynamics,54 predict mortality,55,56 and indicate
right ventricular systolic impairment.57 Recent attention has
focused on these biomarkers as a potential screening tool for
early PAH in high-risk populations. Using NT-proBNP and a
cut-off value of 365 pg/mL, the sensitivity and specificity in detect-
ing PAH in SSc patients ranges from 56–69 and 95–100%, respect-
ively.58,59 The results of these studies suggest that elevation in
BNPs is a relative late event related to RV dysfunction, and lacks
sensitivity to be used as a stand-alone test to detect early PAH.

Angiopoietins are circulating angiogenic factors which control
the formation and maturation of blood vessels. The role of aber-
rant regulation of the angiopoeitin–Tie2 receptor system in the
pathogenesis of PAH remains incompletely understood, with con-
flicting results in the literature.60,61 In a recent study by Kumpers
et al.,62 angiopoietin-2 levels demonstrated a surprisingly good cor-
relation with disease severity, pulmonary haemodynamics, and
treatment response after 3 months of PAH-targeted therapy.
These preliminary observations suggest that angiopoeitins may
be promising new biomarkers in the assessment of PAH.

Emerging modalities which may detect
pulmonary vascular disease prior to a rise
in resting pulmonary arterial pressure
Many promising techniques are emerging which may ultimately
enable disease detection at a stage prior to the rise in PAP.
These techniques, however, require further validation before
implementation into clinical practice can be recommended.

Stress Doppler echocardiography
Stress DE employs either exercise or hypoxia as the ‘stressors’ of
the pulmonary circulation. Exercise DE is usually performed on a
semi-recumbent cycle ergometer at left tilt position to optimize

Figure 3 The relationship between DLCO and the develop-
ment of SSc-associated PAH. Serial falls in DLCO are predictive
of the development of future PAH, suggesting that DLCO moni-
toring could form part of a screening strategy for PAH in SSc.
Redrawn from Steen et al.51 DLCO, diffusion capacity for
carbon monoxide; PAH, pulmonary arterial hypertension; SSc,
systemic sclerosis.
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echocardiographic windows, with PAP and cardiac output
estimated at each stage of incremental workload. For hypoxic
stress, an inspired oxygen concentration of 12–13% is delivered
for 90–120 min. This time period is necessary to produce a
maximal hypoxic pressor response.63

Although the normal values of exercise systolic PAP have
been reported to remain at ,45 mmHg,64 well-conditioned ath-
letes are capable of reaching systolic PAP .60 mmHg at peak
exercise.65 This is explained mostly by their ability to generate
large augmentations in cardiac output (and thus pulmonary
flow) during exercise. This highlights the importance of taking
cardiac output into consideration when interpreting the systolic
PAP. A similar systolic PAP may be reached during peak exercise
by a well-conditioned athlete and a subject with early PVD;
however, if cardiac output is taken into consideration, it is
clear that the estimated PVR will be substantially different.
Therefore, analysis of multipoint pressure–flow relationships
during incremental exercise is the ideal method to assess the
status of the pulmonary circulation,66 and a compromised pul-
monary circulation should display a steeper slope than normal
in the pressure–flow line67 (Figure 4).

In a recent large multi-centre stress DE study, a high proportion
of relatives of patients with idiopathic and familial PAH displayed a
‘pulmonary hypertensive’ response to stress. During exercise, 32%
of relatives but only 10% of controls had TRV values .3.08 m/s;

and during hypoxia, 26% of relatives had TRV values .3.08 m/s
compared with 10% of controls.68 Furthermore, relatives with
BMPR2 mutation had the highest likelihood of developing a hyper-
tensive response to stress. Similarly, exercise DE studies in the SSc
population have demonstrated a high-prevalence exercise hyper-
tensive response in 40–60% of patients, using systolic PAP
.40 mmHg as the cut-off.69– 72

Exercise DE is potentially an elegant and physiological (although
technically challenging) tool to uncover early PVD. However, the
application of exercise DE is hampered by the fact that the exact
natural history of exercise-induced ‘pulmonary hypertensive
response’ remains to be elucidated. Furthermore, there remains a
paucity of data on the normal ranges of TRV during exercise, and
in particular, the influence of age, gender, and obesity on these
values has not been clearly defined. There is also a lack of standard-
ization for the performance of exercise DE in the assessment of the
pulmonary circulation. These unresolved issues imply that exercise
DE, based on the currently available evidence, cannot be rec-
ommended as a routine method for the early detection of PVD.14,73

Invasive cardiopulmonary exercise testing
Cardiopulmonary exercise testing (CPET) with invasive measure-
ments of central haemodynamics remains the ‘gold standard’ in
the assessment of the functional status of the pulmonary circula-
tion during exercise. Invasive CPET can also uncover

Figure 4 (A) Exercise echocardiography data represented as multipoint pressure–flow relationship of the pulmonary circulation. (B) Systolic
PAP is estimated by TRV, and CO by VTI of the LVOT. It is important to take cardiac output into consideration when interpreting exercise
echocardiographic data, as a well-trained athlete can reach ‘hypertensive range’ of systolic PAP due to large augmentation in CO. Reproduced
from Argiento et al.66 with permission from European Respiratory Society. PAP, pulmonary artery pressure; TRV, tricuspid regurgitation vel-
ocity; CO, cardiac output, VTI, velocity time integral; LVOT, left ventricular outflow tract.
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exercise-related diastolic dysfunction not present at rest, which is
an important and common cause of exertional dyspnoea and
exercise-induced PH.74,75 In the study by Tolle et al.,75 patients
with ‘exercise PAH’ (defined arbitrarily as mean PAP
.30 mmHg and PCWP ,20 mmHg during exercise) demon-
strated a reduced cardiac index and higher PVR at peak exercise,
suggesting that ‘exercise PAH’ may potentially represent an early
and clinically relevant phase of the PAH spectrum. However, the
invasive nature of this modality and the arbitrary nature of the defi-
nition of ‘exercise PAH’ limits its role as a screening tool in the
detection of PVD in high-risk populations.

Novel invasive haemodynamic evaluation
Endothelial dysfunction is thought to be an early event in the patho-
genesis of PVD, and may precede the development vascular remo-
delling and rise in PAP. Celermajer et al.76 studied the response of
acetylcholine infusion (an endothelium-dependent vasodilator) in
the pulmonary arteries of children with congenital left-to-right
shunts without established PAH. Compared with controls, children
with left-to-right shunts demonstrated impairment of acetylcholine-
mediated vasodilatation, indicating that the in vivo identification of
endothelial dysfunction may be an early marker of PVD.

More recently, there has been extensive interest on the principle
of ‘flow reserve’ in the assessment of the integrity of a microcircula-
tion bed. The concept of ‘coronary flow reserve’ is a well-
established physiological index in the evaluation of the coronary
microcirculation. Ilsar et al.77 applied this concept of flow reserve
to the pulmonary microcirculation in an animal model of early pul-
monary vascular embolic disease. The pulmonary microcirculation
of baboons was obstructed with microspheres embolization to a
point prior to the development of a rise in PAP. ‘Pulmonary flow
reserve’ was assessed via the measurement of blood flow augmen-
tation after local infusions of high-dose vasodilator agents in order
to achieve maximal hyperaemia (and microcirculation recruitment).
Progressive microspheres embolization, to an extent insufficient to
cause an elevation of PAP, led to a reduction in pulmonary flow
reserve, suggesting that the measurement of this index may have
potential utility in the early detection of PVD.

Advanced imaging
Magnetic resonance imaging (MRI) has emerged as a power tool
in the assessment of PAH with applications in diagnosis, deter-
mining disease severity, and monitoring of treatment response.
The ability of MRI to comprehensively assess the heart and
the pulmonary circulation as an integrated functional unit
makes it a useful non-invasive tool in the evaluation of PVD.
At present, MRI has been restricted to the examination of
patients with established PAH and its utility as a screening
modality remains undefined.

Owing to the complex three-dimensional geometry of the RV,
MRI is the gold standard in the study of RV structure and function.
In particular, RV mass can be measured accurately by multiplying
the volume of RV muscle to the specific weight of the myocar-
dium.78 An increase in RV mass may be an early marker of PVD
as adaptive muscle hypertrophy represents the initial compensated
state resulting from an increase in ventricular afterload.50

However, RV mass may also be influenced by factors such as the

degree of physical activity in apparently healthy individuals. Thus,
distinguishing a physiological adaptation to high physical activity
against the early pathological compensation to disease may be dif-
ficult. Pulmonary artery stiffness assessed by MRI may have utility in
the identification of early PVD. In the study by Sanz et al.,79 indices
of pulmonary artery stiffness (compliance and capacitance), derived
from MRI and right heart catheter measurements, were reduced in
subjects with exercise-induced PH compared with normal con-
trols. Further studies are required to evaluate the normal ranges
of MRI-derived indices of RV mass and PA stiffness and their pre-
dictive value in identifying PVD.

Quantitative calculation of regional lung perfusion can be per-
formed with three-dimensional gadolinium-enhanced MR perfusion
analysis, based on the principles of the indicator-dilution technique.
Ohno et al.80 demonstrated a marked difference in pulmonary per-
fusion in controls vs. patients with PAH (71 mL/100 mL/min vs.
130 mL/100 mL/min), but whether this technique is sensitive
enough for the early detection of PVD remains to be seen. In
addition, the high cost of MRI may limit its use as a screening
method for asymptomatic or mildly symptomatic subjects.

Similarly, current CT technology can enable regional quantitative
lung perfusion analysis. Electron beam CT is a specific technique
which enables ultrafast rotational times in order to reduce
motion artefacts. The principle is based on lung density changes
following the passage of contrast in a region of interest (ROI),
usually in the lung periphery to eliminate the influence of major
blood vessels. Jones et al.81 demonstrated a loss of gravity-
dependent vertical gradient of lung perfusion, and markedly
reduced overall perfusion in patients with PAH compared with
controls. Electron beam CT is not widely available, but the
advent of fast multi-detector CT should allow pulmonary perfusion
analysis to be feasible using conventional CT technology.82

Improvements in the technology of MRI and CT imaging may
allow visualization of the lung microcirculation in the future, and
in particular the distal pulmonary arteries (Figure 5). This sort of
‘virtual histology’ may fill the gap between the sites of disease
initiation (distal pulmonary arteries) and the late pathophysiological
consequences observed on cardio-pulmonary haemodynamics.

The challenges ahead
Early detection of PVD in PAH is an important strategic objective in
the battle against this terrible disease in which mortality remains
high, despite recent therapeutic progress. Unfortunately, the
length of time between the initiation of the disease and the early
clinical and haemodynamic consequences detectable with current
methods is largely unknown. The future paradigm of early disease
detection in high-risk patients should ideally be aimed at detecting
disease prior to a rise in resting PAP. Further studies in the haemo-
dynamic response of the pulmonary circulation during exercise with
non-invasive and invasive methods, including the response of normal
individuals of different ages, and outcome studies in high-risk sub-
jects, are required before adopting such methods in clinical practice.
The assessment of aspects of the abnormal pathophysiology of the
lung microcirculation (such as endothelial dysfunction) may help the
identification of early disease, as demonstrated in preliminary inves-
tigational studies. Future progress in non-invasive imaging such as
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MRI and CT may give further insight into the pathophysiological
aspects of the distal pulmonary circulation in the early stages of
PVD. At present, resting echocardiography, despite its multiple limit-
ations, remains the most widely available method for the screening
and initial diagnosis of PAH.
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Figure 5 Quantitative lung perfusion analysis with advanced magnetic resonance imaging and computed tomography imaging techniques. (A)
Pulmonary blood flow map using contrast-enhanced magnetic resonance imaging. Patient with pulmonary arterial hypertension (right image)
demonstrating reduced pulmonary blood flow compared with normal control (left image). Reproduced from Ohno et al.80 with permission
from American Roentogen Ray Society. (B) Electron beam computed tomography showing region of interest in the lung section (white
circles). Time density curves are constructed for each region of interest. Reproduced from Jones et al.81 with permission from European Res-
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