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ABSTRACT
Pulmonary arterial hypertension (PAH) is characterised by an increased pressure in the pulmonary 
arterial circulation, resulting in the elevation of pulmonary vascular resistance. Pulmonary endothelial 
dysfunction and inflammation, triggered by shear stress and hypoxia, constitute the hallmarks 
of pulmonary vasculopathy by promoting endothelial and smooth muscle cells proliferation, 
vasoconstriction, and thrombosis. While research was predominantly focused on pulmonary 
vasculature, the investigation of peripheral endothelial damage in different vascular beds has 
attracted the interest over the last years. As a result, effective non-invasive methods that can 
assess the endothelial function and the architectural integrity have been utilized for the evaluation 
of pulmonary and peripheral vasculature. Non-invasive plethysmography, pulmonary flow reserve, 
nailfold videocapillaroscopy, near-infrared spectroscopy, and imaging techniques such as magnetic 
resonance angiography and perfusion imaging coupled by a number of biomarkers can be used for 
the assessment of peripheral vascular function in PAH individuals. In this review, we summarise and 
critically approach the current evidence of more systemic derangement of vascular function in PAH 
defined by novel, non-invasive methods employed for functional and morphological assessment of 
endothelium and microcirculation. 
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PERIPHERAL NON-INVASIVE VASCULAR ASSESSMENT IN PAH

INTRODUCTION 
Pulmonary arterial hypertension (PAH) is haemodynam-
ically defined by a mean pulmonary arterial pressure 
(mPAP)>20 mmHg at rest, a pulmonary capillary wedge 
pressure (PCWP)≤15 mmHg, and an increased pulmo-
nary vascular resistance (>3 Woods Unit, WU) according 
to the 6th World Symposium of Pulmonary Hypertension.1 
PAH is a serious complication in connective tissue disor-
ders (CTD-PAH) especially in systemic sclerosis (SSc), 
mixed connective tissue disease (MCTD), dermatomy-
ositis and systemic lupus erythematosus (SLE). In fact, 
CTD-PAH is the second most common cause of PAH 
after idiopathic PAH, representing one of the leading 
causes of death in this population.2 Beyond common 
pathogenetic mechanisms with other forms of PAH 
such as thrombosis, vasoconstriction, endothelial, and 
smooth muscle cells proliferation, a more pronounced 
inflammatory and autoimmune component has been 
described in CTD-PAH.3 Infiltrating macrophages and 
lymphocytes, antinuclear antibodies, rheumatoid factor, 
and proinflammatory cytokines have been detected in the 
pulmonary vessels, as well as the serum of patients with 
CTD-PAH.4,5 The clinical evidence of such observations 
suggests that early administration of corticosteroids and 
immunosuppressants in SLE and MCTD patients could 
prevent irreversible pathologic changes in pulmonary 
vessels and improve functional status.6

The endothelium and its role in regulation of vascular tone
The endothelium, the inner cellular lining of blood and 
lymphatic vessels, plays a key role in the regulation of 
vascular tone, permeability, coagulation, inflammation, 
and vascular homeostasis in response to various stimuli.7 
The arterial wall is comprised of three cellular layers: the 
tunica adventitia, the tunica media, and the tunica intima. 
The region enclosed by the vessel wall is called the ves-
sel lumen. Exposure to genetic, as well as environmental 
factors, such as hypoxia, induces vascular remodelling 
in PAH; namely, smooth muscle cell proliferation in the 
tunica media and enhancement of endothelial cell ap-
optosis in the tunica intima. Endothelial-like cells, when 
proliferated in a disorganized manner, form glomeru-
loid-like lesions called “plexiform lesions”.8 Tuder et al. 
demonstrated that these lesions are responsible for the 
expression of vascular endothelial growth factor, and the 
hypoxia inducible factor -1a.8 Data collected from 62 
PAH patients indicated that plexiform lesions can be de-
tected in the lungs of up to 90% of PAH patients.9 Three-
dimensional reconstructive studies were able to show 
another onion-skin arrangement of endothelial- and/or 
smooth muscle cells, situated in proximity to plexiform 
lesions.10 This cellular accumulation was characterised 
as an “obliterative concentric lesion”, and such lesions 
appear to be completely restricted to the pulmonary 
vascular lumen. 

Impairment of endothelial function in pulmonary circula-
tion is the initial and fundamental event in the develop-
ment and progression of PAH. In particular, dysregulated 
synthesis and release of vasodilator mediators such 
as nitric oxide (NO) and prostacyclin accompanied by 
overexpression of vasoconstrictors, such as endothe-
lin-1 culminate in vascular changes typically observed in 
pulmonary vasculature.11 Over the last years the interest 
has shifted towards the investigation of more systemic 
peripheral involvement of macro- and micro-circulation in 
patients with PAH. On the top of validated methods as-
sessing structural and functional parameters of vascular 
health including flow mediated dilation (FMD) and pulse 
wave analysis, a number of novel sophisticated mo-
dalities such as nailfold videocapillaroscopy (NVC) and 
near-infrared spectroscopy (NIRS) have emerged for the 
evaluation of peripheral microcirculation with promising 
implications in PAH.12 
The current review provides a thorough report of the 
available data regarding systemic vascular injury, mac-
rovascular dysfunction and microcirculation changes 
in peripheral vascular branches in patients with PAH, 
assessed by non-invasive techniques. The potential 
utility of biomarkers of endothelial dysfunction as a part 
of non-invasive evaluation of generalized vasculopathy in 
subjects with PAH is also briefly discussed.  

Search strategy
A MEDLINE and EMBASE search was carried out 
according to published guidance on narrative reviews, 
using the following terms: pulmonary arterial hyperten-
sion, pulmonary hypertension, idiopathic pulmonary 
hypertension, connective tissue related-PAH, systemic 
sclerosis-related PAH, endothelial dysfunction, pulse 
wave velocity, flow mediated dilation, nailfold videocap-
illaroscopy, and near-infrared spectroscopy.13 Original 
research papers and review articles registered until the 
end of December 2020 were selected to be included 
in this review. Publications not in English and data from 
ongoing research were excluded.

MACROVASCULAR ENDOTHELIAL DYSFUNCTION 
The presence of a more generalised peripheral impairment 
of endothelial homeostasis in PAH was originally deter-
mined by measurements of peripheral endothelium-de-
pendent vasoreactivity using FMD, after brachial artery 
occlusion in individuals with idiopathic and SSc-related 
PAH, as well as patients with chronic thromboembolic 
pulmonary hypertension (CTEPH). Peled et al. reported 
abnormal endothelial function in all PAH groups compared 
to controls.14 Interestingly, the hyperaemic response was 
significantly correlated with indices of disease severity; 
namely New York Heart Association (NYHA) classification, 
mean pulmonary pressure, six-minute walking distance, 
and arterial oxygen desaturation upon exercise. The 
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generalized vasculopathy in patients with idiopathic and 
SSc-related PAH was confirmed in a later study with a 
larger number of participants, which again demonstrated 
endothelial dysfunction in PAH individuals compared to 
controls, while a trend towards increased arterial stiffness 
in SSc subgroup was also noticed.15 Finally, Wolff et al. 
found that endothelial dysfunction in peripheral, non-pul-
monary conduit vessels assessed by FMD in idiopathic 
PAH was correlated with acute pulmonary vasoreactivity 
defined as a positive pulmonary vascular response to 
inhaled iloprost during right heart catheterization (RHC).16 
The later provides a link between systemic vascular injury 
and hemodynamic parameters supporting the hypothesis 
that at least to some extent, PAH can be perceived as a 
systemic vascular disorder affecting both the pulmonary 
and the peripheral vasculature.

MICROVASCULAR ENDOTHELIAL DYSFUNCTION
Pulmonary microcirculation 
Early pulmonary vascular disease is often clinically silent, 
as initial pulmonary microvascular damage does not lead 
to significant changes in the pulmonary arterial pressure. 
Subsequently, there is an increasing interest in assessing 
the status of pulmonary microcirculation in early stages 
before advanced alterations occur. Zimmermann et 
al. attempted to determine the degree of pulmonary 
endothelial dysfunction in children with IPAH by using 
the pulmonary flow reserve method.17 The pulmonary 
flow reserve was determined by acetylcholine infusion 
into segmental pulmonary arteries using quantitative 
angiography and an intra-arterial Doppler flow wire in 
17 children with IPAH. Endothelial function was then 
assessed by classifying the reactivity of the pulmonary 
to systemic arterial pressure ratio, short-term oxygen 
and intravenous epoprostenol or aerosolized iloprost 
administration. The results indicated that acetylcholine 
infusion can cast a light on the pathogenesis of IPAH 
providing valuable information regarding the prognosis of 
the disease in patients with impaired vasoreactivity.
Another method for evaluating the pulmonary micro-
circulation is based on the assessment of the peak 
hyperaemic flow using the thermodilution derived 
mean transit-time. Results from a study performed on 
baboons, in which peak hyperaemic flow was assessed 
using sensor-guidewires and adenosine/papaverine as 
hyperaemic agents, showed that these novel indices 
can detect progressive pulmonary microvascular degen-
eration and can contribute to the assessment of early 
pulmonary vascular disease.18 Therefore, it becomes 
apparent that pulmonary flow shows promising results 
for the evaluation of endothelial activity by measuring 
vasoreactivity. However, this method is still in its infancy 
and further studies in humans are needed to validate 
these early findings.

Systemic microcirculation
Nailfold videocapillaroscopy 
Nailfold videocapillaroscopy is a simple, non-invasive 
method used to recognize morphological and/or func-
tional abnormalities in the peripheral microvasculature. 
It was initially developed for the diagnostic assessment 
of patients with Raynaud’s syndrome and is currently 
included in the European League Against Rheumatism 
(EULAR) and the American College of Rheumatology 
(ACR) update of the classification criteria for SSc.19 
The most common parameters assessed are capillary 
density per linear millimetre, capillary dimensions (mainly 
capillary loop width), the presence of microhaemorrhag-
es and capillary shape abnormalities.20 Given its ability 
to visualise different stages of peripheral vasculopathy, 
NVC is considered as a surrogate marker of SSc severity 
and progression, including vascular impediments such 
as PAH and/or visceral organ involvement.21 Similarly, in 
PAH, peripheral microangiopathy –assessed by NVC– 
may reflect the progression of pulmonary vasculopathy 
and provide a non-invasive, indirect tool for the evaluation 
of the disease itself.22 For example, a study including 12 
SSc-related PAH patients and 12 SSc patients without 
PAH found a significant correlation between mPAP and 
worse NVC score, defined by the presence of enlarged, 
giant, ramified, or bushy capillaries, microhaemorrhages, 
and loss of capillaries.23 Abnormal capillaroscopic pat-
tern has also been correlated with pulmonary vascular 
resistance in SSc-related PAH.24 
Another study in 66 consecutive patients aimed to relate 
NVC scleroderma patterns classified into “normal”, “ear-
ly”, “active” or “late” with organ involvement.25 This termi-
nology, used to classify NVC abnormalities amongst SSc 
subjects, depicts distinct patterns visualised at different 
stages of the disease. For instance, “early” changes are 
characterised by the presence of few giant capillaries and 
microhaemorrhages, whereas “late” changes include 
progressive capillary loss and disorganized capillaries. 
This study indicated a strong correlation between NVC 
patterns and future severe vascular and lung involve-
ment according to worsening scleroderma patterns. A 
recent meta-analysis confirmed the notable associations 
between SSc-PAH, capillary density and NVC pattern 
suggesting the potential integration of NVC into the 
current workout for the early detection of vascular injury 
in patients with CTDs.26

In the context of PAH of other aetiologies, a number of 
studies have investigated NVC alterations in patients with 
idiopathic PAH. Corrado et al. studied 39 SSc patients 
(19 with PAH), 21 subjects with idiopathic PAH, and 20 
healthy subjects.27 Apart from the changes detected in 
SSc-PAH, they also demonstrated increased capillary 
width in patients with idiopathic PAH patients com-
pared to healthy controls. The bidirectional relationship 
between peripheral microvascular remodelling and PAH 
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was also examined by Hofstee et al., who described a 
decreased capillary density in both SSc-PAH and IPAH 
individuals, presenting such changes as an indicator 
of disease severity.28 Last but not least, recent reports 
including patients with idiopathic PAH and Eisenmenger 
syndrome have revealed abnormal capillaroscopic pat-
terns across a wider spectrum of groups with pulmonary 
vascular disease.29 Finally, a recent study demonstrated 
significant NVC changes, such as reduction in capillary 
density and increased capillary dimensions in patients 
with IPAH and CTEPH. More than half of patients with 
IPAH presented microhaemorrhages on capillary nailfold, 
while shape abnormalities and capillary thrombi were 
detected at a greater extent in patients with CTEPH.30 

This study is part of a larger prospective study focusing 
on the documentation of peripheral microangiopathy in 
patients with pre-capillary PH (including patients with 

IPAH, CTD-PAH, Eisenmenger syndrome and CTEPH), 
as well as the association of qualitative and quantitative 
NVC parameters with clinical, haemodynamic, echocar-
diographic, biochemical and functional parameters of 
disease severity in PH patients (Figure 1).31

Near-infrared spectroscopy 
The increased vascular resistance in PAH leads to a 
disturbance in oxygen delivery to the periphery and 
an impairment in tissue oxygenation. The balance 
between oxygen supply and demand is reflected in the 
index mixed venous oxygen saturation (SvO2), which is 
typically reduced in PAH patients.32 Spatially resolved 
NIRS provides a non-invasive and rapidly responsive 
method for assessing skeletal muscle oxygenation. This 
is accomplished by measuring absorption differences 
in the near-infrared spectrum of light between oxy- and 

PERIPHERAL NON-INVASIVE VASCULAR ASSESSMENT IN PAH

Figure 1. Nailfold video-capillaroscopic features in patients with various types of precapillary pulmonary hypertension. 
A. Healthy control; normal capillary density (10 loops/mm), hairpin-shaped capillaries with normal loop width. B. PAH 
associated with systemic sclerosis (SSc-PAH); active scleroderma pattern with reduced capillary density (5 capillary 
loops/mm), giant capillaries (black arrow), disorganized capillaries (yellow arrows), abnormal capillary shapes (red arrow) 
and microhemmorhages (asterisks). C. PAH associated with systemic lupus erythematosus (SLE-PAH); reduced capillary 
density (6 loops/mm) with elongated capillaries (>500μm, red arrow) D. Idiopathic pulmonary arterial hypertension (IPAH); 
reduced capillary density (5 capillary loops/mm), avascular areas (asterisk) and irregularly enlarged capillaries (> 20μm 
and <50μm, arrow). E. Eisenmenger syndrome (ES); reduced capillary density (6 loops/mm), avascular area (asterisk), 
enlarged loop diameter (32.1μm, red arrow) and microhemorrhage (yellow arrow). F. Chronic thromboembolic pulmonary 
hypertension (CTEPH); mildly reduced capillary density (7 capillary loops/mm), avascular areas (asterisk) and abnormal 
capillary shapes (yellow arrows). 
Grid pattern represents area of 1mm2. Magnification 200×. All images were retrieved from the record of the Fourth 
Department of Internal Medicine, Hippokration General Hospital, Aristotle University of Thessaloniki. Informed consent 
was obtained from patients to publish their images. 
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deoxy-haemoglobin and myoglobin molecules in the 
microvasculature. The tissue oxygenation index (StO2) 
is adopted for the depiction of the dynamic balance 
between local tissue oxygen supply and utilization in all 
subjects.33,34 Since the contribution of myoglobin to the 
NIRS signal is not critical, StO2 is generally used as the 
ratio of oxygenated to total tissue haemoglobin concen-
tration. A study by Panagiotou et al. correlated measure-
ments of StO2 with SvO2 and venous oxygen saturation 
in the inferior vena cava during RHC to evaluate the use 
of NIRS in PAH.35 For this purpose, 25 PAH patients were 
assessed at rest, whereas 10 of those subjects were also 
examined during exercise. Results showed that skeletal 
muscle StO2 in PAH subjects correlated considerably 
with SvO2 under resting and exercise conditions and 
furthermore, it is possible that this could indicate disease 
severity. Therefore, NIRS could serve as a non-invasive 
tool for the qualitative evaluation of the dynamic balance 
between oxygen supply and demand in PAH as well as 
for the assessment of disease progression and severity. 
Inspired by the work of Panagiotou et al., NIRS was used 
to confirm the significant contribution of peripheral muscle 
alterations to the exercise intolerance in PAH patients.36 
Finally, Dimopoulos et al. assessed peripheral muscle 
microcirculation by utilising NIRS in 8 PAH patients, 8 
matched healthy subjects (controls), and 16 patients with 
chronic heart failure.37 Tissue O2 saturation was measured 
on the thenar muscle as the haemoglobin saturation (%) 
in the microvasculature compartments. Subsequently, the 
3-min brachial artery occlusion technique was applied 
before, during and after 15 min of breathing 100% O2. The 
oxygen consumption rate, the reactive hyperaemia time, 
and the time needed for tissue O2 saturation to reach 
its baseline value after the release of the occlusion were 
measured. PAH subjects presented a significant impair-
ment of peripheral muscle microcirculation, decreased 
tissue O2 saturation (possibly attributed to hypoxemia), 
slower reactive hyperaemia time (evidence of endothelial 
dysfunction) and peripheral systemic vasoconstriction. 
Finally, acute hyperoxic breathing improved resting tissue 
O2 saturation and reduced the oxygen consumption rate 
and reactive hyperaemia time during reperfusion, probably 
due to increased oxidative stress and evoked vasocon-
striction.38 These findings demonstrate an imbalance 
in oxygen supply and demand in peripheral muscles in 
patients with PAH, a phenomenon which may contribute 
to exercise intolerance in this population.

Imaging Techniques
Shifting the focus from the visualisation of the larger ves-
sels (macrocirculation) down to the segmental branches 
and the effect of the contrast agent during its passage 
through the arterioles and the capillary bed (microcircu-
lation) paved the way to the development of perfusion 
magnetic resonance imaging (MRI).39,40 The direct visual-

isation of ventilation was achieved using dedicated tracer 
gases, such as hyperpolarised noble gases (helium-3 and 
xenon-129). For example, Oxygen-sensitive He-3 MRI 
allows for quantification of the alveolar partial pressure 
oxygen, which can serve as an important complement 
for comprehensive ventilation-perfusion MRI. However, it 
has yet to be approved for clinical use as an MRI contrast 
agent by the FDA mainly due to limited availability (it is 
a by-product of tritium decay and is therefore classified 
as a strategic product in the United States). In the case 
of PH, MR angiography and MR perfusion imaging allow 
an in-depth evaluation of the localisation of the chronic 
thromboembolic material (underlying cause of PH).41 
Moreover, perfusion MRI can be quantitatively evaluated in 
order to assess the severity of the small vessel degenera-
tion. Perfusion MRI is a sensitive surrogate for monitoring 
the disease, while structural imaging of the lung allows 
the exclusion of other parenchymal diseases. Lastly, 
measurements of blood flow and right heart structural 
modifications provide estimates for changes in pulmonary 
arterial pressure as well as indications of cardiac strain and 
associated valvular disease.42 
A study conducted by Ohno et al. aimed at the quan-
titative assessment of regional pulmonary perfusion in 
the entire lung, using 3D ultrafast dynamic contrast-en-
hanced MRI in 40 volunteers (15 healthy, 25 PAH pa-
tients).43 Quantitative pulmonary perfusion parameters 
such as pulmonary blood flow, mean transit time and 
pulmonary blood volume showed significant differences 
between normal volunteers and PAH patients. Thus, it 
is possible that three-dimensional ultrafast dynamic 
contrast-enhanced MR imaging can be used for the 
assessment of pulmonary perfusion parameters in the 
entire lung of both normotensive and hypertensive pa-
tients. Consequently, MRI techniques can be used for 
the visualization of the pulmonary vascular bed and for 
the assessment of pulmonary perfusion parameters but 
at this moment its sensitivity is limited due to lack of a 
highly available and effective contrast agent.

BIOCHEMICAL MARKERS OF ENDOTHELIAL 
DYSFUNCTION
The detection and quantification of circulatory mole-
cules that are correlated with endothelial degeneration 
and dysfunction are useful for the early detection and 
monitoring of PAH. Biomarkers can be roughly catego-
rised according to their involvement in endothelial cell 
dysfunction, inflammation, epigenetics, cardiac function, 
oxidative stress, metabolism and extracellular matrix.44 A 
potential endothelial cell marker is asymmetric dimethy-
larginine (ADMA), an endogenous inhibitor of nitric oxide 
(NO) synthase. Impairment of the enzymatic activity of 
endothelial NO synthase leading to reduced bioavaila-
bility of NO is considered one of the main pathophysi-
ologic mechanisms of PAH and is mainly mediated by 
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Table 1. Non-invasive techniques for the assessment of peripheral macro- and microvascular dysfunction in PAH.

Study Sample Method Objectives Evaluated 
Variables

Results

Peled et al.13 
(2008)

54 patients  
-28 IPAH 
-10 SSc-PAH 
-7 CTEPH 
-9 Eisenmenger 
21 control 
subjects

Plethysmograph 
EndoPAT 2000

Post-occlusion branchial 
artery FMD

Systemic endothelial 
dysfunction and disease 
severity

-PAT ratio 
 -NYHA classification 
-6-MWD  
-O2 desaturation on 
effort
-Pulmonary pressure

PAT ratio↓ in all groups 
except Eisenmenger

PAT ratio associated with 
NYHA, 6MWD, O2 des., 
pulm. pressure

Peled et al.14 
(2009)

38 patients  
-28 IPAH 
-10 SSc-PAH 
21 control 
subjects

Fingertip tonometry 

Plethysmograph 
EndoPAT 2000

Post-occlusion branchial 
artery FMD

Arterial stiffness and 
endothelial dysfunction

-AI 
-PAT ratio

↓ PAT ratio in IPAH and 
SSc-PAH
Arterial stiffness ↑ in SSc
No correlation between 
AI and PAT ratio

Wolff et al.15 
(2007)

18 IPAH patients 
36 control subjects

FMD Endothelial dysfunction 
and acute vasoreactivity 
response

-FMD 
-mean PAP 
PVR post inhaled 
iloprost

↓ FMD in IPAH vs. 
controls

Iloprost ↓ mean PAP and 
PVR 

Correlation of FMD with 
PVR and mean PAP post 
iloprost administration

Panagiotou et 
al.34 (2016)

25 patients
-13 IPAH
-1 HPAH
-7 CTD-PAH 
-1 CHD-PAH
-3 PP-PAH

NIRS Peripheral muscle 
microcirculation 
impairment and 
correlation with disease 
severity 

-StO2%
-SvO2%
-SivcO2%

StO2% correlation 
with SvO2% and with 
SivcO2% 
       
SivcO2% correlation with 
SvO2% 

Dimopoulos et 
al.36 (2013)

32 subjects  
-8 PAH patients  
-8 healthy controls  
-16 subjects with 
chronic heart failure

NIRS Peripheral muscle 
microcirculation 
impairment

-StO2% 
-O2 consumption 
rate (%/min)
-Reactive hyperemia 
time

↓ resting StO2% and  
↑ reactive hyperemia 
time in PAH subjects

Hatabu et al.37 
(1996)

8 subjects total 
(healthy) 
- porcine model of 
pulmonary embolism

MRI MRI of lung perfusion 
feasibility

Signal intensity of 
the lung parenchyma

Parenchymal 
enhancement 
Recirculation
Pulmonary embolus 
visible 

Ohno et al.41 
(2004)

40 subjects total  
-25 PAH patients  
-15 healthy controls

MRI 3-D ultrafast dynamic 
contrast-enhanced MRI 
feasibility

PBF  
MTT 
PBV

Significant alterations

AI: augmentation index; DO2: estimated systemic oxygen delivery; CTD-PAH: pulmonary arterial hypertension associated with con-
nective tissue disease; CTEPH: chronic thromboembolic pulmonary hypertension; HPAH: hereditary pulmonary arterial hypertension; 
IPAH: idiopathic pulmonary arterial hypertension; FMD: flow mediated dilatation; MRI: magnetic resonance imaging; MTT: mean 
transit time; 6MWD: six-minute walking distance; NIRS: near infrared spectroscopy; NYHA: New York Heart Association; PP-PAH: 
portopulmonary arterial hypertension; PAT: peripheral arterial tone; PAH: pulmonary arterial hypertension; mean PAP: mean pulmonary 
arterial pressure; PBF: pulmonary blood flow; PBV: pulmonary blood volume; PVR: pulmonary vascular resistance; StO2%: tissue 
oxygenation index; SvO2%: venous oxygen saturation; SivcO2%: venous oxygen saturation in the inferior vena cava.
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ADMA. ADMA metabolism is dysregulated in PAH and 
high serum ADMA levels can be a useful biomarker for 
PAH progression.45,46 A study by Giannakoulas et al. also 
underlined the importance of ADMA in the assessment 
of pulmonary endothelial dysfunction associating it with 
changes in the expression and activity of connexin.47

Another inflammatory circulating molecule that could hold 
value as a biomarker is galectin-3. Galectin-3 functions 
as an endocrine and paracrine factor for the stimulation 
of macrophages, fibroblasts, and inflammatory cells. An 
increase in galectin-3 concentration has been found in 
patients with left heart failure where it seems to play an 
important role in cardiac fibrosis and remodeling.48 The 
correlation between galectin-3 and PAH was studied in 15 
patients with PAH who underwent echocardiography and 
a blood test to measure galectin-3 concentrations. The 
results showed an elevated galectin-3 in all PAH patients.49 
Although these findings were encouraging, galectin-3 lacks 
the specificity to serve as a sole biomarker, since elevated 
concentrations can also be detected in patients diagnosed 
with renal failure, pulmonary and hepatic fibrosis.50 
Circulating factors that regulate angiogenesis are also 
examined for their role as biomarkers in PAH. Malhotra 
et al. investigated the concentrations of soluble endoglin, 
vascular endothelial growth factor receptor-1 (sVEGFR1), 
N-terminal brain natriuretic peptide and C-reactive protein 
in the peripheral blood of 97 PAH patients.51 Moreover, 
they obtained lung tissue from the aforementioned pa-
tients, which they also examined for endoglin expression 
and microvascular endothelium changes. Expression of 
these molecules was significantly enhanced in both blood 
and tissue samples. Tiede et al. confirmed these findings 
in another study of 76 PAH patients (without however find-
ing a connection between sVEGFR1 and haemodynamic 
parameters).52 sVEGFR1 is likely a modulator of chronic 
hypoxia-induced pulmonary and peripheral vascular 
remodelling, which mobilizes endothelial progenitor cells 
(EPCs). Diller et al. demonstrated that circulating EPCs 
were markedly reduced in Eisenmenger syndrome and 
IPAH compared to controls (indicating reduced capacity 
to maintain endothelial cell homeostasis) and were also 
negatively associated with inflammatory biomarkers and 
asymmetric dimethylarginine.53 In IPAH, the number of 
circulating EPCs correlated with invasive hemodynamic 
parameters and treatment with the phosphodiesterase 
inhibitor sildenafil was associated with a dose-depend-
ent rise in EPC numbers. In contrast to EPCs, circulating 
endothelial cells (CECs) are increased in PAH, since they 
are detached from pulmonary endothelium. Both in PAH 
associated with congenital heart disease (PAH-CHD) 
and IPAH, clinical deterioration was associated with in-
creased CEC count, while treatment with PAH-targeted 
therapy was associated with a decrease.54 In addition, 
CEC count in peripheral blood was 10-fold higher in 
irreversible versus reversible PAH-CHD and controls.55

Another circulating molecule that was found to have a 
strong correlation with disease severity and mortality 
in PAH was the potent angiostatic factor, endostatin. 
Damico et al. discovered a direct association between 
high serum endostatin concentrations and poor functional 
status, decreased exercise tolerance, invasive hemod-
ynamic variables and mortality.56 Furthermore, research 
by Kumpers et al. demonstrated that high angiopoietin 
2 blood concentration correlates with high pulmonary 
vascular resistance and is consequently an accurate pre-
dictor of survival.57 Lastly, Yang et al. detected high ghrelin 
concentrations in IPAH patients.58 Ghrelin is a hormone 
produced in the gastrointestinal tract responsible for 
regulating appetite. This hormone also proved to correlate 
positively with elevations of the pulmonary arterial systolic 
pressure, plasma N-terminal brain natriuretic peptide, 
endothelin-1 and nitric oxide levels. 
MicroRNAs (miRNAs) as biomarkers and coding genes 
are responsible for post-transcriptional regulation of 
gene expression as well as RNA silencing. Their serum 
concentration can be construed as a direct reflection of 
existing vascular pathology.59 Sarrion et al. studied the 
role of various miRNAs as potential biomarkers of IPAH.60 
Out of the miRNAs examined, miR-23a proved to be of 
special interest due to its association with pulmonary 
function. 
The issue of pulmonary lymphoid neogenesis in IPAH 
was raised by Perros et al.61 Flow cytometry analyses 
of circulating lymphocytes were used to investigate 
the systemic mark of pulmonary lymphoid neogenesis. 
The results of this study demonstrated that IPAH lungs, 
compared to controls, contained perivascular ectopic 
(tertiary) lymphoid tissues, as well as B- and T-cell 
areas with high endothelial venules and dendritic cells. 
It remains to be seen whether the detection of such 
auto-antibodies and other lymphoid neogenesis factors, 
using flow cytometry, could serve as biomarkers for the 
early detection and diagnosis of IPAH, or if they serve as 
indicators of a poorer prognosis.

CONCLUSION
Endothelial dysfunction appears to be the trigger for 
microvascular degeneration and remodelling in PAH. 
These vascular changes are no longer considered 
organ-specific, but have been found to extend to the 
periphery as well. PAH can present itself as a severe 
complication of a pre-existing condition, as is the case 
in many patients with SSc and MCTD. Therefore, finding 
an available, cost-effective, and non-invasive technique 
for the evaluation of endothelial function in PAH and 
other high-risk patients would be of great value for early 
diagnosis as well as for continuous monitoring of disease 
progression. Plethysmography and fingertip tonometry 
for the assessment of endothelial function and arterial 
stiffness has shown promising results in SSc-PAH and 
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IPAH patients. Furthermore, NVC makes it possible to 
detect changes in capillary density and dimensions as 
well as microangiopathy in the periphery directly corre-
lated with disease severity. NIRS provided an explanation 
for exercise intolerance in PAH patients by demonstrating 
an imbalance in oxygen supply and demand in skeletal 
muscles. In more detail, findings in PAH subjects using 
NIRS include significant impairment of peripheral muscle 
microcirculation, decreased tissue O2 saturation (possi-
bly attributed to hypoxemia), slower reactive hyperaemia 
time (evidence of endothelial dysfunction) and peripheral 
systemic vasoconstriction. Additionally, MRI techniques 
can be used for the visualisation of the pulmonary vas-
culature and for the assessment of pulmonary perfusion 
parameters, but the availability of an effective contrast 
agent is, to date quite limited. Finally, circulating mole-
cules, such as ADMA, galectin-3, ghrelin, MiRNAs and 
auto-antibodies can be detected and quantified in PAH 
patients and could serve as biomarkers for disease 
diagnosis, severity, and progression. While all afore-
mentioned assessment methods are of great promise, 
further research and clinical studies are required in order 
to validate their role in an algorithm for a non-invasive 
detection and monitoring of systemic vascular changes 
in PAH.
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