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ABSTRACT  Pulmonary hypertension related to chronic lung disease, mainly represented by COPD and
idiopathic pulmonary fibrosis, is associated with a worse outcome when compared with patients only
affected by parenchymal lung disease. At present, no therapies are available to reverse or slow down the
pathological process of this condition and most of the clinical trials conducted to date have had no
clinically significant impact. Nevertheless, the importance of chronic lung diseases is always more widely
recognised and, along with its increasing incidence, associated pulmonary hypertension is also expected to
be growing in frequency and as a health burden worldwide. Therefore, it is desirable to develop useful and
reliable tools to obtain an early diagnosis and to monitor and follow-up this condition, while new insights
in the therapeutic approach are explored.

Introduction
Pulmonary hypertension (PH) in chronic lung disease (CLD), mainly represented by COPD and idiopathic
pulmonary fibrosis (IPF), is associated with a reduced functional status and worse outcomes [1-3].

To date, PH is defined by the presence of a mean pulmonary artery pressure (mPAP) >25 mmHg [4].
During the 6th World Symposium on Pulmonary Hypertension, held in Nice in 2018, a new mPAP
cut-off value was suggested, as an mPAP of 20 mmHg is widely above the upper limit of normal value [5].
Furthermore, an increased risk of disease progression has been found in patients affected by pulmonary
vascular diseases with an mPAP between 21 and 24 mmHg [5-7]. To define precapillary PH, as in the
case of PH-CLD, the presence of an mPAP value >20 mmHg has to be associated to a pulmonary artery
wedge pressure <15 mmHg and a pulmonary vascular resistance >3 WU. However, more studies are
needed in order to improve the management of this group of patients [8].
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According to the updated recent clinical classification of PH (table 1), PH related to CLD and to systemic
disease with lung involvement belongs to groups 3 and 5, respectively. PH associated with
lymphangioleiomyomatosis (LAM) has been moved from group 5 and now is classified with other PH
related to parenchymal lung diseases [8]. The prevalence of PH in both COPD and IPF is generally linked
to the severity of the parenchymal involvement and to the hypoxaemia caused by the underlying
pulmonary disease [9]. However, the real prevalence is difficult to define because the definition given in
different studies and the tools used for its assessment are very heterogeneous [10-14]. Although the
correlation between PH and CLD has been well established, it is still unclear whether PH is an
independent disease or rather a consequence of the severity of the CLD. A peculiar genetic pattern seems
to be related to the severity of PH [15, 16] and Horrmann et al. [17] found differences in the gene
expression in PH-IPF and COPD-PH patients suggesting the presence of different molecular pathways in
the development of PH in the two diseases and the need for specific treatments.

Due to the high prevalence of CLD and the increase in mortality and morbidity associated with these
diseases, the active search for possible early diagnostic tools along with improvements in the management
and research field of PH related to CLD are required. The search for biomarkers and echocardiographic
measurements for a noninvasive and early diagnosis, the improvement in functional tests useful for
management purposes and new clinical trials, and the improvement in specific imaging tools might be
promising starting points and will be highlighted in this article.

Biomarkers research for early diagnosis and prognosis
Although right heart catheterisation (RHC) is the gold standard for the diagnosis of PH [4], and
echocardiography is a useful tool for screening and monitoring patients at risk, the research of a

TABLE 1 Updated clinical classification of pulmonary hypertension (PH)

1 PAH
1.1 Idiopathic PAH
1.2 Heritable PAH
1.3 Drug- and toxin-induced PAH
1.4 PAH associated with:
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.5 PAH long-term responders to calcium channel blockers
1.6 PAH with overt features of venous/capillaries (PYOD/PCH) involvement
1.7 Persistent PH of the newborn syndrome
2 PH due to left heart disease
2.1 PH due to heart failure with preserved LVEF
2.2 PH due to heart failure with reduced LVEF
2.3 Valvular heart disease
2.4 Congenital/acquired cardiovascular conditions leading to post-capillary PH
3 PH due to lung diseases and/or hypoxia
3.1 Obstructive lung disease
3.2 Restrictive lung disease
3.3 Other lung disease with mixed restrictive/obstructive pattern
3.4 Hypoxia without lung disease
3.5 Developmental lung disorders
4 PH due to pulmonary artery obstructions
4.1 Chronic thromboembolic PH
4.2 Other pulmonary artery obstructions
5 PH with unclear and/or multifactorial mechanisms
5.1 Haematological disorders
5.2 Systemic and metabolic disorders
5.3 Others
5.4 Complex congenital heart disease

PAH: pulmonary arterial hypertension; PVOD: pulmonary veno-occlusive disease; PCH: pulmonary capillary
haemangiomatosis; LVEF: left ventricular ejection fraction. Reproduced from [8] with permission from the
publisher.
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biomarker that can be detected by single blood sample collection or in exhaled breath would be a useful
noninvasive tool in patients affected by CLD.

The ideal biomarker should show good sensitivity, specificity and reproducibility. Moreover, it should be
safe, cheap and easy to be obtained and should also have value oscillations wide enough to be easily
measured. Furthermore, it should reflect the clinical course of the disease and the response to treatment [18].

Biomarkers involved in PH progression have been divided into different groups: markers of vascular
dysfunction, inflammation, myocardial stress, low cardiac output and/or tissue hypoxia [18].

Among endothelial cell markers, asymmetric dimetilarginine (ADMA) is a natural amino acid and
endogenous inhibitor of nitric oxide (NO) that is generated from the methylation of arginine residues by the
enzyme arginine methyltransferases with subsequent proteolysis. It has been shown that the endothelial
injury can cause an increase in plasmatic ADMA concentration and was proven to be associated with a
lower NO concentration and the consequent increase in the vascular tone [19]. ADMA seems to induce
pulmonary dysfunction changing the expression and the activity of connexion 43, a transmembrane protein
involved in the gap junction on the cell membrane, allowing the transfer of signalling molecules between
cytoplasm and extracellular space [20]. Furthermore, a higher concentration of this amino acid was found in
paediatric patients affected by congenital heart diseases and PH when compared to those without PH [21].
Even though this pathological mechanism is more specific for pulmonary artery hypertension (PAH),
recently a higher concentration of ADMA has been found in COPD-PH patients when compared to healthy
controls and stable COPD patients without PH. Interestingly, ADMA was negatively related to oxygen
saturation [22]. However, these data and the fact that ADMA could play a role in the pathogenesis of PH in
these groups of patients should be confirmed in a larger population.

Gene expression studies, such as microarrays and RNA sequencing, provide accessible and fast screening
technologies to detect single genes, groups of co-regulated genes or pathways involved in remodelling
processes. In addition to the identification of coding RNA, the expression of non-coding RNA, such as
microRNAs (miRNAs), can also be analysed. miRNAs are not translated into proteins, but their role is
important in the regulation of mRNA at the transcriptional and post-transcriptional level [23]. A number
of miRNAs [24-28] have been found in PAH but their role in PH group 3 pathogenesis should be further
investigated. A group of miRNAs, called hypoxamirs, shows dynamic alterations after exposure to hypoxic
condition [29]. By means of the regulation of the target gene expression, they seem to play a role in the
development of hypoxia-induced PH [30, 31]. Moreover, miR-190a, a hypoxamir, is also involved in the
upregulation of Ca®" influx and plays an important role in the pulmonary vascular vasoconstriction related
to hypoxaemia [32]. Recently, a correlation between the severity of COPD-PH and circulating levels of
miR-190a were found, suggesting a potential role of these molecules in the early diagnosis and prognosis
in patients affected by PH related to CLD [33].

So far, the majority of studies assessing biomarkers by mean of microarray assay related to CLD-PH have
been conducted on explanted lungs or biopsy samples.

However, the easiest but less refined approach in the analysis of gene expression in PH is the analysis of
samples obtained from lung homogenate [34]. Unfortunately, as intrapulmonary arteries represent only a
minor portion of the lung tissue, their expression of genes may be masked. Furthermore, the severe
parenchymal remodelling in CLD may disguise relevant findings. Using a gene wide microarray analysis,
RAJKUMAR et al. [35] identified RNA expression profiles from lung tissue homogenates in patients affected by
PAH, PH-IPF and controls. A different gene expression signature was found in the PAH group compared to
PH-IPF, suggesting the absence of a specific gene profile for PH. In another study, genes involved in
inflammation and activation of innate immunity from lung samples of patients affected by PH associated
with systemic sclerosis, IPF and idiopathic PAH (iPAH) did not have any relationship with the presence of
PH. In this study, a specific gene signature was found in the iPAH group that included genes involved in
antigen presentation and chemokine activity [16]. Mura et al. [15] analysed the gene profile from lung
samples of IPF, PH-IPF and PAH patients. All subjects were divided into three groups: severe PH,
intermediate PH and no PH. In the PH groups a peculiar gene signature was found and it was linked to
extracellular matrix remodelling and fibroblast proliferation/migration. All these data from studies of lung
homogenate samples in PAH and IPF-PH suggest a common PH gene expression panel of genes involved in
cell proliferation, inflammatory mechanisms and extracellular matrix remodelling. The presence of
inflammatory genes is not peculiar for PH as it has also been found in subjects with no PH affected by IPF.

The analysis of circulating cells can provide a useful tool to detect novel biomarkers of disease progression.
Due to their clinical accessibility, circulating blood cells represent the most convenient cell source.
Although gene expression varies in different cell type compartments, many of the regulated pathways are
common, suggesting that similar signalling patterns are involved in PH pathogenesis. However, it is still
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unclear if these are adaptive or pathological responses and the mechanisms and kinetics of their regulation
has yet not been elucidated [36].

Plasma receptor for advanced glycation end products (RAGE) are immunoglobulins involved in immune
and inflammatory responses in several pathophysiological conditions. Due to their presence in the alveolar
space and in the blood during lung injury, they have been suggested as prognostic biomarkers in several
lung diseases [37]. Alveolar cells produce different surfactant-derived proteins (SPs) in order to maintain
the surfactant function and structure [38]. Specific SPs have been used as lung injury markers, predictors
of alveolar damage or a cardiovascular prognostic marker of mortality and morbidity [39-43]. Both RAGE
and SPs are associated with alteration of alveolar membranes in various cardiorespiratory diseases and for
this reason they might play a role as prognostic markers in this group of PH.

Volatile organic compounds (VOCs) are produced during normal physiological activity and are detected in
low concentrations in the exhaled breath. Pathophysiological events affecting the lung can increase or modify
the presence of VOCs in the exhaled breath changing its profile, called exhaled volatome. As they are not
detected in the peripheral blood system, they are not metabolised or stored in the fat compartment [44, 45].
Given these considerations, VOCs have been suggested as noninvasive biomarkers in numerous diseases,
included PH.

Significant changes in exhaled breath have been reported in many respiratory diseases, such as lung cancer [44],
COPD [46], asthma [47] and cystic fibrosis [48].

Several studies [49-51] have explored volatomic compound changes in PAH patients with advanced
disease, but at this stage many anatomical and physiological changes occur in the lung, heart, immune/
inflammatory system and circulation, affecting the exhaled volatolome [52]. Therefore, it is still debated if
the reported change in volatomic compounds could be helpful in the early diagnosis of iPAH.

In cases of PAH associated with connective tissue diseases or HIV infection, or PH related to CLD, the
research approach should be different because of the complexity of the pathophysiological process. It is
still not clear how the pattern of volatolome could be present in two different diseases (i.e. COPD and
PH), as a portion of these compounds could be affected by molecular pathways involved in the
pathological processes of each disease. Volatolomic alteration in “pure” COPD patients has been
demonstrated, so an evaluation in the subgroup with COPD and PH is required in order to show a
specific pattern associated with the combination of the two diseases. Studies of volatolome in pure
interstitial lung disease (ILD) and PH-ILD are required [52].

The 6-min walk test and cardiopulmonary exercise test

The 6-min walk test (6MWT) is a useful tool for the measurement of exercise capacity and it is largely
used for the evaluation of cardiac and pulmonary diseases. In COPD and IPF patients some values
recorded during this test are related to a bad prognosis as summarised in tables 2 and 3. As is well known,
it consists of the longest walk possible over a 6 min recorded on a hard, flat surface. In order to
standardise the protocol, a 30 m aisle was suggested in the 2002 American Thoracic Society guidelines,
together with the measurement of heart rate and of the perception of dyspnoea (Borg scale) at the
beginning and end of the test. Oxygen saturation measurement was not mandatory and the measurement
of arterial oxygen saturation at the beginning and end of the test was optional [53]. However, the 2014
European Respiratory Society/American Thoracic Society technical standard guidelines recommended the
continuous measurement of oxygen saturation measured by pulse oximetry (S,0,) during the test. The
standardisation of the procedure is still unclear and new guidelines should be drafted [54].

TABLE 2 Principle variables in 6-min walk related to a poor prognosis in patients affected by
idiopathic pulmonary fibrosis

Value predictors of a poor prognosis

Distance m <250
Spo, Nadir % <88
HRR bpm <13
DSP %-m <200

Spo,: arterial oxygen saturation measured by pulse oximetry; HRR: heart rate recovery after 1 min following
the test; DSP: distance saturation product, the product of the é-min walk distance and the lowest
registered Syo,.
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TABLE 3 Principle variables in 6-min walk test related to a poor prognosis in patients affected

by COPD
Value predictors of a poor prognosis
Distance m <334
6MWspeed m-s™" <08
6MWW m-kg™’ <20000
DSP %'m <290

6MWspeed: calculated by dividing the 6-min walk distance by the total walking time; 6MWW: 6-min
walking work, the product of the 6-min walking distance and the patient weight; DSP: distance saturation
product, the product of the 6-min walk distance and the lowest registered arterial oxygen saturation
measured by pulse oximetry.

Although the test was originally designed for the study of COPD patients, it has been used for clinical and
research purposes in different diseases, including PAH and IPF. In particular, for PAH, the successful use
of the changes in the 6-min walking distance ((MWD) as a primary end-point in the first PAH trial
allowed the use of this parameter as a primary end-point for other PAH trials.

The measurement of 6MWD allows the indirect quantification of shortness of breath and fatigue, the most
common symptoms reported by PAH, COPD and IPF patients. In each disease the positive change in
6MWD from baseline after an intervention, such as new treatments or rehabilitation training, is associated
with improvements in symptoms and the patient’s ability to perform daily activities [55].

In patients affected by PH-IPF, a significative decrease in the 6MWD was observed. In particular, a distance
<250 m covered and a 24-week decline in 6MWD >50 m were associated with an increased risk of death [56].
From the analysis of data drawn from a clinical trial, a significant decrease in 6MWD and oxygen saturation
at rest and a higher desaturation during the 6MWT were found in PH-IPF patients when compared to
patients without PH [57]. However, a retrospective report in a small groups showed different results [58].

Taken together, all these data support the idea that even though the 6MWT is a useful, cheap and simple
tool for the study and clinical assessment of CLD-PH, standardised guidelines for its use in this condition
are currently lacking.

In addition to 6MWD, which may be affected by age, sex and comorbidities, other parameters may be
derived from the 6MWT in order to improve prognostic value in CLD-PH patients.

In a 3-year prospective study, 2010 COPD patients were evaluated with the 6MWT. In addition to 6MWD,
other derived parameters were considered such as mean walking-speed, 6-min walking work (the product
of 6MWD in meters and body weight in kilograms), distance saturation product (the product of the
6MWD in meters and the lowest registered S,, %), exercise-induced oxygen desaturation (defined as the
nadir S0, in the 6MWT) [59]. All these derived variables were confirmed to have an additional predicting
value on mortality in this group of patients.

Also for IPF patients, 6 MWD has been considered an important measure for the evaluation of the
assessment of the disease. However, other derived parameters should be considered. According to the last
updated European Respiratory Society/American Thoracic Society guidelines [55], continuous oxygen
saturation monitoring is recommended. It allows not only the nadir S,o, to be recorded but also
continuous heart rate monitoring. Another important point in this group of patients is the measurement
of heart rate recovery, defined as the difference between the heart rate at the end of the 6MWT and at the
first minute of the recovery period, with a lower value associated with worse outcomes in patients with
IPF [56, 58]. Furthermore, a heart rate recovery <13 at the first minute of recovery seems to be an
indicator of IPF associated PH [60, 61].

In a group of 81 IPF patients, the distance saturation product predicted the 12-month mortality earlier
that either 6SMWD and S0, nadir alone [62]. Other variables may be considered, for example, the change
in Syo, from baseline to the nadir value, the time to recovery of S,o after a walk and the distance
desaturation product. The speed recorded during the entire walk or in the first half versus the second half
of the walk may also be a reliable marker of disease progression [63].

All these considerations emphasise the importance of further investigations in PH related to the CLD
group. It should be important to investigate how 6MWT variables may be related to functional decline
and to the associated mortality risk. A composite score which takes into consideration all those different
measures could be a useful option.
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Although the 6MWT is a practical and simple test which provides a global measurement of functional
capacity, it does not distinguish among all the elements involved in exercise limitation, which may include
pulmonary parenchymal and vessel, cardiovascular and neuromuscular factors.

The cardiopulmonary exercise test (CPET) is a noninvasive technique of proven help in the assessment of
exercise limitation, providing information about all the elements involved in the physical effort.

CPET is performed using different protocols according to the goal of the exercise evaluation. The exercise
may be performed on a treadmill or a cycle ergometer, preferred in patients affected by respiratory
diseases. Using the incremental testing protocol, subjects are asked to exercise until exhaustion while the
workload is increased (usually every 1-2 min). The ramp protocol exercise is useful for the diagnosis and
risk stratification in chronic respiratory disease. In the constant work rate exercise test, based on an initial
incremental exercise test evaluation, patients are asked to exercise to the same workload. The use of work
rate exercise test, pre- and post-interventions, is increasing as it allows the response to exercise training or
rehabilitation to be measured, which is an indication for long-term oxygen therapy and lung volume
reduction [64-66].

Its use is recommended in all patients affected by PH, who are clinically stable and able to perform
exercise testing. It is usually performed without the assessment of arterial blood gases even though a
proper differential diagnosis between group 1 (PAH) and group 3 (PH secondary to lung disease) might
require an evaluation of changes in arterial carbon dioxide tension during exercise and of cardiac output/
oxygen uptake (Vo ) ratio [2]. In PAH and chronic thromboembolic PH patients, a high ventilation (V'g)/
carbon dioxide production ratio, due to excessive hyperventilation, seems to be caused by an increased
death space, V'p/perfusion mismatch and chemoreceptor mismatch [67].

The use of CPET in the study and evaluation of CLD-PH raises some issues. Although the 6MWT is
considered a submaximal exercise test when compared to the CPET, where patients achieve maximal
exercise capacity, peak Vo in patients with IPF undertaking a 6SMWT and CPET was found to be similar
and 6MWD was strongly correlated with peak Vo, during CPET, suggesting that 6MWT can be
considered a maximal exercise test in this group of patients [68].

As PH in CLD is generally associated with an advanced stage of the diseases, patients in this group usually
need oxygen supplementation at rest or during intense physical exertion, therefore the exercise tests may
require the use of a more sophisticated technology, a properly equipped laboratory and trained staff. Few
data are available on the use of CPET in the assessment of PH related to CLD as its use is limited to few
referral centres with sufficiently extensive experience in this field. However, its use should be encouraged
since it can be a reliable noninvasive test for the early detection of pulmonary vascular impairment, and
therefore it can help in defining a more accurate prognostic assessment in CLD patients.

Echocardiography

Although RHC remains the gold standard for the assessment of CLD-PH, several studies have confirmed the
agreement between the findings of invasive studies and echocardiographic measurements. However, in this
group of patients, the correlation between the echocardiographic estimated systolic pulmonary artery
pressure (sPAP) and the RHC measured sPAP is lower (range 0.65-0.73) [69-72] than the same values
obtained in a population of patients affected by cardiac diseases (range 0.93-0.97) [73-75], suggesting that a
greater variability between estimated and measured pressure in patients affected by lung disease may be due
to factors limiting the accurate visualisation and measurement of the tricuspid regurgitant jet. In the case of
obstructive lung disease, it might be related to the increase of intrathoracic gas, expansion of the thoracic
ribcage and modifications in the position of the heart. It is not clear whether changes in chest wall and/or in
the position of the heart might be responsible for difficult SPAP measurement in ILD patients [72].

Among patients affected by IPF, VaN DER VEERDONK et al. [76] found that the most important determinant
of long-term survival was the adaptation of the right ventricle (RV) to the increase of the pulmonary
vascular resistances. Due to the complexity of RV geometry related to the predominant distribution of its
muscular fibres on the longitudinal plane, the transverse/radial diameters functional measurements may
not directly reflect the most important components of RV systolic action and the conventional measures of
RV, for example tricuspidal annular displacement may be subject to errors that don’t reflect the RV
systolic dysfunction.

Over the past few years, two-dimensional speckle-tracking strain echocardiography has enabled an
angle-independent technique to be obtained to quantify myocardial deformation, including the assessment
of RV function in pulmonary hypertension. The RV global longitudinal strain has been already
demonstrated to be an important determinant of outcome in advanced PAH patients [77]. Although
transthoracic echocardiography is the standard practice for the evaluation of RV dysfunction at rest, stress
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echocardiography should be considered as a diagnostic tool to assess PH during exercise, as well as RV
contractile reserve. Recently, D’ANDREA et al. [78] investigated the RV contractile reserve at rest and during
exercise in IPF patients at early stages of IPF. They found that this dysfunction is already present at rest in
this group of patients and that it worsens during the exercise. Further investigations are required to
evaluate the role of these measurements in predicting mortality among the CLD-PH patients, most of all
in patients affected by combined pulmonary fibrosis and emphysema, where PH is very common and is
consistently related to a worse prognosis.

The diagnosis of PH in COPD patients is challenging. In fact, although echocardiography is an available
and low-cost tool for noninvasive screening of PH, the current standard echocardiographic measurements
have not proven to be reliable in this group of patients. Secondary to the typical lung hyperinflation in
COPD, it is more difficult to obtain an accurate measure of the tricuspidal regurgitation velocity (TRV)
since its correct measurement is highly linked to the angle of acquisition of the image. So, a poor
correlation has been found between TRV and invasive haemodynamic measurements in this group of
patients. Compared to RHC measurements, the RV strain is not related to mPAP but it correlates with
pulmonary vascular pressure, suggesting how a noninvasive tool that is able to assess increased pulmonary
vascular resistances independently from mPAP could provide a promising and more sensitive measure
useful for the early detection of pulmonary vascular diseases [79]. Further investigations would be
necessary to understand if RV strain is representative of the functional status and if it can be used as a
clinical tool for the diagnosis and prognostic assessment of patients affected by COPD-PH.

In LAM patients, echocardiographic measurements have been collected during exercise, showing that
exercise-induced PH in LAM seems to be related not only to the hypoxic pulmonary vascular constriction,
but also to a diastolic dysfunction as demonstrated by an increase in estimated pulmonary capillary wedge
pressure [80].

Imaging

The traditional tool for radiological diagnosis in CLD-PH is the computed tomography (CT) scan. This
examination is essential in order to exclude other causes of PH, such as chronic thromboembolic disease,
left heart acquired or congenital heart disease. The CT evaluation can be divided into two levels: the
measurement of pulmonary central arteries, particularly the maximum diameter of the main pulmonary
artery (cut off value: 29 mm for males, 27 mm for females) and the ratio between this value and the
diameter of the ascending aorta, pathological if >1 (figure 1). On CT angiography, only the vascular

FIGURE 1 Measures obtained from the computed tomography scan that are useful for the radiological
suspicion of pulmonary hypertension (PH). Main pulmonary artery (MPA) dilatation values >29 mm in men and
>27 mm in women are strongly related to PH (sensitivity 87%, specificity 89%), when its value is >35 mm the
specificity reaches 100%. Right and left pulmonary artery (RPA and LPA, respectively) diameter>18 mm is
abnormal. MPA dilatation and an ascending aorta (AAQ) diameter ratio >1, in individuals <50 years old and
with diffuse pulmonary fibrosis, is highly specific for hypertension (specificity >90%, sensitivity 70%). In
patients with severe COPD this ratio is more accurate than echocardiography.
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lumen is measured, while on non-contrast exams the vessel wall is included [81]. For younger patients, the
pulmonary artery/ascending aorta ratio correlates more strongly with PA pressure than with the diameter
of the main pulmonary artery, while the reverse is true in patients aged >50 years [82, 83]. Other indexes
to consider are the ratio between segmental pulmonary arteries diameter and the related bronchi in
different lobes (cut off value: 1.25) and the ratio between the main pulmonary artery and the height of the
dorsal vertebra measured at the same level (pathological if >1.5). These simple measurements are based on
the evidence that PH is associated with pulmonary artery branch enlargement, which is more evident in
some diseases (such as Eisenmenger syndrome or post-embolic PH or in some types of iPAH). The
correlation between pulmonary artery diameter and haemodynamics may vary in different types of PH but
remains moderate to strong [81, 84-86]. According to several studies, the CT measurements are reliable,
with 96% sensitivity and >95% positive predictive value [86-88]. On the other hand, normal pulmonary
artery dimensions cannot exclude mild PH. In patients with advanced fibrosing lung disease, a threshold
of 32 mm is considered more specific [89, 90]. The combination of the CT measurements with the
echocardiographic values in a composite score could increase the accuracy when compared to the single
measurements. The RV overload is associated with these measurements, as it has already been
demonstrated with echocardiography (thickening of the RV free wall, RV dilatation, bowing of the
interventricular septum, increased septal angle and pericardial effusion) [91].

Advanced CT studies requiring the iv. injection of a contrast agent and cardiac gating, such as the
evaluation of pulmonary artery distensibility and increased transition time, are also available. The dual
energy CT scan allows not only the evaluation of the pulmonary artery, but also the presence of alterations
in perfusion, information that can be particularly useful in chronic thromboembolic pulmonary
hypertension. Unfortunately, these techniques are not often used, since generally the pulmonary artery
studies are performed without the use of the cardiac gating. Finally, in patients with dilated pulmonary
arteries on CT scans, the evaluation of left atrial area and RV dimensions is always useful to distinguish
underlying left cardiac disease from other causes of PH [92].

High-resolution non-contrast CT can identify parenchymal lung disease and discriminate between PH
lung disease and idiopathic pulmonary artery (PAH) group 3 wversus group 1 [9, 93]. The indirect
evaluation of PH through the determination of the underlying diffuse parenchymal disease and its severity
(spread), is traditionally performed by means of a visual score. In cardiology, a visual score of emphysema
or diffuse parenchymal disease >40% is generally considered sufficient to justify the presence of PH,
although there are not enough studies in order to confirm this hypothesis. Concerning the diffuse
parenchymal disease diagnosis, the opinion of the radiologist or, in specific cases, a multidisciplinary
discussion is usually reliable, but it suffers from a certain level of interobserver variability. Moreover, a
precise correlation between disease extent and haemodynamic severity has not, to date, been found. In
some studies, functional and radiological scores in COPD and ILD obtained through a visual score have
been suggested. Basically, according to some previous studies [94, 95], the visual scores are related to
functional impairment and prognosis [96]. However, although these visual evaluations are still useful,
further improvements have been made, especially in the quantification of COPD (emphysema, air
trapping, bronchial remodelling) with automatic scores which are available for all the modern CT.
Recently, a new subgroup in COPD phenotypes, called pulmonary vascular phenotype has been described
[3]. In order to identify this subgroup, software packages able to quantify the vascular pruning and
pulmonary blood volume by CT without contrast are under investigation. Pulmonary blood volume seems
to be a strong prognostic index related to the enlargement of the right ventricle and it can represent a
possible direct expression of the residual smoking injury.

Concerning fibrosing ILDs [97], only CT automatic quantification of lung disease extent by means of a
density mask is considered insufficient. To date, different methods for recognising a parenchymal pattern
and its quantification have been suggested. Some methods already use artificial intelligence and deep
learning [98]. Among these methods the most important are the measurements based on the density
histogram, skewness and kurtosis called AMFM (Adaptive Multiple Feature Method), QLF (Quantitative
Lung Fibrosis), DTA (Data Driven textural Analysis) and FRI (Functional Respiratory Imaging).
The strongest and more reproducible one is CALIPER (Computer Aided Lung Informatics for
Pathology Evaluation and Rating), which is not yet available on the market. CALIPER analyses the
parenchymal texture, suggesting a diagnosis and quantifying the different components with an accuracy
which is slightly higher when compared to the majority of human expert observers. CALIPER allows a
measurement which is impossible for the human observer: the lung vascular-related structures and
the evaluation of perivascular fibrosis, which seems to have a prognostic value in IPF, cardiovascular
disease in ILD, hypersensitivity pneumonitis and unclassifiable ILDs [99]. Peculiar problems are related
to diseases that directly involve pulmonary vessels and increase their resistance, even in the presence

https://doi.org/10.1183/16000617.0065-2019 8



PULMONARY HYPERTENSION | D. ELIA ET AL.

of a minimum parenchymal involvement, such as in Langerhans cells histiocytosis, sarcoidosis and
systemic sclerosis.

Analysing the measurement of central pulmonary arteries with CT scans in ILDs, the role of the enlargement
of central pulmonary arteries is less specific when compared with those found in PH-COPD, due to the effect
of the fibrotic traction on compliant structures that may cause the detection of false positives.

In summary, the most relevant novelties in imaging of CLD-PH are the development of artificial
intelligence or machine learning, which represents a promising tool to integrate new advanced imaging
techniques, and magnetic resonance imaging (4-dimensional) evolution [100] with the introduction of
dynamic sequences that are able to quantify the blood flow and its velocity with good accuracy through the
use of new visual tools (streamlines and speed vectors). The whirling blood flow is a reliable sign of PH.
4-Dimensional magnetic resonance imaging is able to quantify the wall shear stress in pulmonary arteries
and further advances in this technique could, in the future, avoid the performance of RHC. Furthermore,
magnetic resonance imaging has proven to be able to evaluate and quantify local morphological and
structural right ventricle alterations more precisely than echocardiography. However, this tool is still not of
widespread use because of its complexity and limited time availability in non-specialised radiological units.
Moreover, further clinical trials are still necessary in order to confirm these initial results.

Treatment

To date, specific treatment for CLD-PH is not available. The optimal therapy of the underlying lung disease is
recommended according to the more recent guidelines. Hypoxaemic patients should be treated with oxygen
supplementation, although its benefit has only been properly and prospectively evaluated in PH-COPD. In this
group of patients, oxygen supplementation prevented the progressive increase of mPAP when used for at least
15 h per day and a slight decrease of this value was observed if oxygen was supplemented for at least 18 h per
day [101, 102]. Long-term oxygen supplementation is not effective in the normalisation of PAP or in
pulmonary vascular remodelling reversal. Drugs approved for group 1 PH (PAH) have been tested in patients
with PH due to parenchymal lung diseases. However, randomised clinical trials have only been conducted in
COPD, ILD and sarcoidosis. The use of PAH drugs in PH-CLD is still being debated [103]. Several studies
both in COPD and IPF patients reported controversial or negative results [104, 105]. In PH-COPD, the use of
drugs used in PAH, in particular sildenafil and bosentan, has shown a limited positive effect on
haemodynamic measurements not associated with an improvement in symptoms and quality of life [106, 107].
A clinical trial on ambrisentan in patients affected by PH-IPF has been interrupted because of the increase in
hospitalisation and mortality in the treatment arm [108]. The same results were found in a trial on the use of
riociguat in patients affected by PH-ILD [109]. Recently, the add-on therapy with sildenafil in severe IPF
patients treated with nintedanib has not shown any significant improvement in symptoms [110]. Post hoc
patients showing echocardiographic signs of right heart dysfunction were compared to the others. No
significant differences in symptoms and forced vital capacity were found; however, the stabilisations of levels
of brain natriuretic peptide was more prominent in patients with right heart disfunction compared to the
others [111]. A phase IIb randomised controlled trial is ongoing and aims to evaluate the efficacy, safety and
tolerability of pirfenidone in combination with sildenafil in patients with advanced IPF and intermediate or
high probability of group 3 PH (https:/clinicaltrials.gov/ct2/show/NCT02951429).

Therefore, the use of PAH drugs in PH-COPD and PH-ILD patients is now not recommended and
sometimes could have detrimental effects, it could only be considered in expert centres on a case by case
evaluation. Data concerning the use of PAH drugs in PH associated with sarcoidosis are also controversial.
In a retrospective analysis of 22 patients affected by sarcoidosis associated with PH, detected at RHC, the use
of bosentan and/or sildenafil significantly increased the 6MWD [112]. However, no significant change of the
6MWD was observed in an open label prospective study assessing the efficacy of inhaled iloprost [113].
However, only one randomised clinical trial was performed in this group of patient showing a significant
improvement in pulmonary haemodynamics, although no significant change in 6MWD was observed [114].

Pulmonary rehabilitation

As is well known, many CLDs are characterised by the presence of dyspnoea, fatigue, reduced exercise
tolerance and peripheral muscle dysfunction. Pulmonary rehabilitation in COPD patients has been
demonstrated to be a successful tool in the improvement of exercise capacity, quality of life and symptoms,
at the same time reducing hospitalisation rates [115-118]. Patients affected by other CLDs show the same
symptoms and peripheral muscle dysfunction, suggesting that pulmonary rehabilitation may represent an
additional treatment in these group of patients as well. However, a specific rehabilitation protocol may be
necessary for every disease in consideration of the differences in underlying respiratory pathophysiology,
symptom kinetics and disease courses.
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Pulmonary rehabilitation in ILD has been investigated in two randomised trials in a group with mixed
ILD and one with IPF showing only a short-term benefit in terms of exercise tolerance, dyspnoea and
quality of life [119-121].

In the past, patients affected by PAH were advised to avoid exercise. The derived increase in pulmonary
pressures could have, in fact, exacerbated right heart failure. Nowadays, recent studies have demonstrated
important benefits of exercise training in this group of patients. In a large study on 183 PH patients
(group 1: n=103, group 2: n=8, group 3: n=11, and group 4: n=31), an improvement in 6MWD and
maximum Vo at peak of CPET was demonstrated. However, 13% of the patients experienced adverse
events, although not severe, mostly syncope and presyncopal episodes [122]. This highlights the
importance of an appropriate symptom monitoring protocol during exercise training.

All the studies suggest that pulmonary rehabilitation may have clinically significant benefits in patients
with PH, including PAH and CLD-PH. Since CLD includes different diseases with peculiar characteristics,
more specific studies should be performed to design specific rehabilitation programmes for each group of
patients. Furthermore, it should be important to investigate the correct timing to initiate pulmonary
rehabilitation. In iPAH, recent data suggest that early referral to pulmonary rehabilitation is necessary to
obtain the maximum benefits, while in patients with other ILDs the benefits seem to not be related to
disease severity [11]. Currently no data are available for patients affected by CLD-PH.

Conclusion

It has been well established that the presence of PH in CLD is associated with a worse functional status
and a bad prognosis. As PH-CLD is increasing in morbidity and mortality, further investigations are
required in order to improve early diagnosis and provide better clinical management. The discovery of
different biomarkers, possibly easy to collect from blood samples or exhaled breath, may lead to a
significant improvement in the management of this disease.

Exercise capacity assessment is important for prognostic evaluation in this group of patients. Although
6MWT is a useful and easy tool, further studies should be run in order to draw a composite index that
might take into consideration several values obtained by this test and not only the distance covered. CPET
should be encouraged, especially at an early stage of the disease, when patients are not affected by severe
respiratory failure.

Further studies should be carried out in order to improve the use of radiographic and echocardiographic
tests for the noninvasive diagnosis of PH-CLD and to support the possibility of screening programmes in
this group of patients.

In addition to the implementation of trials aimed at evaluating the use of specific drugs in PH-CLD,
specific rehabilitation programmes should be investigated in order to improve the quality of life and
exercise performance in this group of patient.
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