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    Foreword




    Ilma Aparecida Paschoal*




    Like no other. Despite receiving the same amount of blood with each heartbeat, pulmonary circulation pressure is five times lower. Even during physical activity, when cardiac output must increase to meet increased oxygen and nutrient consumption, pressure in the normal pulmonary arterial system does not increase appreciably.




    In a histological section of a normal lung, it is difficult to identify structural differences between pulmonary arteries and veins. The best reference for identifying arteries and veins is their position in the pulmonary architecture is that the arteries branch alongside the bronchi and there must always be a pulmonary arteriole next to a bronchiole. The walls of the pulmonary arterioles are thin and contain few smooth muscle fibers. This is, to say the least, intriguing!




    The history of the Pneumology discipline at the School of Medical Sciences at Unicamp chronicles many important achievements for medical practice and medical science. I participated in some of them.




    In the 1990s, we introduced long-term home oxygen therapy in our hospital for the treatment of chronic respiratory failure, a practice that later spread across the country. Along with home oxygen therapy came some technological innovations, such as the oxygen concentrator and pulse oximeter, which still amaze me.




    Contact with therapy using inhaled gases allowed me to learn about the use of another gas supplied via inhalation to treat a rare condition called persistent pulmonary hypertension in newborns: nitric oxide.




    The role of nitric oxide in pulmonary circulation was another reason for my amazement (which English-speaking authors would call an awe-inspiring moment).




    During pregnancy, the organ responsible for gas exchange is the placenta. The lungs receive very little blood, as most of the stroke volume of the right ventricle returns to the left heart through the ductus arteriosus.




    In the first expansion of the lungs after birth, an enzyme in the pulmonary endothelium, nitric oxide synthase, must begin to synthesize nitric oxide in sufficient quantity to reduce pulmonary circulation pressure. Nitric oxide is a vasodilator, an antimitogenic (a fact that must explain the small amount of smooth muscle cells in the pulmonary arterial vessels), and also an antithrombotic.




    In some babies, the production of nitric oxide does not occur either at the necessary time and or in the necessary quantity, which prevents the drop in pulmonary circulation pressure. Inhaled nitric oxide therapy can save the lives of these patients.




    Throughout life, lung expansion with each inspiration stimulates the production of nitric oxide necessary to maintain the morphological and functional characteristics of the pulmonary arterial network.




    But sometimes it can all go wrong.




    The concepts propounded by Professor Mário Rigatto, a great scholar of pulmonary circulation, are engraved in my memory. To understand pulmonary hypertension, it must be crystal clear that the changes that generate high pressure can affect different regions of the pulmonary circulation, a fact that allows a first classification of the disease: hypertension can be pre-capillary or post-capillary.




    In precapillary hypertension, the changes causing the disease are in the pulmonary arteries or arterioles. Dr. Mário Rigatto drew attention to the fact that, in individuals with precapillary hypertension, the chest X-ray (an ancillary exam to which we had access at the time) showed few vessels on the periphery of the lung and, possibly, an increase in the dimensions of the pulmonary vessels in the mediastinum.




    In post-capillary pulmonary hypertension, the opposite happened: the chest X-ray showed a considerable increase in the visualization of pulmonary vessels over the entire area of ​the lungs.




    We saw many cases of pulmonary thromboembolism among hypertensions classified as pre-capillary. We knew about the existence of pre-capillary pulmonary hypertension due to pulmonary arteriole disease, especially because of the sad fate of the many patients who died from pulmonary circulation damage triggered by the use of a type of anorexinogen. However, the low prevalence of the disease (as was believed at the time) and the lack of a treatment capable of modifying the prognosis made the problem almost invisible.




    Post-capillary hypertension was and still is extremely common. Most cases are due to left heart failure, which congests the pulmonary vessels. Other rare diseases may be included in the differential diagnosis but, as already mentioned, they are (very) rare.




    In the first decade of this century, as expected, the pharmaceutical industry, always concerned with chronic diseases, launched the first medications capable of improving the quality of life and, perhaps, the survival of patients with precapillary pulmonary hypertension. Initially, the drugs were indicated for individuals with pulmonary arteriolar disease. In these patients, the pulmonary arterioles present an intense proliferation of the middle muscular layer and the endothelial lining, which increases the pressure in the pulmonary artery. Furthermore, endothelial damage favors the occurrence of in situ thrombosis in the pulmonary arterial network in these individuals, a condition generally not observed in normal pulmonary circulation.




    Subsequently, these medications were also indicated for patients with chronic pulmonary thromboembolism.




    Our greatest interest has always been chronic respiratory failure and pulmonary hypertension is certainly one of the causes of this syndrome. The availability of drug treatment for the most serious causes of pulmonary hypertension has given rise to the need to search for these patients and bring them together in order to facilitate treatment and follow-up.




    Enter Dr. Mônica Corso Pereira.




    She stood out from the average medical students and doctors I had come into contact with.




    I have known Dr. Mônica under different circumstances: as an undergraduate student, as a resident in Pneumology, as a master's and doctoral student, and also as a co-worker in Pneumology, since our teaching and research activities were always conducted simultaneously with caring for patients who sought out the Clinics Hospital of the State University of Campinas.




    Two qualities draw attention to Dr. Mônica: persistence and professional candor.




    When hired as an assistant physician in Pneumology, she helped organize the service and completed a master's and doctorate on topics related to chronic respiratory failure.




    She became greatly interested in the possibility of treating patients with pulmonary hypertension and set about organizing an outpatient clinic dedicated to it. She studied a lot. So did I. And we learned a lot.




    It was difficult for patients to have access to right heart catheterization for pressure measurements and tests with vasodilator medication.




    Echocardiographers, overwhelmed by requests from the Pulmonary Hypertension Outpatient Clinic, began to pay attention to the right heart.




    We all grew up together and pneumologists turned into right heart cardiologists.




    Over the years, many medications for pulmonary hypertension have been incorporated into the Brazilian Unified Healthcare System (SUS) and have allowed great improvements in the quality of life of many patients, in addition to increased survival.




    Dr. Mônica treats and follows up on each of the patients at the Pulmonary Hypertension Outpatient Clinic and, with dedication and patience, collects data that helps to understand the evolution of the treatment and the disease.




    There is nothing more appropriate than consolidating this experience in this book, whether to transmit knowledge about pulmonary hypertension or to serve as an example of perseverance and objectivity when facing a problem.




    The content of the book is organized in a way that facilitates a deep immersion in knowledge about pulmonary hypertension.




    Historical aspects are fundamental to understanding any disease and, in this work, the historical review of the subject is excellent. Having established the historical context of pulmonary hypertension, the next objective of the book is to show how knowledge has evolved more recently in order to accommodate new discoveries, new diagnostic recommendations, and new treatments, usually codified in the so-called consensus on pulmonary hypertension.




    This is followed by a detailed discussion of the normal physiology of pulmonary circulation, essential for understanding the changes found in pulmonary hypertension, and a comprehensive review of the pathological findings and their probable causes. For those interested in a deep understanding of the mechanisms involved in this disease, this first part of the book and the bibliographic citations provide valuable study material. The topics on the diagnosis and treatment of the disease are so detailed that they are suitable for anyone interested in learning about the topic, whether for daily clinical practice, or for high-level research. You will be satisfied!




    Part 2 deals with a very important topic for the patient, which is the difficulty in carrying out activities of daily living.




    Exercise intolerance has several possible causes in pulmonary hypertension, the relative importance of which is not yet fully understood. Of great significance to this topic of the book is the presentation of research work carried out at the Pulmonary Hypertension Outpatient Clinic and supervised by Dr. Mônica Corso Pereira.




    The appendix tells the story of our activity in the discipline of pneumology related to chronic respiratory failure and, among the different causes of this syndrome, pulmonary hypertension in great detail — in greater detail than my memory could afford, as I wrote the first paragraphs of this foreword.




    It is my honor to write the foreword for this book!


  




  

    List of abbreviations and acronyms




    Δ — Variation




    1-MSTST — 1-minute sit-to-stand test




    6MWD — Distance walked in the 6MWT




    6MWT — Six-minute walk test




    ADL — Activities of daily living




    BMI — Body mass index




    BMP — Bone morphogenic protein




    BMPR2 – Bone morphogenetic protein receptor type II




    BNP — Brain natriuretic protein




    bpm — Beats per minute




    breaths/min — Breaths per minute




    cAMP — Cyclic adenosine monophosphate




    cGMP — Cyclic guanosine monophosphate




    CI — Cardiac index




    cMRI — Cardiac magnetic resonance imaging




    CO — Cardiac output




    CO2 — Carbon dioxide




    COPD — Chronic obstructive pulmonary disease




    CPET — Cardiopulmonary exercise testing




    CT — Computed tomography




    CTEPH — Chronic thromboembolic pulmonary hypertension




    DH — Dynamic hyperinflation




    DLCO — Diffusing capacity of the lungs for carbon monoxide





    ESWT — Endurance shuttle walk test




    ET1 — Endothelin




    ET-A — Endothelin A receptor




    ET-B — Endothelin B receptor




    EtCO2 — CO2 exhaled at the end of expiration




    FC — Functional class




    Fres — Resonance frequency




    FVC – Forced vital capacity




    HADS — Hospital Anxiety and Depression Scale




    HADS-A — Hospital Anxiety and Depression Scale - Anxiety




    HADS-D — Hospital Anxiety and Depression Scale - Depression




    HIF-1-




    HIF-1-𝛼— Hypoxia-inducible factor




    HIV — Human immunodeficiency virus




    HPAH — Heritable pulmonary arterial hypertension




    HR — Heart rate




    HRCT — High resolution computed tomography




    HRQoL — Health-related quality of life




    Hz — Hertz




    IC — Inspiratory capacity




    IOS — Impulse oscillometry




    IPAH — Idiopathic pulmonary arterial hypertension




    ISWT — Incremental shuttle walk test




    L — Liter




    m — Meter




    m2 — Square meter




    MEP — Maximum expiratory pressure




    min — Minute




    MIP — Maximum inspiratory pressure




    mL — Milliliter




    mm – Millimeter




    mmHg — Millimeter of mercury




    mMRC — Modified Medical Research Council scale




    mPAP — Mean pulmonary artery pressure




    MRADL ‑ Manchester Respiratory Activities of Daily Living




    NO — Nitric oxide




    NT-proBNP — N-terminal pro-brain natriuretic peptide




    NYHA — New York Heart Association




    PaCO2 — Partial pressure of carbon dioxide in arterial blood




    PAH — Pulmonary arterial hypertension




    PaO2 — Partial pressure of oxygen in arterial blood




    PASP — Pulmonary artery systolic pressure




    PCH — Pulmonary capillary hemangiomatosis




    PCWP — Pulmonary capillary wedge pressure




    PDE5 — Phosphodiesterase-5




    PETCO2 — End-expiratory carbon dioxide pressure




    PGI2 – Prostacyclin




    PH — Pulmonary hypertension




    PO2 — Partial pressure of oxygen




    PPH — Primary pulmonary hypertension




    PVOD — Pulmonary veno-occlusive disease




    PVR — Pulmonary vascular resistance




    Q — Perfusion




    R — Resistance




    RHC — Right heart catheterization




    RR — Respiratory rate




    RSBI — Rapid shallow breathing index




    RV — Right ventricle




    sec — Seconds




    SF-36 — 36-Item Short Form Health Survey




    slp2 — Slope 2




    slp3 — Slope 3




    SpO2 — Oxygen saturation (oxygen-saturated hemoglobin)




    ΔSpO2 — SpO2 in the sixth minute – baseline SpO2 (derived from 6MWT)




    SS — Systemic sclerosis




    STS — Sit-to-stand test




    Te — Expiratory time




    TGF-𝛽— Transforming growth factor beta




    Ti — Inspiratory time




    TRV — Tricuspid regurgitation velocity




    TV — Tidal volume




    V/Q — Ventilation/perfusion ratio




    VA — Alveolar ventilation




    VC — Volumetric capnogram




    VCO2 — CO2 excretion




    VCO2/RR — CO2 excretion per respiratory cycle




    Ve — Expiratory volume




    VE — Ventilation




    VE/V̇ CO2 — Minute ventilation/CO2 excretion




    VEF1 — Forced expiratory volume in 1 second




    VEF6 — Forced expiratory volume in six seconds




    VEGF — Vascular endothelial growth factor




    VO2 — Oxygen consumption




    WHO — World Health Organization




    WU — Wood unit




    X — Reactance




    XR — X-ray (radiograph)


  




  

    Part 1




    CURRENT UNDERSTANDING OF PULMONARY HYPERTENSION: A HISTORICAL REVIEW




    












    Pulmonary hypertension (PH) is hemodynamically defined by the evidence of mean pulmonary artery pressure (mPAP) greater than 20 mm Hg. This simple physiological definition resulted from the accumulating collection of observational data and pathology, physiology, cellular, molecular, clinical, and genetics studies conducted over the last century, especially in the last 50 years.




    One can understand pulmonary hypertension as a syndrome, since behind the hemodynamic definition and the most characteristic signs and symptoms (dyspnea on exertion, syncope, near syncope, and signs of right ventricular failure in the most severe cases) there are several causes and morbid conditions. The most recent classification of PH includes five groups (the same groups proposed in its first 1973 classification), namely: a) pulmonary arterial hypertension, b) PH due to left-sided heart disease, c) PH due to pulmonary diseases and/or hypoxia, d) PH due to pulmonary vascular obstruction, and e) PH due to diseases and conditions with multiple or uncertain mechanisms that link them to PH.




    Pulmonary arterial hypertension (PAH) is the condition that constitutes and designates the first group of the classification. PAH is a progressive morbid condition characterized by the involvement of the pulmonary arterial vascular network, which elevates blood flow resistance imposed by pulmonary circulation. Vascular hyper-resistance thus increases pulmonary artery pressure and leads to progressive adaptation of the right ventricle to a new pressure regimen. Despite the treatments available to date, PAH can progress, causing the right ventricle to be incapable of sending blood to the lungs, until its eventual failure and the death of the patient.




    It should be noted that PAH can be associated with specific diseases and conditions, such as collagen diseases, congenital heart disease, human immunodeficiency virus (HIV) infection, portal hypertension, schistosomiasis, drug use, and exposure to toxins (Table 1.1). When these various causes and diseases are excluded during the diagnostic process, the disease may be diagnosed as idiopathic pulmonary arterial hypertension (IPAH).




    Knowing how the understanding of the conditions known today as pulmonary hypertension and pulmonary arterial hypertension was consolidated may be enriching to doctors and healthcare professionals who care for the many patients with these conditions. This work presents a historical overview of relevant PH research studies and events since their inception. It aims to contribute to the comprehension of each definition’s both breadth and singularities. In the following section, I will introduce the current understanding of PH and PAH mechanisms, as well as the most recent clinical classification. I will also cover aspects of PH and PAH diagnosis, as well as PAH course, clinical follow-up, and treatment.




    1.1. 
Historical data




    The first references to PH appear in clinical descriptions dating from the late 19th to the early 20th century. In 1891, German internist and professor Dr. Ernst von Romberg (1865-1933) reported an autopsy finding of “pulmonary vascular sclerosis”. 1 2




    A few years later (1901), Dr. Abel Ayerza, a professor at the University of Buenos Aires, Argentina, described a clinical syndrome including cyanosis, polycythemia, and dyspnea, associated with “sclerosis” of the pulmonary artery. It is important to point out that the first mentions of this condition were based on analysis of clinical-pathological correlation. 3 Nearly three decades later, British physician Dr. Oscar Brenner added his own observations to the previously proposed concepts. He published an article postulating that the clinical presentation of what was then known as Ayerza’s disease were in fact signs of heart failure associated with pulmonary disease, the morphological expressions of which were the chronic lung disease itself, right ventricular hypertrophy, and pulmonary atherosclerosis. 4 As a histopathologist, Dr. Brenner described the vascular pathology of pulmonary hypertension in detail, pointing out arterioles and small muscular arteries as the central location of the pathogenic process.




    Post-mortem studies conducted in the 1920s and 1930s did not allow for an in vivo glimpse into small and medium pulmonary arteries under a functional lens. 5 It was only from the 1940’s onward that the first experimental research in animals and systematic observation in humans began to shed light on some functional aspects of pulmonary circulation, such as the discovery that acute exposure to hypoxia (10% O2 in N2) induced pulmonary vasoconstriction. 6 7




    However, the advent of cardiac catheterization was the watershed event that led to the understanding of the functional and hemodynamic aspects of PH. Before cardiac catheterization, PH was recognized for its clinical aspects (in the case of cyanosis or right ventricle atrophy due to congenital heart diseases) or through necropsy studies. The first heart and pulmonary artery catheterization studies date from the 1930s and 1940s. These procedures allowed access to vascular pulmonary hemodynamics and modified the understanding of pulmonary circulation. 8




    The importance of catheterization for the study of PH warrants a brief genealogy of its use. The first attempt was made by German physician Werner Forssmann, who was inspired by pioneer studies from two French physiologists, physician Etiene-Jules Marey and veterinarian Jean-Baptiste Auguste Chauveau. Marey and Chauveau dedicated themselves to the study of cardiac events and sounds, and published reports of simultaneous measurements of right atrial and ventricular pressure and of the aorta and left ventricle using catheters in 1861 and 1863. 9 Forssmann convinced himself that the procedure of cardiac catheterization could be performed safely in human beings. In 1929, at the ripe old age of 25, he attempted his first cardiac catheterization by inserting a 65 cm urethral catheter into his own brachial vein. With the help of two nurses, Forssmann advanced the catheter to his right auricle, controlling it through fluoroscopy.




    Although not well-received at the hospital where he worked, the procedure was occasionally conducted for therapeutic purposes, such as the delivery of drugs directly to the heart. 10 Months later, Forssmann published the article that would be considered the cornerstone of human cardiac catheterization: Die Sondierung des rechten Herzens 11.




    In that vein, in 1932, American physician Dickinson Richards and French physician André Cournand undertook studies that would become the great classics of cardiopulmonary function. In 1941, Cournand and Ranges published an article where they outlined the clinical application of cardiac catheterization in humans. 12 In a relatively simple piece of work, the authors managed to establish normal hemodynamic values for the right atrium and to show the safety of the procedure, highlighting its potential for application in different situations. In 1956, these three researchers — Cournand, Richards, and Forssmannn —, were awarded the Nobel Prize in Medicine, due to their pioneer development of cardiac catheterization.




    To resume the discussion about pulmonary hypertension, the year 1951 was marked by the publication of the superb Primary Pulmonary Hypertension – Clinical and Hemodynamic Study. 13 In it, Dresdale and colleagues define the concept of primary pulmonary hypertension from a detailed description of clinical, hemodynamic, physiological, and functional findings from three young women (25, 34, and 35 years of age). The authors highlighted the patients’ chief complaints (exertional weakness and dyspnea, and syncope), the absence of cyanosis, the normality of systemic arterial pressure and lung auscultation, and the increased intensity of the second heart sound. Patients were submitted to cardiac catheterization, functional respiratory tests, and evaluation during physical activity. After one of the patients passed away, her body was submitted to necropsy. The post-mortem examination showed right ventricular hypertrophy and widespread pulmonary vascular sclerosis, though no evidence of intrinsic lung disease was found. In addition, thrombotic lesions were also found in the small pulmonary vessels.




    However, it is worth noting that up to the 1960’s the causes most commonly associated with chronic elevation of pulmonary arterial pressure were congenital pre- or post-tricuspid shunts, long-term left atrial hypertension, recurring pulmonary embolism, parenchymal lung disease (such as emphysema and lung fibrosis), and chronic alveolar hypoxia. Cases that could not be linked to any of these conditions were designated as unexplained, idiopathic, essential, or often (since the Dresdale and colleagues article)14 “primary” pulmonary hypertension. In this context, the term “primary pulmonary hypertension” or “PPH” began to be used to categorize patients presenting with isolated elevation of pulmonary artery pressures. 15 PPH was still considered a rare condition of unknown cause.




    A dramatic change in the incidence of this condition occurred from 1967 onwards, when numerous pulmonary hypertension cases were reported in Switzerland, 16 17 Germany, 18 and Austria. 19 In Switzerland, Gurtner and colleagues described an increase in the incidence of primary pulmonary hypertension in adults submitted to cardiac catheterization from 0.87% in the previous 12 years (1995-1966) to 15.4% in 1967 and 1968. 20 Ultimately, the common denominator among cases was identified to be exposure to aminorex fumarate (2-amino-5-phenyl-2-oxazoline), an amphetamine-based anorexigen first sold in the aforementioned countries in 1965 for weight loss treatments. 21 22 Even after aminorex was banned from circulation and prescription in 1967, isolated cases were still reported into the following decade. The pulmonary hypertension epidemic might well have been the main factor leading to the spotlighting of this morbid condition in the medical community.




    Regarding this matter, in 1967, Kay and colleagues postulated that some cases of primary pulmonary hypertension could stem from dietary intake of certain toxic substances, such as pyrrolizidine alkaloids or monocrotaline. In 1971, these pathologists published a scientific article showing histological cuts of the pulmonary vascular bed of PPH patients in biopsy- and necropsy-obtained fragments. They argued their findings would be similar to those previously described in spontaneous primary pulmonary hypertension. 23 In the words of Kay and colleagues, 24




    “... The elastic pulmonary arteries are atheromatous. There is much medial hypertrophy of the muscular pulmonary arteries (arterial vessels between 100 µ and 1,000 µ in external diameter). These vessels also show intimal fibrosis and fibroelastosis; in some arteries this is severe and of the 'onion-skin' type leading to occlusion of the lumen (Figure 1a). Some of the muscular pulmonary arteries show dilatation lesions of the plexiform and angiomatoid type. The pulmonary arterioles are hypertensive in type, possessing a distinct media of circular muscle bounded by internal and external elastic laminae. The wall of a pulmonary arteriole is normally devoid of muscle and consists simply of a single elastic lamina lined by endothelium. Many pulmonary arterioles are largely occluded by intimal fibrosis and fibroelastosis.




    In a review article published in 2017, Perez calls attention to the similarities between findings obtained by Kay in 1971 (Figure 1a), and the classical histological aspect now identified as typical 25 of idiopathic pulmonary arterial hypertension (Figure 1b). 26




    

      [image: Image]



      Figure 1.1: Pathological findings in pulmonary arterial hypertension. Please note the similarities between pulmonary vessels in aminorex-induced pulmonary hypertension (1a, left27) and idiopathic pulmonary hypertension (1b, right28). 
Adapted from Perez, 2017.


    




    This new context led to the first Pulmonary Hypertension World Symposium in 1973, a cardinal and pivotal event in the development of a broader approach to the diagnosis and management of pulmonary hypertension.




    1.2. Structuring knowledge and evolving pulmonary hypertension classifications




    1.2.1 The first World Health Organization (WHO) symposium on pulmonary hypertension (Geneva, 1973)




    As indicated in the preceding section, the first international gathering to discuss pulmonary hypertension took place in 1973. This WHO-organized event convened subject-matter specialists to assess the state of knowledge about PPH. It was of substance in standardizing clinical and pathological nomenclature. A simple classification (primary, secondary, and associated PH) was proposed, and a hemodynamic definition was established as the presence of mPAP greater than or equal to 25 mm Hg. The symposium discussed the need to create an international registry for the condition, due to its low prevalence. 29 30




    1.2.2 First multi-center registry, 1981




    In 1981, eight years after the first world symposium, a registry of primary pulmonary hypertension patients was created 31 with the support of the National Heart, Lung, and Blood Institute. Over the course of four years (1981-1985), 194 patients from 32 centers in the United States were included with a minimum 3-year follow-up period. When the registry was closed (August 1988), significant knsowledge had been accrued about the clinical, pathophysiological, and morphological aspects of the disease. Incident cases of PPH — which today would correspond to idiopathic pulmonary arterial hypertension (IPAH) — had a mean survival of 2.8 years, a 68% yearly survival rate, a 48% three-year survival rate, and a 34% five-year survival rate. 32




    This first registry painted a clear picture of the profile of patients diagnosed with what is known today as PAH — or even of the form currently known as idiopathic (IPAH). Patients enrolled in the registry were predominantly women (1.7:1 ratio) of 36 ±15 years of age. Mean symptom onset time was 2 years, and main symptoms were dyspnea (60%), fatigue (19%), and syncope or near syncope in 13% of cases. Raynaud's phenomenon was observed in 10% of cases; additionally, pulmonary function tests showed mild restriction (forced vital capacity [FVC] at 82% of predicted value), diminished carbon monoxide diffusing capacity, hypoxemia, and hypocapnia. Hemodynamic (mean ± standard deviation) values were: mPAP, 60 ±18 mmHg; cardiac index, 2.3 ±0.9 L/min/m2; pulmonary vascular resistance index, 26 ±14 mmHg/min/m2. 33




    1.2.3 Second WHO symposium on pulmonary hypertension (Evian, 1998)




    Twenty five years after the Geneva symposium, a second WHO conference, which took place in Evian, France, went beyond PPH and proposed a five-group classification for all PHs: the first group included pulmonary arterial hypertension; the second one, pulmonary venous hypertension; the third, PH secondary to chronic respiratory disorders or hypoxemia; the fourth, PAH caused by thrombotic or embolic disease; and the fifth group consisted of PAH disorders directly affecting the pulmonary vasculature.




    It is worth noting that this classification is still used contemporaneously, and it has been paramount in diagnosis standardization in the clinical and therapeutic research settings (Table 1.1).




    

      
Table 1.1: Comparison between first (Evian, 1998) and current (Nice, 2018) classifications of PH



      

        

          	

            Classifications of PH (World Symposium)


          

        


      



      

        

          	

            Evian, 1998


          



          	

            Nice, 2018


          

        




        

          	

            1. Pulmonary arterial hypertension




            1.1. Primary pulmonary hypertension




            1.2. Sporadic




            1.3. Familial




            1.4. Related to




            a) Collagen vascular disease




            b) Congenital systemic-to-pulmonary shunts




            c) Portal hypertension




            d) HIV infection




            e) Drugs/toxins




            i) Anorexigens




            ii) Other




            f) Persistent pulmonary hypertension of the newborn




            g) Other


          



          	

            1. Pulmonary arterial hypertension (PAH)




            1.1 Idiopathic




            1.1.1. Nonresponders at vasoreactivity testing




            1.1.2. Acute responders at vasoreactivity testing




            1.2. Heritable




            1.3 Drug- and toxin-induced




            1.4. 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 with features of venous/capillaries (pulmonary veno-occlusive disease/pulmonary capillary hemangiomatosis) involvement




            1.6. Persistent pulmonary hypertension of the newborn


          

        




        

          	

            2. Pulmonary venous hypertension




            2.1. Left-sided atrial or ventricular heart disease




            2.2. Left-sided valvular heart disease




            2.3. Extrinsic compression of central pulmonary veins




            a) Fibrosing mediastinitis




            b) Adenopathy/tumors




            2.4. Pulmonary veno-occlusive disease




            2.5. Other


          



          	

            2. PH associated with disorders of the respiratory system or hypoxemia




            2.1. Heart failure




            2.1.1. With preserved ejection fraction




            2.1.2. With reduced or mildly reduced ejection fraction




            2.2. Valvular heart disease




            2.3. Congenital/acquired cardiovascular conditions leading to postcapillary PH


          

        




        

          	

            3. PH associated with lung diseases or hypoxemia




            3.1. Chronic obstructive pulmonary disease




            3.2. Interstitial lung disease




            3.3. Sleep-disordered breathing




            3.4. Alveolar hypoventilation disorders




            3.5. Chronic exposure to high altitude




            3.6. Neonatal lung disease




            3.7. Alveolar-capillary dysplasia




            3.8. Other


          



          	

            3. PH associated with lung diseases or hypoxia




            3.1. Obstructive lung disease or emphysema




            3.2. Restrictive lung disease




            3.3. Lung disease with mixed restrictive/obstructive pattern




            3.4. Hypoventilation syndrome




            3.5. Hypoxia without lung disease (eg, high altitude)




            3.6. Developmental lung disorders


          

        




        

          	

            4. Pulmonary hypertension caused by chronic thrombotic or embolic disease




            4.1. Thromboembolic obstruction of proximal pulmonary arteries




            4.2. Obstruction of distal pulmonary arteries




            a) Pulmonary embolism (thrombus, tumor, ova, or parasites, foreign material)




            b) In situ thrombosis




            c) Sickle-cell disease


          



          	

            4. PH associated with chronic PA obstruction




            4.1. Chronic thromboembolic PH




            4.2. Other PA obstructions


          

        




        

          	

            5. Pulmonary hypertension caused by disorders directly affecting the pulmonary vasculature




            5.1. Inflammatory




            a) Schistosomiasis




            b) Sarcoidosis




            c) Other




            5.2. Pulmonary capillary hemangiomatosis


          



          	

            5. PH with unclear or multifactorial mechanisms




            5.1. Hematological disorders




            5.2. Systemic disorders




            5.3. Metabolic disorders




            5.4. Chronic renal failure with or without hemolysis




            5.5 Pulmonary tumor thrombotic microangiopathy




            5.6. Fibrosing mediastinitis


          

        


      

    




    Source: Drafted by the author.




    As for treatment, there were two drugs available at the time shown to be effective in the treatment of PPH: epoprostenol 34 and high doses of calcium channel blockers — the latter for patients showing acute response at vasoreactivity testing. 35




    1.2.4 Third WHO symposium on pulmonary arterial hypertension (Venice, 2003)




    From this meeting on, symposiums started taking place at five-year intervals. At each event, knowledge accumulated about PAH since the previous symposium was presented, including topics from fields like the mechanisms of disease, molecular biology, genetics, natural history, epidemiology, clinical presentation, and lastly therapeutic clinical trials. At this 2003 event, specialists were called in to assess the suitability and effectiveness of the classification proposed in 1998. Overall, participants agreed that the classification was useful for clinical and epidemiological purposes. 36




    It is noteworthy that in 2003, despite the many gaps in the knowledge of factors triggering PAH, the likely association between mutations of BMPR-2 (bone morphogenetic protein receptor-2), part of the TGF-β (transforming-growth-factor-beta) family, and familial or idiopathic forms of the disease was emphasized.




    Pulmonary vascular remodeling and proliferation were also recognized as just as if not more impactful than vasoconstriction in PAH pathogenesis, as understood by the scientific community up to that point. Identifying the role of endothelial dysfunction, i.e., a prolonged increase in endothelin levels associated with chronic reductions in nitric oxide (NO) and prostacyclin levels, supported the development of specific pharmacological targets. 37




    Regarding treatment, there were three classes of drugs effective in treating PAH: prostanoids, endothelin receptor antagonists, and phosphodiesterase type 5 inhibitors. To guide clinicians in choosing the best therapeutic options for PAH patients, a treatment algorithm was proposed in this symposium. Given the rarity of the disease and the complexity of diagnostic and therapeutic management of PAH patients, a preferred form of care was suggested, including transdisciplinary teams and designated reference centers.




    1.2.5 Fourth world symposium on pulmonary hypertension (Dana Point, 2008)




    One of the main goals of the 2008 world symposium was to review progress on treatment, since over 15 large randomized clinical trials had been conducted. These large-scale gatherings of PH specialists and scholars also offered opportunities for revising the diagnostic classification, based on the accumulated knowledge about clinical and pathogenic aspects of the disease. Moreover, they also became a place for discussing and formulating proposals for new investigations.




    Regarding the investigation of potential causes for syndrome development, embryonic or fetal changes were indicated as potentially relevant for PH, especially in pediatric disorders. The role of the inflammatory process was also noted, particularly in connective tissue disease and chronic obstructive pulmonary disease, and its likely involvement in vascular remodeling mechanisms. The importance of the endothelium in the pathogenesis of PAH was also emphasized, as well as the strong association between the BMRP-2 gene and PAH. Lastly, other genetic markers were identified.




    In the face of a growing number of therapeutic options, optimized workflows for accurate and early diagnosis were discussed and proposed, along with modalities for predicting outcomes and prognosis. In addition to echocardiographic and hemodynamic measurements, the importance of using biomarkers, such as BNP (brain natriuretic protein), was emphasized. The treatment algorithm was revised to include newly available drugs and the therapeutic management of less symptomatic individuals by adopting goal-oriented treatment strategies. 38 Prostanoids, endothelin receptor antagonists, and phosphodiesterase 5 inhibitors remained the effective options. Surgical options, such as thromboendarterectomy, atrial septostomy, or heart and lung transplant, were reviewed. Lastly, the need for collaborative and multi-center efforts was once again emphasized to promote international registries, genomic studies, and clinical trials. 39




    1.2.6 Fifth world symposium on pulmonary hypertension (Nice, 2013)




    In 2013, the 12 working groups had a particularly prolific symposium that brought about changes on several different fronts, especially genomics. The genetics and genomics workforce confirmed the detection of mutations of known genes (BMPR-2, ALK-1, endoglin, SMAD-9, CAV-1) in 75% of familial PAH patients. Additionally, new sequencing techniques enabled the identification of a potassium channel encoding gene (KCNK-3).




    On the pathophysiological front, particular attention was given to right ventricle (RV) adaptation to increased afterload in PH patients. The pathophysiology group encouraged the application of RV phenotyping concepts, such as “adaptive” or “maladaptive”, and their clinical, molecular, structural, and hemodynamic characteristics. 40




    The previously described classification underwent changes, among which the categorization of persistent PH in newborns and the reallocation of chronic hemolytic anemias from group 1 to group 5 stand out.




    A new hemodynamic definition of PAH included pulmonary vascular resistance, previously missing from the definition.




    Treatment recommendations underwent changes as well, and diagnostic and treatment algorithms were once again updated. 41




    Additionally, the need for multiple goals to define treatment success was reinforced, which included not only symptoms, but also exercise capacity and right ventricular function. 42 Lastly, the discussion of clinical trials for new drugs confirmed the need to adopt morbidity and mortality as primary outcomes.




    1.2.7 Sixth world symposium on pulmonary hypertension (Nice, 2018)




    One hundred and twenty-four specialists and thirteen working groups participated. Without doubt, the most striking proposition was the revision of the hemodynamic criteria for the definition of PH, in effect since their somewhat random assignment in 1973. The new definition of precapillary PH included the presence of mPAP >20 mm Hg associated with elevated pulmonary vascular resistance (PVR) (⩾2 WU), regardless of etiology. There is no clear evidence of the efficacy of PAH medications in patients with mPAP between 21 and 24 mm Hg and PVR between 2 WU and 3 WU. As a result of this modification, the definitions for PH associated with left-sided cardiac disease and PH associated with all the other pulmonary hypertension classification groups were revised. 43 All diagnosis, classification, and therapeutic management-related modifications were consolidated and published in a document in 2022. 44




    Because they present specific progression and prognosis characteristics, PAH patients and calcium channel blocker responders were categorized separately from the others in group 1.




    Within the context of a therapeutic plan geared towards treatment goals, aspects involving risk stratification and their relationship with therapeutic strategies were discussed at length. The proposal to use a multiparametric approach to risk stratification was emphasized, coupled with the recommendation to use the largest possible number of variables, including clinical, functional, ventricular function, and hemodynamic variables, in addition to biomarkers. The therapeutic prescription algorithm was updated according to patient risk stratification categories of low, intermediate, or high risk (1-year mortality). It included strategies ranging from initial (including monotherapy) to double or triple therapy. In cases where the patient was not classified as a therapeutic target, that is, they were stratified as low risk, the indication was to proceed to therapy escalation.




    In this edition, knowledge accumulated in several areas was reviewed. The genomic studies presented supported the estimate that 25% to 30% of IPAH cases have an underlying Mendelian genetics cause. In addition, the pathophysiology of the cardiopulmonary unit, defined as the right ventricle and the pulmonary vascular system, was rediscussed. The role of imaging studies like echocardiography and cardiac magnetic resonance was also reviewed. Other PH groups (such as groups 3 and 4), as well as pediatric PH, were specifically amended.




    Also of note during this event was the creation of a new working group dedicated to the discussion of patient perspectives. Quality of life and patient-life outcomes were discussed, as well as the need for patients to have access to centers with multidisciplinary approaches that include narrative medicine, shared decision-making, and palliative care. The role of patient associations in the care of patients and caretakers was also addressed, as well as the fight for access to a better standard of care and treatment.
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      Figure 1.2: Pulmonary hypertension timeline


    




    Source: Adapted and modified from Sommer et al., 2021.




    1.3. Current understanding of pulmonary hypertension




    1.3.1. Pathogenesis of pulmonary hypertension




    Pulmonary hypertension is a complex, progressive, and often fatal hemodynamic condition, which can be associated with several causes, as explained above. Some genetic mutations have been identified as a potent causal factor in some cases of idiopathic PAH and heritable PAH. Alveolar hypoxia, whether resulting from exposure to high altitude, chronic pulmonary disease, or situations that cause hypoventilation, is also identified as a cause of PH. In any of these situations, the consequences of afterload increase, due to the elevation of vascular resistance and leading to right ventricle overload and hypertrophy, contribute to a poor prognosis, with potential progression to right-sided ventricular failure and death.




    Histopathology findings, genetic mutations, and the pathophysiological process that is predominant in an individual are aspects that can vary depending on the cause of PH, that is, whether it is group 1 pulmonary arterial hypertension (where the primary issue is the involvement of small pulmonary vessels) or precapillary PH of some other group (3, 4, or 5), or even postcapillary PH (groups 2 or 5). Despite all these potential differences, pathophysiological changes are largely due to sustained vasoconstriction and remodeling of the three layers of the distal pulmonary vasculature. The vascular endothelium of pulmonary circulation is a source of vasodilating and vasoconstricting substances and, in the normal lung, the balance between them favors vasodilation, which contributes to low resistance in the pulmonary vascular system. A dysfunctional endothelium will promote a reduction in NO and PGI2 release and an increase in endothelin 1 (ET-1) and thromboxane. Simply put, the imbalance between endogenous vasodilators and vasoconstrictors associated with pulmonary vascular remodeling results in sustained vasoconstriction of the vascular network and an increase in pulmonary vascular resistance.




    However, to understand the specificities of the syndrome, it is essential that we are clear on the normal functioning of pulmonary circulation. I will now describe important aspects of normal pulmonary circulation so I can then briefly highlight the main pathological findings of pulmonary circulation that lead to an increase in vascular resistance, a characteristic alteration in virtually all forms of PH.




    1.3.2 Normal anatomy: a brief overview




    Pulmonary circulation includes a pulmonary arterial network that branches out accompanying the airways, a capillary network entrenched within the mass of alveoli, and a venous system that drains oxygenated blood to the left side of the heart. In the lungs, after birth, the main pulmonary artery, which carries blood from the right ventricle to the lungs, has a diameter like that of the aorta (under 3 cm). 45 Before and immediately after birth, the wall of the main pulmonary artery is practically equal to that of the aorta but, with the passage of time, the elastic tissue of the pulmonary artery wall decreases gradually. In adults, the pulmonary artery wall is much thinner than that of the aorta. 46




    The main pulmonary artery splits into two (right and left) arteries, and each of them branches into lumbar arteries before penetrating the lungs. Inside the lungs, arterial ramifications follow the more irregular and asymmetrical pattern of airway branching. This branching pattern continues to the intralobular branches (arteriole and bronchiole of the secondary lung lobe).




    Larger pulmonary arteries (external diameter >2,000 μm or >2 mm) are classified as elastic, and their medial layer consists predominantly of elastic fibers and some smooth muscle. 47 48 Elastic arteries extend to about the sixth generation of the bronchial tree. As the diameter of arterial vessels decreases, there is a progressive reduction in the population of elastic fibers and an increase in muscle fibers. Muscular arteries begin approximately halfway down the axial (bronchial vessel) pathway, at around the seventh bronchial generation. Their external diameter is between 150 μm and 2,000 μm. 49 As they branch out and taper, muscular arteries originate arteries, a section of which shows only “a crescent” of muscle fibers. At this point, muscle fibers are arranged in a spiral along the vessel, until they finally disappear. At diameters above 140 μm, arteries are muscular; below 30 μm, arteries are completely non-muscular. Between 30 and 140 μm, the population is mixed, either being muscular, non-muscular, or partially muscular. 50




    The arterial wall is also composed of collagen fibers and fibroblasts in the adventitia (an elastic longitudinal layer) that facilitate its expansion during the respiratory cycle, and endothelial cells in its thin intima layer.
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      Figure 1.3: Illustration of the transition of muscular arteries


    




    Source: Adapted from Reid, 1986.




    Small arterioles have an uneven and irregular layer of muscle cells and, as they progressively branch out, they originate smaller, non-muscular arterioles, adjacent to the terminal bronchioles. 51 52 From this point on, upon reaching the alveolar mass, the small arterioles generate pulmonary capillaries that form a network in close contact with the alveolar walls. Pulmonary capillaries have a very thin layer of endothelial cells and comprise most of the surface of the pulmonary vasculature, which in an adult human totals an area of about 126 m2. 53 It is interesting to mention that the thickness of the capillary walls varies greatly; there are regions where it reduces to the thickness of a little cytoplasm between two thin plasma membranes (20 nm to 30 nm). 54 After the gas exchange that occurs in the capillary network, blood flows to the venules, which are structurally very similar to the small arterioles. Unlike small arterioles, however, venules drain various units of respiratory tissue and do not run parallel to bronchial ramification. 55




    One of the fundamental characteristics of the vascular pulmonary network — a direct result of the great extension of capillary beds — is a low-pressure system capable of accommodating the entire volume of cardiac output. Out of the nearly 500 mL of stroke volume that the right ventricle pumps with every systole, 140 mL of blood are distributed along 277 billion capillaries. This extensive capillary network is irrigated by about 108 pulmonary vascular segments of 15 μm to 40 μm in diameter. The network dissipates the pressure coming from a vascular environment composed of smooth muscle cells into arteries under 70 μm in diameter. To optimize gas exchange, capillary perfusion pressures must be low. 56




    Pathophysiological alterations in pulmonary hypertension 




    In this section, I will address the different factors of significance in the pathogenesis of pulmonary hypertension, such as endothelial dysfunction, the remodeling of pulmonary vessels, and inflammation. 





    Endothelial dysfunction




    In PH, the term endothelial dysfunction generally refers to the compromise of the endothelial mechanisms involved in pulmonary vasodilation, predominantly of vasoconstriction. However, other aspects and processes are associated with endothelial dysfunction, such as a reduction in anticoagulation properties, changes in active metabolites (increased expression of vasoconstrictors and reduced expression of vasodilators), the production of reactive oxygen species, and the increased expression of adhesion molecules (E-selectin, intercellular adhesion molecule 1, vascular cell adhesion molecule 1, growth factors, and cytokines). Some of these factors impair repair and angiogenesis mechanisms, impacting vascular remodeling. 57 58




    Hypoxia response




    Hypoxic vasoconstriction, if sustained chronically, can lead to vascular remodeling. Specialized smooth muscle cells 59 undergo depolarization when exposed to alveolar hypoxia, which leads to an increase in intracytoplasmic calcium. 60 Animal studies have shown the phenomenon of hypoxic vasoconstriction occurring both in small arteries of 50 μm to 80 μm and larger arteries of up to 1.2 mm in diameter. 61 Considering that vascular remodeling in PH may involve arteries in this diameter range, it is possible that the effects of excessive and sustained vasoconstriction associated with disordered cell growth (and reduced cell death) are involved in structural changes in pulmonary circulation in PH. 62 63




    Hypoxia has been recognized as a trigger for the development of PH since the beginning of the 20th century, when altitude was identified as a primary cause of pulmonary edema, increased heart volume and dilation, and even heart failure in cattle living in high mountains in Colorado (USA)64. Since then, diverse experimental models have been developed to study hypoxia-induced PH. 65 In humans, significant knowledge has been accumulated from the study of populations residing at high altitudes, such as the Tibetans, the Andeans, and the Ethiopians. Although there are differences in adaptive mechanisms in these groups, the action of hypoxia is mediated by the family of hypoxia-inducible factors or HIF. Situations leading to the loss of HIF function, such as the genic mutation of HIF2a identified in Tibetans, correlate with low levels of PH. 66
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