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INTRODUCTION

Pollution and climate change constitute a combined,
grave and pervasive threat to human health and to the
life-support systems on which humans depend.' The
ramifications include a warming of annual average
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Abstract

Pollution and climate change constitute a combined, grave and pervasive
threat to humans and to the life-support systems on which they depend.
Evidence shows a strong association between pollution and climate change on
cardiovascular and respiratory diseases, and pulmonary vascular disease
(PVD) is no exception. An increasing number of studies has documented the
impact of environmental pollution and extreme temperatures on pulmonary
circulation and the right heart, on the severity and outcomes of patients with
pulmonary arterial hypertension and chronic thromboembolic pulmonary
hypertension (PH), on the incidence of pulmonary embolism, and the
prevalence and severity of diseases associated with PH. Furthermore, the
downstream consequences of climate change impair health care systems'
accessibility, which could pose unique obstacles in the case of PVD patients,
who require a complex and sophisticated network of health interventions.
Patients, caretakers and health care professionals should thus be included in
the design of policies aimed at adaptation to and mitigation of current
challenges, and prevention of further climate change. The purpose of this
review is to summarize the available evidence concerning the impact of
environmental pollution and climate change on the pulmonary circulation,
and to propose measures at the individual, healthcare and community levels
directed at protecting patients with PVD.
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temperatures, with consequent weather systems changes
and a shift from stable and predictable climate to extreme
temperatures and sudden, extreme weather events (e.g.,
hurricanes, droughts, wildfires, hot and cold spells).
Pollution (i.e., the accumulation of human-produced
waste in the environment) is a major cause of climate
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change, as well as being responsible for 9 million
preventable deaths, or 1 in 6 deaths worldwide?; climate
change also influences air quality both directly (e.g.,
decreased dispersion of air pollutants during heatwaves
and increased production due to wildfires®’) and
indirectly (increased emissions from power plants to
counter extreme temperatures’). Indeed, assuming stable
population and emissions, heatwaves and atmospheric
stagnation are expected to increase the concentration of
airborne pollutants in China by 2050, causing a 39% and
6% increase in mortality among the Chinese population,
respectively.” The rise in global temperatures will also
cause increased water pollution from oil spills,’ and
humidity and stagnant air will also increase benzene
concentrations and ozone formation.” Food scarcity from
failed crops,® water shortages’ from droughts and
pollution are already causing mass migrations due to
inhabitable land, famine and war'®; the disappearance of
entire ecosystems is causing such severe biodiversity loss
that a 6th mass extinction is frequently evoked.'
Furthermore, the combined challenges of pollution and
climate change may lead to a massive collapse of public
services, and in particular of health care infrastructure.'?

Climate change and environmental pollution have
been conclusively proven to be caused predominantly by
human activities, such as industrial manufacture pro-
cesses, the exploitation of natural resources including
intensive land use for farming, and especially by burning
decayed organic matter as a fossil fuel for energy supply.'

Pulmonary vascular disease (PVD) is a wide range of
acute and chronic disorders of the pulmonary circula-
tion, often progressing to right heart failure and death."?
These disorders range from highly prevalent conditions
such as acute pulmonary embolism (PE)'* and pulmo-
nary hypertension (PH) associated with left heart and
lung disease, to infrequent forms such as pulmonary
arterial hypertension (PAH) and chronic thromboem-
bolic PH (CTEPH)."> Because of their effect on both
respiratory and cardiac function, most PVDs have high
morbidity and mortality; despite this, there is surpris-
ingly little clinical attention in everyday practice as to
how these diseases may be affected by pollution and
climate change.

Three interconnected aspects of the environmental
challenges we face today will be addressed by this review:
first, the direct and indirect biological influence of pollution
and climate change on endothelial cells, pulmonary
circulation, pulmonary embolism and other diseases
associated with PH. Second, the burden of climate change
and pollution on patients with PVD, their caretakers, and
health care providers. Third, solutions to adapt, mitigate
and prevent the effects of pollution and climate change and
improve health within the field of PVD.

DIRECT AND INDIRECT IMPACT
OF CLIMATE CHANGE ON PVD

Although a thorough understanding of PH development
remains elusive, several studies have shown that pollu-
tion and climate change may both have a direct impact
on the pulmonary vasculature, as well as indirect effects
by increasing the prevalence and severity of other
diseases associated with PH (Figure 1).

Air pollution exacerbates respiratory and cardiovas-
cular diseases and is the fourth biggest global risk factor
for premature death.'® Fine particulate matter (PM), as
well as gaseous compounds such as ozone (0O,), nitrogen
dioxide (NO,), other nitrous oxides (NO,), and sulphur
dioxide (SO,)—mostly produced by traffic and power
generation, but also wildfires and industrial waste—are
the main pollutants."” Among these, PM with a 50% cut-
off aerodynamic diameter of <2.5um (PM,s) is of
particular interest, since these very small particles can
reach the alveolar space and permeate the epithelium.*
Indoor air can be polluted by household appliances
releasing, among others, methane (gas stoves'”), biomass
fumes from wood and coal®® (cooking and heating
stoves), and carbon monoxide (CO) from heaters.?!
While the link between air pollution and other cardio-
respiratory diseases is well-known, the effect of air
pollution on pulmonary circulation is less commonly
studied (Tables 1 and 2). Water and land contamination
from microplastics,”* pesticides®® and toxic chemical
sludge from industrial waste,?* noise pollution,25 extreme
temperatures, and the emergence of new infections
favored by a changing climate are also potentially
harmful to the pulmonary circulation.

Systemic and pulmonary vasculopathy,
pollution and extreme temperatures

An extensive body of evidence supports the link between
pollution and endothelial dysfunction, a marker of early
cardiovascular disease. A recent meta-analysis®> found
that subjects with increased short-term exposure to PM, 5
had reduced flow-mediated dilation, which is the
endothelium-mediated ability to dilate systemic arteries
in response to an increase in blood flow. The same study
also found increased systemic arterial stiffness (measured
by augmentation index or pulse wave velocity). The
reduction in flow-mediated dilation was also present
with long-term exposure to PM, s; these effects were all
proportional to the dose of pollutants.*® Indoor air
pollution, noise, and exposure to heavy metals such as
cadmium, lead and mercury can all interfere with the
production of nitric oxide (NO) by increased oxidative
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FIGURE 1 The root causes, global effects of climate change and their ramifications on PVD. Definition of abbreviations: AMI, acute
myocardial infarction; BC, black carbon; CO, carbon monoxide; COPD, chronic obstructive pulmonary disease; CTEPH, chronic
thromboembolic pulmonary hypertension; CV, cardiovascular; DE, diesel exhaust; HIV, human immunodeficiency virus; ILD, interstitial
lung disease; LVEF, left ventricular ejection fraction; NO,, nitrogen oxides; Os, ozone; PAH, pulmonary arterial hypertension; PE,
pulmonary embolism; PEA, pulmonary endarterectomy; PH, pulmonary hypertension; PM, particulate matter; PTLD, post-tuberculosis lung
disease; pts, patients; PVD, pulmonary vascular disease; PVOD, pulmonary veno-occlusive disease; SO,, sulphur dioxide; temp, temperature;
w/, with; yrs, years.

TABLE 1 Preclinical studies on pollution and climate change in pulmonary vascular disease.

Model PH Group Main findings

Mouse - Co-exposure to a weak antigen and PM, s induces pulmonary arterial thickening and tRV in mice,?® through
IL-13, IL-17A% and B-cell mediated inflammation.?¢

Rabbit - Inhaled PM,, induces chronic lung inflammation and systemic endothelial dysfunction in rabbits.?®

Mouse 1 DE induces pulmonary arterial remodelling, RV thickening and increased RV pressures in mice.*

Rat 1 Cold temperatures aggravate monocrotaline model of PAH through texpression of miR-146a-5p, miR-155-5p,
TNF-a, IL-13, and IL-6>% and modulation of phosphodiesterase-lC.34

Mouse 2 Exposure to PM, s aggravates RV failure by tlung inflammation, tvascular remodelling and 1 RV hypertrophy in
mice with LV failure. >

Mouse 3 Co-exposure to SO,, NO, and PM, s triggers airflow limitation, abnormal ET-1 and eNOS expression and

arteriolar remodelling through the activation of the HIF-1a pathway.** Early pulmonary fibrosis-like changes
through DNA damage with heat exposure.'®

Abbreviations: DE, diesel exhaust; eNOS, endothelial nitric oxide synthase; ET-1, endothelin-1; Fhl-1, four and a half LIM domain protein 1; HIF-1a, hypoxia-
inducible factor 1a; IL-13, interleukin-13; LV, left ventricle; NO,, nitrogen dioxide; PM, particulate matter; SO,, sulphur dioxide; RV, right ventricle

stress, inflammation, or both.>> Polystyrene nanoplastics =~ worse outcomes at 3 years.”> Both extremely high and

cause endothelial injury, vascular remodeling and a
prothrombotic state in mice®*; in patients who under-
went carotid endarterectomy, the presence of micro- and
nanoplastics in carotid plaques was associated with

low temperatures are well-described risk factors for
respiratory and cardiovascular morbidity and mortal-
ity’®”*: hyperthermia causes dehydration, tachycardia
and a hypermetabolic state, while hypothermia induces
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TABLE 2 Clinical studies and reviews on the effects of air pollution and effects of climate change and pulmonary vascular disease in
humans.

PVD Subgroup Main findings

Population studies Endothelial dysfunction and stiffness of systemic arteries linked with exposure to air
pollution.®® Noise, air pollution and heavy metals contamination associated with ¢
NO production.?® Cold-temperatures * sPAP in Kyrgyz highlanders with and without
PH.* t incidence and mortality of PH associated with air pollutants.*® Acute
exposure to diesel exhaust tpulmonary vasomotor tone by |distensibility of
pulmonary vessels at high cardiac output.’” DE is associated with * pulmonary
vessels volume on CT scans.*®

Pediatric population Chronic exposure to air pollution associated with + mPAP,* 1 systemic
inflammatory mediators and vasoconstrictors in children.*’

Group 1 PH iPAH, hPAH, dPAH Exposure to air pollution linked to * ESC/ERS risk in iPAH and hPAH, | 6MWD in
iPAH, hPAH, dPAH, with no effect on mortality in one study.*' Exposure to air
pollution associated with * mortality, t hemodynamic severity & tESC/ERS risk in
iPAH and hPAH in another study.** tincidence of PAH with heat and droughts.®® High
temperatures and humidity linked to symptom burden and | physical activity.*

Infectious * incidence of Schistosoma in currently unaffected areas®*; 1 incidence of HIV.%*
diseases-PAH

CHD-PAH * Maternal extreme heat exposure,* air pollution or exposure to heavy metals and
organic solvents®* trisk of congenital heart disease.

Portopulmonary * incidence of hepatotoxic pathogens®; hepatotoxicity and t incidence of liver
hypertension disease with t temperatures.®®

CTD-PAH * incidence of SSc®”# and other CTDs®” with exposure to organic solvents, crystalline
silica and welding fumes; | pulmonary capillary blood flow in patients with
Raynaud's phenomenon with cold temperatures.”

PVOD PVOD associated with exposure to organic solvents.*®

Group 2 PH Exposure to air pollution is associated with * of cardiovascular disease in women®*’
and * LV mass.”® Cold spells * incidence of aortic coarctation®®; extreme
temperatures linked to * symptoms in hypertrophic cardiomyopathy®” and ¢ LV
function after acute myocardial infarction.®®

Group 3 PH COPD Air pollution is main risk factor for COPD in nonsmokers*® and linked to t incidence
of COPD* and *severity of emphysema.*® t mortality risk,”*** * symptoms,>*
t exacerbations,*>”® thospitalisations®>® and |lung function®* with extreme high
and low temperatures and dust exposure.

ILD Association between ambient air pollution and subclinical ILD* and between
elemental carbon and trisk of interstitial lung abnormalities.° Exposure to air
pollution and incidence,®* exacerbation,®* and mortality®*** in IPF.

PTLD * incidence of tuberculosis due to climate change.'®?

High altitude PH Exposure to high altitude hypoxia and PH risk'°®

to sea level rise.'*®

in non-acclimatised populations due

Obesity- Obesity, undernutrition and climate change as a Global Syndemic.'%
hypoventilation

Group 4 PH CTEPH Exposure to air pollutants increases persistence of CTEPH post-PEA and mortality in
patients >65 years o0ld.°® Heat and droughts increase incidence of CTEPH.*

Pulmonary embolism Probable link between air pollution and venous thromboembolism'®; air pollution
associated to 1 of hospitalization for PE of any cause.®® Air pollution, heavy metals
and organic solvents exposure associated with t incidence of unprovoked PE.*"
Haemoconcentration, hypercoagulability and clotting factor abnormalities with
extreme temperatures.'’
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TABLE 2 (Continued)

PVD Subgroup Main findings

Right Ventricle

Air pollution exposure associated with tRV mass and tRV end-diastolic

volume.”®7>'!"" Extreme temperatures may lead to tachycardia and cardiogenic
shock.” Ineffective thermoregulation and increased vulnerability to heat in chronic

heart failure patients.

112,113

Abbreviations: 6MWD, 6-minute walking distance; CHD-PAH, congenital heart disease associated pulmonary arterial hypertension; COPD, chronic
obstructive pulmonary disease; CT, computerised tomography; CTD-PAH, connective tissue disease associated pulmonary arterial hypertension; CTEPH,
chronic thromboembolic pulmonary hypertension; DE, diesel exhaust; dPAH, drug-induced pulmonary arterial hypertension; ERS, European Respiratory
Society; ESC, European Society of Cardiology; HIV, human immunodeficiency virus; hPAH, heritable pulmonary arterial hypertension; ILD, interstitial lung
disease; iPAH, idiopathic pulmonary arterial hypertension; IPF, idiopathic pulmonary fibrosis; LV, left ventricle; mPAP, mean pulmonary artery pressure; NO,
nitric oxide; PE, pulmonary embolism; PEA, pulmonary endarterectomy; PH, pulmonary hypertension; PVD, pulmonary vascular disease; PVOD, pulmonary
veno-occlusive disease; RV, right ventricle; SPAP, systolic pulmonary artery pressure; SSc, systemic sclerosis.

vasoconstriction and increased cardiac oxygen demand."”
All these factors may easily decompensate the fragile
equilibrium of patients with PH.

In the lungs, gaseous and particulate inhaled pollu-
tion causes local inflammation.”” Gases and smaller PM
can access the bloodstream,'® where they might directly
affect NO production through increased scavenging of
NO precursors by reactive oxygen species, or decreased
bioavailability through reduced activity of endothelial
NO synthetase.?” Since reduced NO activity is also a key
mechanism in PH, it is conceivable that pollution-caused
endothelial dysfunction in the lungs may lead to vascular
remodeling, and eventually to PH.

In fact, various animal models have shown that
exposure to air contaminants such as PM and diesel
exhaust alter the pulmonary vasculature.”*** Air pollu-
tion causes airway hyperresponsiveness, inflammation,
pulmonary artery vasoconstriction, vascular smooth
muscle cells proliferation, endothelial cell apoptosis,
and pulmonary vessel remodeling in animal mod-
els.**>7° Indeed, in a mouse model,** exposure to SO,,
NO,, and PM, s triggered airflow obstruction, inflamma-
tion, and markedly abnormal endothelin-1 (ET-1) and
endothelial NO synthase expression; on histology, the
pulmonary vasculature showed a significant thickening
of the media and narrowing of the lumen. The pollutants
also produced downregulation of miR-338-5p and
increased expression of hypoxia-inducible factor-1a,
which could represent a possible link between air
pollution and the development of PH.** Mice coexposed
to an inhaled antigen and PM, s developed pulmonary
arterial remodeling and increased right ventricular
systolic pressure’® through the action of inflammatory
cytokines.?” The role of inflammation as a mechanism of
PAH is also well established,”” and even coarser particles
inhaled into the lungs, which do not transfer to the
bloodstream but trigger local inflammation, may result in
PH in the long term. Diesel exhaust containing NOx and
aldehydes also caused a PAH phenotype in mice, with

proliferation of vascular smooth muscle cells, apoptosis
of endothelial cells, and an increase in right ventricular
systolic pressure.*’

Preclinical and clinical evidence shows that the
pulmonary circulation may be sensitive to extreme
temperatures. Indeed, cold temperatures are used to
model PH and induce pulmonary arterial remodeling in
rats and other animals, and its effect is modulated by
phosphodiesterase-1C, which induces oxidative stress.**
Furthermore, chronic exposure to cold temperatures
aggravated a rat monocrotaline model of PAH through
increased expression of miR-146a-5p, miR-155-5p, TNF-
«, IL-1B, and IL-6°; additionally, exposure to cold (but
not warm) temperatures increased echocardiography-
derived systolic pulmonary artery pressure in Kyrgyz
highlanders, with and without pre-existing PH.** Inter-
estingly, patients with PAH have increased expression of
heat-shock protein 90,7 a chaperone molecule with
multiple effects, including protein stabilization in
response to heat and other stressors, and is also
responsible for smooth muscle cell proliferation. The
full extent to which extreme temperatures affect the
pulmonary circulation remains to be elucidated.

Populations-based and healthy subjects
studies on pulmonary vasculopathy and
air pollution

A recent UK Biobank analysis of almost 500,000
participants found that the combination of air pollution
and smoking had a synergistic effect on the incidence
and mortality of PH, and even never-smokers had a
higher risk of PH with increased exposure to PM, s,
PM,,, NO,, and NO,.*® In a randomized cross-over trial,
18 healthy subjects exposed for 2 h to diesel exhaust had
no increase of echocardiography-measured pulmonary
vascular resistance at rest, but showed an increase in
pulmonary artery pressure to cardiac output slope and
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decreased pulmonary distensibility during dobutamine
stress test; the study found no difference in serum ET-1
and fractional exhaled NO.?>’ The Multi-Ethnic Study of
Atherosclerosis (MESA), involving more than 6000
subjects from six communities in the United States,
evaluated total pulmonary vascular volume from chest
computed tomography in 3023 patients exposed to
ambient black carbon (a component of diesel exhaust),
NO,, NO,, PM,;s, and Os;. The study found a direct
correlation between long-term exposure to black carbon
and total pulmonary vasculature structures, suggesting
air pollution may play a role in pulmonary vascular
remodeling.38 In Mexico City, exposure to PM,s in
children was associated with an increase in mean
pulmonary arterial pressure, inflammatory mediators,
and vasoconstrictors (including tumor necrosis factor-a,
prostaglandin E-2, C-reactive protein, interleukin-13, and
ET-l).39’40

Finally, a study®® of 38,746 emergency department
admissions in Douglas County, Omaha, compared the
odds of a diagnosis of PAH, CTEPH or right heart failure
during the summer of 2012, which was marked by
extremely high temperatures and drought, compared
to the same months in 2011. The study found that
15 patients were diagnosed during the summer of 2012
compared to four patients in the same period in 2011, the
odds ratio (OR) of a diagnosis being 4.35 (95% confidence
interval [CI] 1.08—17.57) during the heatwave.

PAH (Group 1)

PAH is a rare disease of the pulmonary vasculature with
distinctive pathologic features, which can be found: in
the absence of other significant diseases (idiopathic PAH,
iPAH); in the presence of familial history or genetic
mutations (hereditary PAH, hPAH); with predominantly
capillary or venular involvement (pulmonary veno-
occlusive disease [PVOD] or pulmonary capillary he-
mangiomatosis); with exposure to certain drugs and
toxins; and is associated with diseases such as connective
tissue diseases (CTD), congenital heart defects, liver
disease, and certain chronic infections.'”

Despite the different associated diseases and
circumstances, patients with PAH are often studied
in cohort, as the underlying pathophysiology is
considered to be largely similar. In a study of
15 patients with treated and stable PAH, high
temperatures and humidity, especially when occur-
ring in combination, were directly correlated with
symptoms burden and inversely correlated with
physical activity, compared to days with average
temperature and humidity.**

Idiopathic, hereditary, or drug-induced PAH

Scientific evidence of the effect of air pollution in patients
with idiopathic or hereditary PAH is scarce. A retrospec-
tive study,* conducted in Belgium with data from 211
subjects, found that patients with iPAH and hPAH had a
worse European Society of Cardiology (ESC)/European
Respiratory Society (ERS) abbreviated risk score when
exposed to higher levels of black carbon, and that iPAH,
hPAH and anorexigens-related PAH patients had lower
6-min walking distance if living near a major road;
however, this study did not find an association between air
pollution and mortality. By contrast, a UK National Cohort
Study of iPAH and hPAH,* which included 301 patients,
identified exposure to air pollution (PM,s, NO,, and
indirect traffic-related variables) as being associated with
a higher risk of death or lung transplantation (adjusted HR
4.38 (95% CI 1.44-13.36) per 3 ug-m~>; p=0.009). In the
same study, residential proximity to heavy traffic was also
associated with higher hemodynamic severity and ESC/
ERS risk scores at baseline.

PAH associated with infectious diseases

With more than 200 million people worldwide infected
with the parasite Schistosoma, it is estimated that around
270,000 people have schistosomiasis-associated PAH®';
globally, this form of PAH is in fact the most common.
Rising water temperatures, droughts, and increased rain-
fall leading to floods are expected to impact the lifecycle
and spread of schistosomiasis,®? with warmer tempera-
tures at higher latitudes increasing the prevalence of this
parasite in currently schistosomiasis-free regions.
Although PAH only affects 0.5% of HIV patients, with
over 30 million infected individuals the global prevalence
is estimated to be as high as 150,000 cases.®' Further-
more, studies conducted in countries where HIV is
highly prevalent, although based on echocardiography,
detect a prevalence of 14%.** Climate change is projected
to increase the incidence and prevalence of HIV due to
extreme weather events, food insecurity (identified as an
important factor in sexual risk-taking behavior and
migration), and erosion of public health infrastructure,
with subsequent disruptions of chronic treatment adher-
ence, higher transmission rates, and drug resistance.?*

Congenital heart disease (CHD)-associated PH

Maternal exposure to several pollutants has been
associated with increased incidence of CHD. Most
studies have focused on the effect of outdoor air pollution
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(PM,_s, PM;, SO,, and NO,), indoor solid fossil fuel (coal
and wood) burning in stoves and heating systems, heavy
metal exposure85 (arsenic, nickel, cadmium, manganese,
or lead) from industry waste, organochlorine pesticides,
and organic solvents.**

Extreme heat exposure during pregnancy is also
associated with increased incidence of CHD.*® Interest-
ingly, some of these exposures might have synergistic
effects,® while others may be disease-specific and vary
according to the amount of exposure. CHD is associated
with PAH in 3-7% of the adult population and depends
on several factors, including type of CHD and age of
surgical correction."”

Portopulmonary hypertension

The increased environmental occurrence of schistosomiasis
has already been discussed; this and other parasitic
infections are hepatotoxic, as are the viruses causing
Hepatitis A and E, fungal aflatoxins, and cyanobacteria,
all of which are likely to thrive with the rise in global
temperatures.*® Hyperthermia is also cytotoxic to hepato-
cytes and can cause reduced hepatic blood flow. Further-
more, climate change-related food insecurity, mental health
burdens, and air pollution can all directly or indirectly
cause liver disease, as highlighted in a commentary from
four major liver disease scientific societies.*® PAH occurs in
2—6% of patients with portal hypertension*> and signifi-
cantly increases their morbidity and mortality.

Connective tissue disease-associated PH

Organic solvents are compounds commonly used in
manufacturing, and feature predominantly in cleaning
products, varnish, paint, and degreasing agents. They are
an occupational exposure for workers of the many
industries that use them, but they also affect the general
population by polluting air, water and soil as industrial
toxic waste. Other organic solvents such as benzene are
even more common, and are fundamental components of
a wide range of products, including plastics (poly-
styrene), dyes, resins and adhesives, nylon, detergents
and pesticides, and gasoline; therefore, they are highly
pervasive substances.

The incidence of CTD has been associated with
chemical exposures—particularly that of organic solvents
such as trichlorethylene, acetone and aromatic
hydrocarbons—since the 1970s. A systematic review and
meta-analysis®’ found that exposure to organic solvents
was significantly associated with an increased risk of
developing autoimmune diseases, among which systemic

Pulmonary Circulation

sclerosis (SSc) and systemic lupus erythematosus (SLE) are
the CTDs most commonly associated with PAH. A
previous meta-analysis, focusing specifically on SSc, found
an increased risk (relative risk 2.91, 95% CI 1.60 + 6.00) of
developing SSc with exposure to different types of organic
solvents.®® In addition to organic solvents, in a prospective
study,® the risk of developing SSc was related to increased
exposure to crystalline silica and welding fumes. Pre-
capillary PH is associated with SSc in 5—19% of cases'> and
with SLE in 5% of cases,”® and its presence conditions a
high burden of symptoms and complications; in SSc-PAH
patients, overall survival is particularly poor.'”> Patients
with Raynaud's phenomenon, a common manifestation of
CTD, also show reduced pulmonary capillary blood flow
when exposed to cold temperatures.” Moreover, benzene
air pollution is increased by humidity and decreased by
wind, meaning the humid and stagnant air typical of
warmer climates would likely intensify its concentration;
meanwhile, the global elevation in temperatures is
projected to increase its ability to pollute water supplies
in the event of an oil spill in proximity with groundwater.®
Similarly, pollution from persistent organic pollutants,
such as those contained in pesticides, is expected to
increase due to climate change.”>”*

PVOD

PVOD is a highly aggressive form of precapillary PH for
which there is no established medical therapy, and the
only effective treatment is lung transplant in eligible
patients."> As with CTD, PVOD also presents increased
incidence following exposure to organic solvents,*®
particularly trichlorethylene. Interestingly, some cases
of SSc-PAH present features of PVOD,”* which may be at
least partly the result of a common etiopathogenesis. In a
case-control study,46 the OR, adjusted for age, sex, and
smoking history of developing PVOD when exposed to
organic solvents as a whole, was 12.8 (95% CI 2.7-60.8),
while in the specific case of trichlorethylene the adjusted
OR was 82 (95% CI 1.4-49.4). Other significant
exposures included paint, varnish, glue, degreasing
agents, kerosene, welding fumes and silica.*® As previ-
ously mentioned, the rise in global temperatures is
projected to directly and indirectly increase exposure to
organic solvents.”*%?

PH associated with heart diseases
(Group 2)

Despite abundant evidence on the association between
cardiovascular disease, pollution and climate change,
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there are no clinical studies focusing specifically on their
effect on PH associated with left heart disease (LHD).
However, some preclinical and clinical clues show a
potential link between pollution, extreme temperatures,
and LHD-associated PH.

Air pollution not only increases the incidence of
LHD,*” but preliminary animal studies have found a
worsening of PH in a left ventricle failure mouse model
(through transverse aortic constriction) when exposed to
PM,s°>*" and a MESA study found greater left
ventricular mass in subjects exposed to higher air
pollution.”® Furthermore, cold spells during pregnancy
have been linked to increased incidence of congenital
artic coarctation,”® while temperature extremes may be
associated with increased symptoms of hypertrophic
cardiomyopathy®” and with lower left ventricular ejec-
tion fraction after myocardial infarction.”® All of these
conditions are recognized causes’”'*’ of Group 2 PH.

PH associated with lung diseases or
hypoxia (Group 3)

The direct influence of pollution and climate change on
PH associated with lung disease has not yet been studied,
but its effect on the prevalence and severity of
parenchymal diseases has been extensively described.
The role of air pollution in the development,
exacerbation and progression of parenchymal lung
diseases is well-known for chronic obstructive pulmo-
nary disease (COPD) and lung fibrosis.**!°! In non-
smoking subjects, air pollution is the main risk factor for
developing COPD.*® Exposure to Os;, PM,s, NO,, and
black carbon is associated with the severity of emphyse-
ma*’ and higher exposure to PM, 5, PM;, and NO, leads
to increased incidence of COPD.>® A recent report from
the Global Initiative for Chronic Obstructive Lung
Disease emphasizes that there is no safe threshold of
air pollution, and that as many as 8% of COPD deaths can
be attributed to climate change.*® Indeed, in COPD
patients, mortality risk was found® to be higher (HR
1.037, 95% CI 1.019—1.055) for each 1°C increase in
yearly summer temperatures across 135 US cities,
adjusted for O; levels, with a similar risk in chronic
heart failure patients (HR 1.028, 95% CI 1.013-1.042);
interestingly, among the more than 3 million patients
with COPD, 27% had chronic heart failure, while 21% of
the almost 2 million patients with chronic heart failure
also suffered from COPD. Cold temperatures are also
associated with mortality in COPD patients,”* and both
hot and cold temperature extremes,” and even desert
dust exposure®’ associated with increasing global warm-
ing and desertification, may be related to worse

symptoms, decreased lung function,’® exacerbations,”®
and hospitalizations>>*° in COPD.

Interstitial lung disease (ILD) is also affected by poor
air quality. The Framingham heart study found an
increased risk for development of interstitial lung
abnormalities associated with traffic-related pollution,60
and a MESA study correlated it with subclinical ILD.*
Several other studies have found a direct relationship
between exposure to NO, and idiopathic pulmonary
fibrosis incidence®® and exacerbations,®> as well as
between exposure to PM, 5, PM;,, and CO and idiopathic
pulmonary fibrosis mortality.”>** The link between
extreme temperatures and weather events and ILD is
less established, although preclinical evidence suggests
that heat exposure might induce early fibrosis-like
changes through DNA damage.'”

Even post-tuberculosis lung disease, a thus-far neglected
cause of PH, may become more common due to the
relationship between climate change and known risk factors
(HIV infection, diabetes mellitus, undernutrition, overcrowd-
ing, poverty, and indoor air pollution).'® The prevalence of
PH in post-tuberculosis lung disease is estimated at 48%.'*

More than 200 million people live in places that sea
level rise will affect by 2100.'% Relocation to higher
altitudes may expose unacclimatised populations to
hypoxia, increasing the risk of high altitude PH.'*®

Finally, obesity, sleep apnoea, and nocturnal hypo-
ventilation may cause PH'”’ in up to 42% of patients with
very high body mass index.'> Although PH is usually
mild-moderate in these patients, the association of
obesity, undernutrition and climate change have been
labeled a Global Syndemic.'%®

Pulmonary embolism and CTEPH
(Group 4)
A systemic literature review'® including more than
500,000 thromboembolic events (albeit limited by the
heterogeneity of the studies included), concluded that a
link between PM and venous thromboembolism is likely.
In previous studies, the incidence of hospitalizations for
PE of any cause was increased with exposure to PM, s,
PM,,, CO, Os;, NO,, and SO,*®; the incidence of
unprovoked PE was also associated with exposure to
PM,,, NO,, SO,, O3, nickel, lead, arsenic, benzene, and
benzopyrene.®”°® Moreover, extreme hot and cold ambi-
ent temperatures can both induce haemoconcentration,
hypercoagulability and clotting factor abnormalities,'’
which may be mechanistic explanations for the increased
incidence of both unprovoked and provoked PE.

In patients with CTEPH, exposure to PM, s, PM,,
and NO, has been associated with persistent PH after
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pulmonary endarterectomy, and PM increase was linked
to all-cause mortality in patients > 65 years®®; in a large
European registry,’” the average age for CTEPH patients
was found to be 63 years old. Furthermore, exposure to
inhaled pollutants has been associated with inflamma-
tion,’® an important pathogenetic mechanism of
CTEPH."'° Finally, as previously mentioned, one study®
found an increased incidence in the diagnosis of CTEPH
during a season of extreme heat and drought.

Right ventricle

Multiple studies have shown that exposure to inhaled
pollutants may alter the heart structure and function. The
MESA study has found that subjects exposed to NO,,”
PM, s’ and PM, 5_1, "> have greater right ventricular mass
and right ventricular end-diastolic volume. Similar results
were found in the UK Biobank Population Imaging
Study.!'! The effects of extreme hot and cold spells,
including increased body temperature leading to dehydra-
tion and sympathetic activation, can induce tachycardia
and cardiogenic shock; moreover, extreme heat can
induce hypermetabolism, leading to increased oxygen
demand."” Interestingly, some of the physiological coping
mechanisms to extreme temperatures might be impaired
in patients with chronic heart failure, explaining the
ineffective thermoregulation and increased vulnerability
to heat observed in these patients."'*'"

EFFECTS OF CLIMATE CHANGE
ON PVD PATIENT CARE

Besides the direct impact that pollution and climate
change have on the pulmonary circulation and the
increase in prevalence and severity of associated diseases,
their effects on society and infrastructure might hinder
the health care system's ability to deliver adequate
support for patients with PE or PH.

Wildfires, hurricanes and floods have been shown to
prevent access to health care,''* all the while aggravating
chronic respiratory disease."*>*'” For example, patients
and health care workers affected by wildfires''®'"* and
hurricanes reported disrupted access to doctor consulta-
tions, medication,'*° or life-saving treatments''*; in some
studies, this was associated with increased mortality.'*!
Although these challenges are not specific to PVD—the
disruption to health care access due to extreme weather
events, extreme temperatures and migrations affects
everyone—PH patients require a complex network of
care,® which could prove harder to provide as the effects
of climate change increase. An onsite PE response team,
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for instance, may provide improved survival and reduced
complications.'*'?* The 2022 ESC/ERS PH guidelines'’
recommend that PH centers include personnel from
different medical specialties, highly trained nurses,
physiotherapists, and psychologists; social workers might
also be needed in cases requiring adapted housing,
complex surgery (e.g., pulmonary endarterectomy), or
relocation near a lung transplant program. The guide-
lines also suggest that PH centers should work in
coordination across the health care territory, with
supra-national organizations such as the European
Reference Network on rare respiratory diseases or
scientific societies harmonizing standards of care.

These coordinated efforts, as well as community
health care services (ambulances, oxygen delivery, at-
home ancillary care) or drug production and supply can
all be suddenly interrupted by extreme weather events
that affect telecommunications, power grids, and transport
infrastructures. The emergence of new infectious diseases,
favored by climate change,'* may require shielding at
home and further complicate patient care; e-health
solutions may become useless when telecommunication
systems fail because of floods,'** hurricanes, or wildfires.
Extreme temperatures may make traveling to the hospital
impossible for fragile patients.'* In cases of extreme heat,
patients with PH who are treated with parenteral
prostanoids should also be aware of the faster flow rate
of their medication during extreme heat.'*

Preventive, mitigating and adaptive
measures

A change in life habits (e.g., active transportation and
lifestyle,"*”'*® a plant-based diet,"**'** smoke cessation),
besides helping to reduce carbon emissions, is a useful
preventive measure to reduce the incidence of heart and
lung diseases commonly associated with PH, although
there is no study on how this may affect PVD itself.!*"'**
Individual actions, however, are not sufficient to address
the double global challenge of climate change and
pollution, which has both systemic root causes and
systemic effects.'” Intersectionality, i.e. the compounded
impact of low socioeconomic status, difficult access to
health care, and a disproportionate vulnerability to the
climate crisis *** may result in the paradox of policies
designed to reduce air pollution mostly benefiting subjects
with higher socioeconomic status.'** Patients, caretakers
and health care professionals should be involved in the
design of policies to reduce emissions (focusing on shifting
from fossil fuels to renewable energy) and curb pollution,
as their perspective is essential to the development of
adaptive, mitigating and preventive strategies (Figure 2).
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Strategies to cope with Climate
Change Effects on patients with
Pulmonary Vascular Diseases

Patients with
pulmonary vascular
disease

Adaptation

Masks during severe air
pollution

Indoor air filtering
devices

Health systems
caring for patients
with pulmonary
vascular disease

Alert systems
E-health
Patient education

Mitigation

Reducing indoor air
pollution production

Reinforcement of
healthcare
Patient education

Prevention

Healthy & sustainable
lifestyle
Active transportation

Communities with

Urban planning:
temperature shelters
Upkeep of public

Urban planning:
natural landscaping in
urban environment

Advocating for sustainable
policies

Reduction of carbon
footprint of medical care
Patient education

Public transport
Reducing carbon emissions
Renewable energies

pulmonary vascular

disease patients infrastructure

Climate resilient * Sustainable waste disposal
buildings/infrastructure
Pest & infections
control

FIGURE 2 Coping strategies for climate change effects on patients with pulmonary vascular disease.

Some proposed adaptive measures include creating
alert systems for vulnerable individuals and increasing
the capacity of health care facilities during extreme
temperatures or weather events.'” At the individual level,
some studies suggest there are benefits to wearing N95
masks during wildfires'*® or using air filtering systems
for air pollution'*®; respiratory disease patients may also
be advised to avoid heating their homes by burning wood
or biomass, and to improve indoor ventilation.*® Longer
term policies at the community level involve the use of
nature landscaping in urban areas to reduce heat and
build temperature shelters, and climate-resilient build-
ings."” Preventive measures include greatly improving
public and active transportation options, regulating
waste disposal (especially at the industrial level), and
reducing new building plans. Further research is needed
to verify the beneficial effects of these strategies in the
different geographical and community contexts, as well
as its relevance to patients with PVD.

Finally, the health sector has a huge impact on
emissions through industrial production, waste and
energy consumption,’*”’*® and the multi-dimensional
evaluation of PH recommended in the current guide-
lines' diagnostic algorithm requires energy-intensive,
waste-producing procedures.”> A simpler diagnostic
process would not only reduce health care-related costs

and waste, but also expose patients to less complica-
tions. Further research may find simpler, more efficient
diagnostic tools and better risk assessment scores to
reduce health care overuse in stable, low-risk patients
who could benefit from e-health solutions!*?'4%; in
parallel, close monitoring and early treatment in high-
risk patients may arguably reduce hospitalizations.
After efficacy and safety, which are the highest
priorities in patient-centered health care, health care
managers may wish to consider the environmental
efficiency of medical interventions: low environmental-
impact solutions such as physical therapy'*' are safe
and effective’*? in stable PAH and CTEPH patients, and
home rehabilitation'** may further reduce the need for
transportation.

FUTURE DIRECTIONS OF
RESEARCH ON CLIMATE
CHANGE, POLLUTION AND PVD

The global challenge of climate change and environ-
mental pollution to PVD requires further study on
several aspects, from its biological links to the organiza-
tion of health care resources. We suggest the following
areas of particular interest:
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« Original research on molecular pathways and lung
vascular pathology, as well as pathophysiological
studies on the right and left heart, designed to
untangle the effects of exposure to pollutants and
extreme temperatures on PVD patients.

« Epidemiologic studies to uncover the link between
pollution, extreme temperatures and weather events
and the prevalence and phenotype of PVD, ideally
taking into account the intersectional effects of
socioeconomic and geographic factors.

« Research into the role of lifestyle measures such as
active transportation, a plant-based diet and smoke
cessation on the outcomes of PVD patients.

« Surveys and population-based studies elucidating the
burden of extreme weather events and extreme
temperatures on healthcare access, drug supply and
healthcare community service availability for PVD
patients, as well as the factors that most influence this
burden. Ideally, these could inform specifically
designed policies to adapt, mitigate and prevent
potential disruptions caused by climate change to
PVD patients’ life and care; the efficacy of these
policies should be assessed prospectively.

« Investigations into the feasibility, efficacy and
outcomes of a simplified diagnostic algorithm for
PH patients as well as a diversified approach to
monitoring according to disease stability and sever-
ity, which might favor increased quality of life,
reduced need for hospitalization and complications
in PVD patients while reducing the carbon footprint
of clinical practice.

CONCLUSIONS

Climate change and environmental pollution are severe
threats to human health. They both affect the pulmonary
circulation, the prevalence and severity of diseases
associated with PH, and the accessibility and efficiency
of health care interventions, which are particularly
complex for PVD patients. Mitigation, adaptation and
prevention strategies, especially at the community level,
are fundamental to preserve the health of PE and PH
patients. Health care providers, together with patients
and carers, should thus be at the forefront of the policy-
making process.
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