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Abstract: Among pulmonary vascular diseases, pulmonary hypertension (PH) is the best studied and has been the focus of our work. The
current classification of PH is based on a relatively simple combination of patient characteristics and hemodynamics. This leads to inherent
limitations, including the inability to customize treatment and the lack of clarity from a more granular identification based on individual
patient phenotypes. Accurate phenotyping of PH can be used in the clinic to select therapies and determine prognosis and in research to
increase the homogeneity of study cohorts. Rapid advances in the mechanistic understanding of the disease, improved imaging methods, and
innovative biomarkers now provide an opportunity to define novel PH phenotypes. We have recently shown that altered metabolism may
affect nitric oxide levels and protein glycosylation, the peripheral circulation (which may provide insights into the response to therapy), and
exhaled-breath analysis (which may be useful in disease evaluation). This review is based on a talk presented during the 2015 Grover Conference
and highlights the relevant literature describing novel methods to phenotype pulmonary arterial hypertension patients by using approaches that
involve the pulmonary and systemic (peripheral) vasculature. In particular, abnormalities in metabolism, the pulmonary and peripheral circula-
tion, and exhaled breath in PH may help identify phenotypes that can be the basis for a precision-medicine approach to PH management. These
approaches may also have a broader scope and may contribute to a better understanding of other diseases, such as asthma, diabetes, and cancer.
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Pulmonary vascular diseases (PVDs) are disorders that affect pul-
monary circulation and include a category of diseases such as pul-
monary embolism, chronic thromboembolic disease, pulmonary hy-
pertension (PH), pulmonary veno-occlusive disease, arteriovenous
malformations, and pulmonary edema. The frequency and pathogene-
sis of PVDs are not known; however, clinical reports have estimated
the prevalence to be 20-25 million." Of the aforementioned PVDs,
PH is one of the best studied, and it can be associated with other
PVDs or other diseases, which increases the disease overlap, the het-
erogeneity of the pathobiology, and the complication of disease man-
agement. For this reason, reaching a consensus for treatment of pul-
monary disease has been a daunting and slow process. In PVDs, the
traditional approach to treatment strategies has been to target the
group as a whole entity instead of using personalized or phenotyping-
based methods. Recently, an American Thoracic Society committee
of world-renowned specialists in PVD developed an official state-
ment on PH phenotypes.” The goal of this document was to initiate a
consortium of study sites to perform accurate phenotyping and derive
a plan to (1) identify subsets of PH patients with a similar molecular
basis of PVD regardless of World Health Organization (WHO) clini-
cal classification; (2) define novel, clinically relevant indices of ther-
apeutic responsiveness to be useful as intermediate or primary out-

comes in clinical trials; (3) identify biomarkers of disease risk and
progression to be useful as measures for PVD detection and preven-
tion research.? In essence, the statement emphasized the need for
novel phenotyping methods (genomics, transcriptomics, proteomics,
metabolomics, etc.) to help identify disease mechanisms and bio-
markers (endophenotypes) for early diagnosis, prognosis, and manage-
ment in PVDs.

A model endophenotype would be identifiable, steadfast, and use-
ful for assessing clinical outcomes and/or mechanisms of a disease
phenotype. For example, endothelial dysfunction and vascular remod-
eling are endophenotypes shared among the different PVD categories.
Other endophenotypes may be shared among different diseases, in-
cluding asthma, diabetes, cancer, and lung and systemic diseases. The
endophenotypes one chooses to study should be based on their spe-
cific link to the pathobiology of disease and their importance in deter-
mining prognosis and/or response to management strategies. On this
basis, we must employ strategies to differentiate PVD patients into
phenotypic groups according to these criteria. Such strategies include
physiology, clinical parameters, biomarkers, and genotyping as well as
metabolomics and proteomic analysis (Fig. 1).

In pulmonary arterial hypertension (PAH), any given patient will
have multiple overlapping endophenotypes, making therapeutic de-
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Figure 1. Phenotyping model. The model illustrates the specific tools used to collect human samples/data from patients to help better

understand pulmonary vascular disease.

sign complicated. In light of this, the predominant therapies in PAH
are those that target nitric oxide (NO) deficiency, prostacyclin, or
endothelin 1.>° To date, these endophenotypic targets limit us to PH
disease management rather than reversing the disease process or pre-
venting it, which is the ultimate goal. However, a new paradigm of
research aimed at phenotyping large groups of PVD patients will
hopefully open new avenues to reverse or prevent disease based on
our existing endophenotypes as well as any newly discovered ones.
For example, NO deficiency and dysregulated glucose metabolism
are two endophenotypes that may benefit from phenotyping meth-
ods. Indeed, the pathology of PVDs (including PH) within the lung
is the predominant target of deep-phenotyping techniques. How-
ever, the systemic nature of the disease may also provide specific
clues or mechanisms for combating PVDs. This review focuses on
the 2015 Grover Conference discussion and relevant literature de-
scribing phenotyping of PH patients based on novel methods using
pulmonary and systemic (peripheral) approaches.

INTRODUCTION
PAH is a cardiopulmonary disease with a heterogeneous pathobi-
ology and many presenting phenotypes. PAH is characterized by

high pulmonary artery pressure and increased pulmonary vascular
resistance, which often result in right ventricular (RV) failure and
premature death.”'* The disease etiology is complicated and can be
associated with other pulmonary, cardiac, or systemic diseases or other
factors, including drug use and toxin stimuli. The idiopathic form
of PAH (IPAH) has no identifiable etiology, affects mostly young
women, and if treated has an average survival of 2-3 years from the
time of diagnosis.”''"** Currently, therapies target pulmonary vaso-
constriction, and our ability to manage PAH remains poor because of
our limited knowledge of the disease pathogenesis.

Multiple phenotypes (other than vasoconstriction), such as dys-
regulated pulmonary vascular cell proliferation and remodeling, in-
creased angiogenesis, and inflammation, contribute to the PAH dis-
ease process.'> In addition, altered metabolism, including altered
glucose uptake/metabolism, dyslipidemia, leptin dysregulation, and
deficits in NO production, have been established in IPAH'>'¢* and
may affect the disease processes. IPAH is remarkable because of its
phenotypic and metabolic similarities to cancer.”*** For example,
it is known that highly proliferative cancer cells have extensive energy
requirements and utilize excess metabolites, including glucose, glu-
tamine, acetyl coenzyme A, and nucleotides by way of glycolysis,
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glutaminolysis/nitrogen metabolism, fatty acid metabolism, and nu-
cleotide metabolism, respectively. This same phenomenon is shared
in PAH, and, for the most part, the pathological study takes place
in the lung. However, recognition of the underlying systemic phe-
notypes in PAH may increase our understanding of the disease. In
fact, the overall metabolic changes may include the peripheral vas-
cular system along with lung-localized alterations. Examining both
systems, as well as their relationship to cancer, may help us uncover
functional mechanisms (endophenotypes) and increase our ability to
design better PAH therapies.

METABOLISM

Glycosylation

Interrogation of altered glycan expression in metabolic disorders
such as cancer and diabetes has become a fundamental way to deter-
mine the level of disease severi'fy.zs’26 To date, one of the most re-
markable functions for glycosylation is its role in cell adhesion and
migration, specifically in cancer metastasis.”’>" In addition, glycans
have been documented for their role in extracellular matrix (ECM)
turnover and remodeling in multiple diseases.’*>* Hence, there is
a great need for high-throughput technologies to phenotype clini-
cal diseases using glycoanalytic approaches. These approaches, in
particular glycomics, could provide broad and deep glycan profile
coverage and characterization in metabolic disorders and diseases
with aberrant ECM remodeling. Our lab focuses on the metabolic
disease IPAH. We recently showed an increase in hyaluronan (HA),
an ECM glycosaminoglycan (GAG), in IPAH patient lung tissue,
plasma, and pulmonary arterial smooth muscle cells (PASMCs).*>*®
HA, along with other GAGs, may be functionally involved in the
remodeling process as well as in metabolic abnormalities. In addi-
tion, altered glycosylation through increased serine/threonine hy-
droxyl (O)-linked N-acetylglucosamine (O-GlcNAc) modification has
been determined.*” Specifically, the O-GIcNAc transferase was shown
to regulate PASMC proliferation and associate with PAH disease
worsening (n = 86 PAH patients), demonstrating a potential endo-
phenotypic target for therapy. Both of these findings are related to the
dysregulated glucose metabolism demonstrated in the disease and
may contribute to augmented ECM remodeling. These recently found
endophenotypes could benefit from a glycoproteomic (O-GlcNAc)
or metabolomic (HA/O-GIcNAc) analysis within the different PH
classes, and they may help to better classify PAH on the basis of the
severity of the metabolic derangements or the remodeling process.

High-density lipoprotein cholesterol

High-density lipoprotein cholesterol (HDL-C), a major lipid carrier
in the bloodstream, is critically involved in vascular disease and is as-
sociated with a lower risk of coronary heart disease.”®>** HDL-C pro-
tects against lipid oxidation, has anti-inflammatory properties, reduces
endothelial dysfunction, and has anticoagulant effects. Low HDL-C
levels are a prominent feature of the metabolic syndrome and insulin
resistance.*”** Recent reports suggest that low HDL-C may predis-
pose to PVD.”*" We have previously shown that HDL-C was lower
in a PAH patient cohort (n = 69) than in control subjects (n = 229)
who had more cardiovascular risk factors.*> Low HDL-C was asso-
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ciated with worse functional capacity and higher right atrial pressure
and brain natriuretic peptide levels, as well as inflammatory markers.
Importantly, low HDL-C was an independent predictor of increased
mortality. This could potentially be explained by the antioxidant and
anti-inflammatory properties of HDL-C, where decreases result in ex-
cessive lipid oxidation. The predictive value of HDL-C in PAH has
been independently validated in a Chinese cohort*> and in a separate
American cohort,*® but not in a French cohort.*” The value of HDL-C
in PAH phenotyping and as a marker of PAH prognostic assessment
warrants further investigation.

Interestingly, an association of oxidative stress, lipid oxidation,
and peroxidation was documented in the progression of PAH and
may drive or affect multiple PAH endophenotypes.**** Along these
lines, dysfunctional HDL-C has been reported in PAH patients.”
Similar to reports on HDL-C, apolipoprotein A-I (Apo A-I), a major
protein component of HDL-C, was shown to be reduced in PAH and
associated with endothelial dysfunction, and the Apo A-1 mimetic
peptide was shown to rescue PH in two rodent models.”" In addition,
apolipoprotein E-deficient mice were shown to develop right ventri-
cle hypertrophy, pulmonary vascular remodeling, and insulin resis-
tance when administered a high-fat diet.>* The combined deficiency
of peroxisome proliferator-activated receptor y (a ligand-activated
nuclear receptor that regulates adipogenesis and glucose metabolism)
and apolipoprotein E has been linked to insulin resistance and the
metabolic syndrome, and both were reduced in a similar PAH pa-
tient study.”® Collectively, these studies validate the importance of
cholesterol metabolism and cholesterol components in the patho-
genesis of PAH.

Leptin

Leptin, a neuroendocrine hormone that is secreted by adipose tissue,
regulates fat metabolism, obesity, and appetite. Studies have shown
that leptin levels are related to cardiovascular function.>* Indepen-
dent of obesity, leptin levels have been shown to be inversely pro-
portional to cardiovascular mortality in coronary artery disease and
diabetes.”>>® The cardioprotectiveness of leptin is most likely due
to its anti-inflammatory, proapoptotic, and antithrombotic actions.
Multiple reports have shown that leptin and its receptor contribute
738 acting to poten-
tiate the proliferation and migration of vascular smooth muscle cells

to vascular remodeling in cardiovascular disease,

and vascular wall inflammatory cell infiltration.

In PAH patients, leptin was reported to be elevated in endo-
thelium and may contribute to the pathobiology of the disease.”
Conversely, we have shown that low levels of serum leptin were as-
sociated with increased overall mortality in patients with PAH, when
adjusted for age, sex, body mass index (BMI), and smoking status.®’
Similarly, the ratio of leptin to BMI was shown to be inversely pro-
portional to mortality in PAH, suggesting a protective effect, albeit
independent of obesity. Further investigation is needed to determine
whether leptin, when adjusted for BMI, can be used to distinguish
PAH patients with a more favorable prognosis. In particular, serum
leptin levels adjusted for BMI may be useful in phenotyping patients
who have widespread metabolic abnormalities and may help us to
better understand the association with PAH severity.



442 | Novel methods in PH phenotyping Barnes et al.

Nitric oxide

NO is a potent signaling molecule and physiological regulator that
serves many biological processes. In particular, NO is a major phys-
iologic regulator of blood vessel tone, permeability, cardiovascular
homeostasis, platelet adhesion and aggregation, infiltration of in-
flammatory cells, and smooth muscle cell migration and prolifer-
ation.®** The production of NO has been well described.®®> Three
different nitric oxide synthases (NOSs), including neuronal NOS
(nNOS; NOS 1), inducible NOS (iNOS; NOS II), and endothelial
NOS (eNOS; NOS III), are involved in the biosynthesis of NO and
convert the amino acid substrate L-arginine to L-citruline and NO.
Once produced by one of the three NOSs, NO is freely diffusible,
enters pulmonary smooth muscle cells, and activates soluble gua-
nylate cyclase (sGC) to produce 3',5'-cyclic monophosphate, which
causes relaxation and inhibition of proliferation®*®> and migration.®®
Interestingly, the reduced bioavailability of NO is a mainstay in PAH
patients and is one of the current therapeutic treatment targets in the
disease. Indeed, NO deficiency facilitates the proliferation of vas-
cular cells and remodeling of the pulmonary vasculature in PH. It
has been shown that mice genetically deficient in eNOS spontane-
ously develop PH and RV failure.*” Even with the recent advances
uncovering the role of NO in the pathology of the PAH, the molecu-
lar mechanisms that cause NO deficits are still not well understood.
Current work is focused on exploring personalized approaches to
each patient’s responsiveness to different NO-based therapies (sil-
denafil, riociguat, etc.), which do not work in all patients. Other meth-
ods may be useful in phenotyping patients on the basis of the level
of NO deficiency determined from exhaled breath (see below). This
will undoubtedly change the way PAH patients are classified and
treated in the future.

SYSTEMIC CIRCULATION: LASER DOPPLER FLOWMETRY AND
IONTOPHORESIS OF TREPROSTINIL
IPAH has been traditionally viewed as a disease only of the pulmo-
nary circulation. Our recently published data,®*”® along with those
of several others,”'”* have shown that this view is incomplete, be-
cause of the evidence that there may be extrapulmonary vascular
involvement. We have shown that patients with PAH have sublin-
gual vessels with reduced flow, greater heterogeneity, and more-
pronounced tortuosity than age- and sex-matched healthy controls.®®
Similarly, other reports found lower capillary density with nail-fold
capillaroscopy in IPAH patients.”* We observed that transcutaneous
oxygen (O,) levels, measured noninvasively at the level of the fore-
arm, were reduced in patients with PAH,* suggesting that this re-
duction in transcutaneous O, may be a reflection of a reduced cu-
taneous capillary density.”>”®

Laser Doppler flowmetry can be used to challenge and provide
functional assessment of the cutaneous microcirculation. Laser Dopp-
ler flowmetry is based on the change in the wavelength of light
(Doppler shift) when it hits moving blood cells.”” This method has
been used to associate higher cardiovascular mortality in other
diseases with severe cutaneous microcirculation dysfunction.”® In
addition, laser Doppler flowmetry, combined with iontophoresis,
allows for examination of the effect of certain vasoactive agents on

the peripheral vascular system. For example, we examined the cu-
taneous microcirculation as a model for studying the prostacyclin
(PGI,) pathway, which is one of the putative mechanisms respon-
sible for the pulmonary vasculopathy of IPAH.””®" In vivo, cuta-
neous treprostinil (a synthetic analog of PGI,) was administered
through iontophoresis to PAH patients (n = 24), and the response
was significantly reduced compared to that in age- and sex-matched
controls (n = 25).”° In fact, patients with IPAH had significantly
lower peak perfusion units and percentage change relative to base-
line levels (Fig. 2). We found that the RV function (Fig. 3A) or the
cardiac index (Fig. 3B) had only a small influence on the response
to treprostinil iontophoresis. Interestingly, we have observed that
higher PGI, metabolites (e.g., prostaglandin Fla in plasma) were in-
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Figure 2. Peripheral vascular response to the iontophoresis of tre-
prostinil in IPAH patients and controls. A, Box-and-whisker plot con-
trasting IPAH patients not receiving PGI, analogs against controls.
The horizontal line marks the 300% change in PUs obtained with the
Youden index. B, The arrow marks the 300% change in PUs as the
best cutoff to differentiate IPAH patients from controls. The area un-
der the receiver operating characteristic curve is 0.87 (95% confidence
interval: 0.72-0.96, P < 0.0001). IPAH: idiopathic pulmonary arterial
hypertension; PGI,: prostacyclin; PUs: perfusion units.
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Figure 3. Treprostinil response (measured as percent change in per-
fusion units) based on right ventricular (RV) function (A) and car-
diac index (B). IPAH: idiopathic pulmonary arterial hypertension
patients.

versely proportional to percent change in perfusion during tre-
prostinil iontophoresis (R = —0.43, P = 0.19, n = 11), suggesting an
increased metabolism of PGI, in IPAH. Mechanisms that are po-
tentially responsible for the decrease in the response to treprostinil
iontophoresis are shown in Figure 4. Collectively, these data high-
light the relevance and potential use of laser Doppler flowmetry and
iontophoresis in IPAH. The use of iontophoresis for vasoactive
medication administration presents an innovative approach to ex-
plore the connection between the pulmonary and extrapulmonary
circulation, since there are limited biomarkers available to help un-
derstand the pathobiology of the PAH and no mechanistic tools
to guide the selection process for treatment. Furthermore, this ap-
proach may help to (1) identify novel endophenotypes of PAH, (2) un-
cover molecular mechanism(s) underlying PAH, and (3) phenotype
patients on the basis of major pathway abnormalities.”

EXHALED-BREATH ANALYSIS

Exhaled-breath analysis is a noninvasive process with significant
clinical potential due to its ease of monitoring concentrations of sub-
stances previously difficult to analyze in adults and children with dis-
ease. Within the exhaled breath, volatile organic compounds (VOCs)
are present.®"® On the basis of the VOCs present, exhaled breath
can be useful in generating a “breathprint” capable of distinguishing
patients with diseases such as asthma, lung cancer, liver disease, and
diabetes as well as other metabolic disorders. Interestingly, its use
for clinical purposes has been practiced since ancient Greece, and
more than 200 different compounds have been detected in human
breath.#*%* Some have been documented for their potential relevance
in human disease.***® This process has been made possible by nano-
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sensor and nanodetector technology (i.e., the electronic nose) and mass
spectrometry (e.g., gas chromatography—mass spectrometry, selected
ion flow tube-mass spectrometry) that has fine-tuned the analysis of
exhaled-breath VOCs at very low concentrations (typically around
parts per billion). Using these tools, analysis of exhaled-breath VOCs
has the potential to uncover alterations in multiple metabolic pro-
cesses in an inexpensive, rapid, and noninvasive manner.

Exhaled-breath analysis in patients with PAH started by deter-
mining exhaled NO levels.*” NO is an important pathobiologic me-
diator of PH. In addition to being a vasodilator, NO is involved in
endothelial cell proliferation and angiogenesis. Patients with PAH
have low fractional exhaled NO (FeNO) values'® in exhaled breath
and low amounts of NO reaction products in their lungs. Therapies
that modulate the NO pathway are mainstays in PH treatment, in-
cluding phosphodiesterase type 5 inhibitors and sGC stimulators.
This suggests that FeNO levels may have utility in identifying pa-
tients who may benefit from the different medications that modulate
different parts of the NO pathway.

Furthermore, the NO deficiency state in patients with PAH also
improves with other therapies that do not necessarily directly tar-
get the NO pathway, such as prostacyclins and endothelin receptor
antagonists. Interestingly, FeNO-level changes in response to therapy
appear to have a prognostic significance in PAH. Higher FeNO lev-
els after treatment are associated with improved survival in PAH.”
This suggests that serial monitoring of FeNO levels may be useful as
a prognostic indicator in managing the disease.

More recently, we have been able to study the full spectrum of
VOCs in the breath and not just single molecules such as NO. Like
the headspace of the blood, our exhaled breath contains a vast array
of substances and molecules that hold great promise for monitoring
our health and for the diagnosis and management of various lung
and systemic diseases.*>?"*> With continued advances in technol-
ogy, essentially anything in the blood that is potentially volatile or
has a volatile metabolite can be measured in exhaled breath. Sensor
array (electronic nose) devices can be trained to recognize patterns,
or “smellprints,” in exhaled breath that allow identification of certain
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Figure 4. Mechanisms potentially involved in the lower response to
treprostinil iontophoresis in idiopathic pulmonary arterial hyper-
tension patients. ADMA: asymmetric dimethylarginine; MMA: N-
monomethylarginine; NO: nitric oxide; PGI,: prostacyclin; ROS: reac-
tive oxygen species.
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diseases or disorders. However, this technology is not well suited to
identify the specific compounds that contribute to a recognized pat-
tern. The mass spectrometry approach to breath analysis, on the
other hand, allows the identification of specific individual compounds
in the breath, but it is not well suited to recognize patterns commonly
seen in disease.

In our group, we have used both methods to analyze breath and
have come to recognize the strengths and weaknesses of both ap-
proaches. More recently, we started to use an approach that com-
bines the strengths of both methods. By approaching each compound
(or peak) on the mass spectrometry output as its own sensor, we are
able to recognize patterns, or “breathprints,” in mass spectrometry
data in a way similar to how the sensor arrays (or electronic noses)
recognize “smellprints.” Unlike pattern recognition by the sensor
array-based systems, the major strength of our approach is that we
are able to identify the individual components that contribute to
each pattern we recognize. With this best-of-both-worlds approach,
we are able to identify unique “breathprints” in patients with liver
disease (fetor hepaticus) as well as those for heart and lung dis-
ease.?>89>9% We are further able to analyze these patterns to iden-
tify single molecules in the breath of these patients and link them
to the underlying pathobiology of the disease.>>%%8%9>%

In a single-center cohort study of PAH patients, we correlated
exhaled-breath VOCs with clinical parameters.®” In comparison to
those in healthy controls, the concentrations of the VOCs (2-propanol,
acetaldehyde, ammonia, ethanol, pentane, 1-decene, 1-octene, and
2-nonene) were altered in patients with PAH (Fig. 5). We found that
exhaled-breath ammonia was higher in patients with PAH (median
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[interquartile range]: 94.7 [70-129] vs. 60.9 [46-77] ppb, P < 0.001)
and was associated with elevated right atrial pressure (p = 0.57, P <
0.001), mean pulmonary artery pressure (p = 0.43, P = 0.015), car-
diac index (p = —0.39, P = 0.03), pulmonary vascular resistance (p =
0.40, P = 0.04), mixed venous oxygen (p = —0.59, P < 0.001), and
RV dilation (p = 0.42, P = 0.03). In addition, the PAH VOC
“breathprint” classified 82.8% of the individuals in an independent
validation cohort (n = 14), as determined by discriminant analysis.
Consistent with this finding in PAH, we have shown that patients
with acute decompensated heart failure have a distinct “breathprint,”
as compared to healthy control subjects.94 These data, combined,
indicate that breath analytes generate a disease “breathprint” dis-
tinctly different from that of healthy subjects. Future work will be
focused on devising methods to phenotype the different types of
PAH patients.

One of the major challenges of using exhaled-breath analysis in
medicine is that exhaled breath includes not only substances that we
produce endogenously as part of our normal (or disease-related)
metabolism but also substances from many other sources. Since we
are constantly inhaling air from our environment, as we breathe in
the ambient air, exhaled breath can also reflect our environmental
exposure(s). Furthermore, our breath contains volatile compounds
produced by our “internal environment”: the bacteria in our gut and
mouth. In addition to the volatile by-products produced (from our
diet, medications, drugs, or toxins), the analytical matrix generated
from the VOCs can be very complex and difficult to sift through.
Despite these challenges, the breath analysis has great potential to
revolutionize and personalize our approach to medical testing.
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Figure 5. Representative areas of the average selected ion flow tube-mass spectrometry for the pulmonary arterial hypertension (PAH)
and control groups. All peaks are from the NO+ precursor ion spectrum. The concentrations of specific compounds (PAH in red and

controls in blue) are calculated on the basis of counts relative to the precursor counts (details in Cikach et al

.85).
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CONCLUSION

PAH is the one of the best studied of PVDs and can have multiple
etiologies and complex pathobiologic heterogeneity. Consequently,
developing treatment options for PAH have been a daunting and
slow process. Traditional approaches to evaluation and treatment
offer little or no personalization. Novel methods are needed to iden-
tify new PH phenotypes that transcend the current WHO classi-
fication. This may allow us to develop newer precision medicine-
based approaches to evaluation and therapy. We have provided some
details about our current approach, which includes metabolic studies,
examination of lung/systemic circulation, and exhaled-breath analysis,
and how these have given us a better understanding of disease mecha-
nisms. These approaches are paving the way to personalized medicine
in treating PAH and other PVDs in the future.
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