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Pulmonary hypertension (PH) management requires thoughtful evaluation from the
clinicians. This is a new era of new diagnostic criteria, medications, and modifications of
the risk stratification [1]. In this edition we provide the reader with an overview of updated
data for practical implications and incorporation in their daily practice. We have collected
relevant studies from investigators that work within this space.

Over the last 2 centuries, medicine has rapidly evolved and the medical landscape
has expanded fast, leading to the evolution of specialization and sub specialization. As we
amplify our knowledge with also focus more to create clinical and research advances in
specific areas. When we examine the data on right heart failure mortality, large amount
of interest in reduction of mortality and heart failure hospitalization has led to multiple
clinical trials and new medications to improve outcome.

What updates are in this issue?

1. Use of intravenous diuresis in cases of severe precapillary PH, and teach the reader
the importance of cautious diuresis in the setting of preload dependence to avoid
renal injury and hemodynamic compromise.

2. The significance of partial pressure of carbon dioxide and need to use blood gas
analysis in the risk stratification of individual with pulmonary arterial hypertension.

3. Sleep related breathing disorders in patient with chronic thromboembolic pulmonary
hypertension, and report the importance of early interventions in this group.

4. Anovel finding in obesity and the relationship of VE/VCO2 using invasive cardiopul-
monary exercise testing in chronic thromboembolic pulmonary disease.

5. There are 5 reviews that include:

a. The relationship of pulmonary hypertension and the importance on rhythm
control strategies in arrhythmias

b. The use of exercise testing in the risk assessment of patients with PH

c. A narrative review of underrepresented minorities in PH, and steps to mitigate
disparities

d. Description of post-capillary PH and practical considerations in the setting of

limited and conflicting data
e. And we finalize with a practical summary for the primary care physician for
the diagnostic evaluation of patients with PH

Is there a need?
Pulmonary arterial hypertension patients treated at a Pulmonary Hypertension Care
Center accredited by the Pulmonary Hypertension Association have improved survival

. Clin. Med. 2025, 14, 2400 https://doi.org/10.3390/jcm14072400
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and fewer hospitalizations. Patients are more frequently prescribed vasodilators, leading
to better outcomes. The biggest barriers include monitoring disease progression, complex
treatment regimens and side effects of drug-drug interactions. Teaching and sharing our
knowledge with the primary care physicians will allow for patients to have expedited
diagnostic testing, and referrals.

Consensus statements among pulmonary hypertension experts endorse early and
accurate diagnosis and management of PH to improve patient outcomes. Patients often
present in late stages, with a rare disease and there is struggle to provide treatment and
identify the PH phenotypes in a timely manner.

In the United States, many pulmonologists and cardiologists care for patients with PH,
but there are only few dedicated fellowships in this space. We believe in the importance of
creating structured curriculums and teach the practicing physicians about the nuances and
complexities of PH.

Author Contributions: Conceptualization, E.O., A.]. and A.V.; writing—original draft preparation,
E.O.; writing—review and editing, E.O. and A.V. All authors have read and agreed to the published
version of the manuscript.
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Abstract: Objectives: We aimed to investigate the occurrence of sleep-related breathing disorders
(SRBDs) in patients with chronic thromboembolic pulmonary hypertension (CTEPH) and addressed
the effect of pulmonary hemodynamics and SRBD indices on the severity of nocturnal hypoxemia
(NH). Methods: An overnight polysomnography (PSG) was conducted in patients with CTEPH, who
were eligible for pulmonary endarterectomy. Pulmonary hemodynamics (mean pulmonary arterial
pressure (mPAP), pulmonary arterial wedge pressure (PAWP), pulmonary vascular resistance (PVR)
measured with right heart catheterization (RHC)), PSG variables (apnea—hypopnea index (AHI)),
lung function and carbon monoxide diffusion capacity (DLCO) values, as well as demographics and
comorbidities were entered into a logistic regression model to address the determinants of severe NH
(nocturnal oxyhemoglobin saturation (SpO,) < 90% under >20% of total sleep time (TST)). SRBDs
were defined as obstructive sleep apnea (OSA; as an AHI > 15 events/h), central sleep apnea with
Cheyne-Stokes respiration (CSA-CSR; CSR pattern > 50% of TST), obesity hypoventilation syndrome
(OHS), and isolated sleep-related hypoxemia (ISRH; SpO; < 88% under >5 min without OSA, CSA,
or OHS). Results: In all, 50 consecutive patients (34 men and 16 women; mean age 54.0 (SD 15.1)
years) were included. The average mPAP was 43.8 (SD 16.8) mmHg. SRBD was observed in 40 (80%)
patients, of whom 27 had OSA, 2 CSA-CSR, and 11 ISRH. None had OHS. Severe NH was observed
in 31 (62%) patients. Among the variables tested, age (odds ratio (OR) 1.08, 95% confidence interval
[CI] 1.01-1.15; p = 0.031), mPAP (OR 1.11 [95% CI 1.02-1.12; p = 0.012]), and AHI (OR 1.17 [95%
CI1.02-1.35; p = 0.031]) were independent determinants of severe NH. Conclusions: Severe NH is
highly prevalent in patients with CTEPH. Early screening for SRBDs and intervention with nocturnal
supplemental oxygen and/or positive airway pressure as well as pulmonary endarterectomy may
reduce adverse outcomes in patients with CTEPH.

Keywords: CTEPH; pulmonary hypertension; pulmonary endarterectomy; sleep-related breathing
disorders; nocturnal hypoxemia

J. Clin. Med. 2023, 12, 4639. https:/ /doi.org/10.3390/jcm12144639 3 https://www.mdpi.com/journal /jcm
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1. Introduction

Pulmonary hypertension (PH) has three main types, pre-capillary PH, post-capillary
PH, and combined pre-capillary and post-capillary PH, and it is based on mean pulmonary
arterial pressure (PAP) > 20 mmHg measured with a right heart catheterization (RHC) [1].
Pulmonary arterial wedge pressure (PAWP) < 15 mmHg and pulmonary vascular resis-
tance (PVR) > 3 Wood units are other acknowledged measures of the PH [1]. The current
classification acknowledges five groups of PH, and Group 1 is pulmonary arterial hyper-
tension (PAH), which is a rare condition with a prevalence of around 15 to 50 patients per
million in Europe and the United States [1]. The average age for PAH diagnosis is rising,
and older patients are increasingly being diagnosed with PAH. In the US-based Registry
to Evaluate Early and Long-term PAH disease management (REVEAL), the mean age at
diagnosis was 50 years, and five percent of the 2599 patients included were diagnosed at
or after the age of 75 [2]. The French PH registry reported an average age of 50 years at
diagnosis [3], whereas the “Comparative, Prospective Registry of Newly Initiated Therapies
for Pulmonary Hypertension” (COMPERA) registry reported a mean age of 71 years [4].
Compared to younger patients, a higher percentage of patients experienced comorbidities
as the patients’ ages advanced.

Chronic thromboembolic pulmonary hypertension (CTEPH) is mainly defined as a
pre-capillary PH and classed as a Group IV PH. It was reported that 0.1-9.1% of individuals
with pulmonary embolism develop CTEPH within two years after the initial diagnosis [5-7],
and CTEPH is the only PH category that has a chance of being cured, mainly by pulmonary
endarterectomy [8,9].

Sleep-related breathing disorders (SRBD) are defined as obstructive sleep apnea (OSA)
disorders, central sleep apnea (CSA) syndromes, sleep-related hypoventilation disorders,
and sleep-related hypoxemia [10]. An SRBD may also lead to an increase in PAP primarily
during sleep and cause nocturnal hypoxemia [11]. Although SRBDs were reported in
patients with pre-capillary PH, most of the studies included patients with idiopathic
PAH [2,12,13]. Notably, OSA was one of the most prevalent comorbidities at the time of
enrollment in the REVEAL registry, where 20% of the entire cohort had OSA [2]. Although
the cause-and-effect relationship between pre-capillary PH and SRBDs is uncertain, it is
known that mPAP may increase during sleep in patients with OSA [14].

Less is known regarding the occurrence of SRBDs in CTEPH. In a small study in-
cluding 38 individuals with PH, 15 had CTEPH and 68% of the cohort had NH (oxy-
gen saturation < 90% during at least 10%) [13]. In another study including 46 patients
with stable idiopathic PAH (n = 29) and CTEPH (n = 17), NH was observed among
38 (82.6%) of them [15]. A later study found OSA, defined as an apnea—hypopnea index
(AHI) > 5 events/h, on a cardiorespiratory device in 32 out of 57 patients (56.1%) with
CTEPH and suggested that a cardiac index was the most important parameter indicating
the coexistence of OSA and CTEPH [16]. No information was available regarding the
other SRBD subgroups and variables associated with the NH [16]. In another study, an
unattended cardiorespiratory recording was conducted the night before and one month
after elective pulmonary endarterectomy in 50 cases with CTEPH, and the occurrence of an
SRBD (AHI > 5 events/h) was reported among 32 (64%) patients, of whom 22 had OSA
and 10 CSA, respectively [17]. One month after the surgical intervention, an SRBD was
found among 34 (68%) patients, of whom 30 had OSA and 4 CSA. The authors concluded
that CTEPH may trigger CSA but not OSA, and OSA may play a role in the development
of CTEPH [17].

In the current study, we aimed to investigate the occurrence of SRBDs in a consecutive
cohort of CTEPH, with patients who were on the waiting list for pulmonary endarterectomy.
We also addressed to what extent pulmonary hemodynamics and SRBD indices determine
the severity of NH in patients with CTEPH.
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2. Material and Methods
2.1. Study Participants

As illustrated in Figure 1, 62 cases older than 18 years were referred to the Pulmonary
Hypertension Center of the Marmara University Pendik Education and Research Hospital
between 5 May 2017 and 7 February 2018 for pulmonary endarterectomy. All participants
underwent a computerized pulmonary angiography and RHC after that mismatch of
perfusion defects detected in ventilation/perfusion scintigraphy (V/Q) despite 3 months
of anticoagulant therapy. Patients with an mPAP > 20 mmHg measured with RHC were
accepted as having CTEPH; PAWP < 15 mmHg and PVR > 3 Wood Units were additional
measurements suggestive of CTEPH.

62 consecutive patients with CTEFH were referred for pulmonary endarterectomy between
May 2017 and February 2018

10 were excluded
6 were not interested in the study
4 were not suitable for pulmonary endarterectomy

52 patients underwent overnight polysomnography

2 were excluded
2 had less than 4 hours of sleep and did not want to

repeat the sleep study

50 patients remained as the final study population

Figure 1. Flow chart of the study participants. Abbreviations: CTEPH, chronic thromboembolic
pulmonary hypertension.

SRBDs were defined according to the International Classification of Sleep Disorders
(ICSD)-10 as obstructive sleep apnea (OSA; as an AHI > 15 events/h), central sleep ap-
nea with Cheyne—Stokes respiration (CSA-CSR; CSR pattern > 50% of total sleep time
(TST)), obesity hypoventilation syndrome (OHS), and isolated sleep-related hypoxemia
(ISRH)(nocturnal oxyhemoglobin saturation (SpO;) < 88% for 5 min or more without OSA,
CSA, or OHS). Severe NH was defined as SpO, < 90% for more than 20% of total sleep
time (TST).

Two cases diagnosed with sarcoma and vasculitis, respectively, were considered as
not suitable for the study, and two cases with a total sleep time of less than 4 h on PSG
were excluded from the study.

2.2. Clinical Data Collection

Demographic data, body mass index (BMI), comorbid conditions, medications, supple-
mentary oxygen treatment, preoperative echocardiography findings, RHC measurements,
6 min walk distance (SMWD), pulmonary function test, as well as carbon monoxide diffu-
sion test (DLCO) measurements were recorded.

2.3. Pulmonary Function Testing

MIR Spirolab II spirometry (Medical International Research, Rome, Italy) was used to
test pulmonary function, including forced expiratory volume in one second (FEV1) and
forced vital capacity (FVC) [18], diffusing capacity of the lung for DLCO in a body plethys-
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mograph (CareFusion Type MasterScreen PFT, Hoechberg, Germany), and performance of
an SMWD. All results were assessed in accordance with ATS recommendations [18-21].

2.4. Transthoracic Echocardiography (TTE) and Right Heart Catheterization (RHC)

All study participants underwent detailed TTE based on the guidelines of the device
(Epiq 7, Philips Healthcare, Andover, MA, USA) with a 3.5 MHz (S5-1) transducer. Digitally
stored images were analyzed offline (Xcelera, Philips). Based on the guidelines, the systolic
and diastolic characteristics of the left and right heart were measured as recommended [22,23].
Tricuspid regurgitation velocity and other echocardiographic signs were combined to
assess the probability of PH as recommended in ERS guidelines [24]. RHC was performed
following the overnight fast. The hemodynamic variables measured at end-expiration
included mPAP and PAWP. Cardiac output was determined by the indirect Fick principle.
PVR was calculated by dividing (mPAP—PAWP) by cardiac output (Wood Unit).

2.5. Polysomnography (PSG)

All patients were hospitalized for polysomnographic monitoring using the NOX-A1
system (Nox Medical Inc., Reykjavik, Iceland). The PSG recording included an elec-
troencephalogram (F4/M1, F3/M2, C4/M1, C3/M2, 02/M1, O1/M2), electro-oculogram,
submental and tibialis electromyograms, as well as an electrocardiogram. Ventilatory
monitoring included a nasal pressure detector using a nasal cannula/pressure transducer
system and thoracoabdominal movement detection through two respiratory inductance
plethysmography belts. A finger pulse oximeter detecting heart rate, SpO,, as well as body
position and movement detection were also included. Participants with a total sleep time
of less than 4 h were offered a new PSG. Sleep stages and arousals were scored based on
30 s epochs in accordance with The AASM Manual for the Scoring of Sleep and Associated
Events 2.5 [25] published by the American Academy of Sleep Medicine (AASM), indepen-
dently of the patients’ clinics, by a certified sleep physician. Apnea was defined as an
almost complete (>90%) cessation of airflow, and hypopnea was defined as a decrease in
nasal pressure amplitude of 30% or more and/or thoracoabdominal movement of at least
30% for at least 10 s if there was a significant oxyhemoglobin desaturation (reduction of at
least 3% from the immediately preceding baseline value) and/or arousal, according to the
latest recommendations of the AASM [25]. Furthermore, the total number of significant
desaturations was scored, and the oxygen desaturation index (ODI) was calculated as the
number of significant desaturations per hour of total sleep time. Minimum SpO, and time
spent below 90% SpO, (TS90%) values were also recorded.

2.6. Statistics

All statistical analyses were performed using SPSS® 26.0 for Windows® (SPSS Inc.,
Chicago, IL, USA). The normality assumptions for all variables were made with the Shapiro—-
Wilk test. Continuous variables were reported as a mean with standard deviation or median
with interquartile ranges (IQRs), and categorical variables were reported as percentages.
Categorical variables were compared with Pearson’s Chi-Square Test, or when appropriate,
Fisher’s Exact Test. The Mann—-Whitney U Test was used when evaluating non-normally
distributed (nonparametric) variables between two groups. The Spearman Correlation Test
was used in the analysis of the measurement data with each other. Pulmonary hemodynam-
ics (mPAP, PAWP, and PVR, measured with RHC as well as the echocardiographic sPAP, and
PSG variables (AHI)), demographics, lung function tests, and DLCO values were entered
into a logistic regression model to address the determinants of severe NH. Unadjusted and
adjusted odd ratios (ORs) with 95% confidence intervals (CIs) for all variables associated
with severe NH were performed, respectively. Age, sex, BMI, and significant variables
associated with severe NH in univariate analysis were entered into the multivariate model.
All statistical tests were two-sided, and a p-value < 0.05 was considered significant.
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3. Results

As shown in Figure 1, 62 consecutive patients with CTEPH who were considered
for pulmonary endarterectomy were eligible for the current study. Eight patients were
not included, six of them were not interested in the study, and four were not suitable
for endarterectomy. A total of 52 Patients underwent a one-night polysomnography.
Two patients were excluded due to insufficient total sleep time and an unwillingness to
repeat the sleep study. Thus, 50 patients (34 men and 16 women; mean age 54.0 (SD 15.1)
years; mPAP 43.8 (SD 16.8) mmHg, mean daytime SpO; 92.5 (SD 4.6) %; 20 (40.0%) on
pulmonary vasodilators) were included (Figure 1).

As illustrated in Figure 2, SRBDs were observed among 40 (80.0%) patients in the
entire cohort. None of the participants had OHS. Severe NH was observed in 31 (62%)
of them.

B OSA ®|SRH mCSA = No-SRBD

Figure 2. Distribution of SRBDs among patients with CTEPH. Definition of abbreviations: CSA,
central sleep apnea; CTEPH, chronic thromboembolic pulmonary hypertension; ISRH, isolated
sleep-related hypoxemia; SRBD, sleep-related breathing disorders.

As shown in Table 1, patients with severe NH were significantly older than the patients
without severe NH. Sex distribution, body mass index (BMI), smoking history, as well as
concomitant diabetes, systemic hypertension, and cardiac diseases were similar in both
groups whereas asthma or chronic obstructive pulmonary disease was more common in
the severe NH group. The proportion of patients on pulmonary vasodilator agents as well
as on long-term oxygen therapy (LTOT) was slightly more common among the patients
with severe NH, but the differences were not statistically significant. The SMWD test, WHO
function class, ESS scores, and FEV1/FVC values were similar in both groups while DLCO
tended to be lower in the NH group (Table 1).

As shown in Table 2, the estimated values for mPAP and PVR measurement were
significantly higher in the NH group. Other RHC measurements including PAWP, CO, and
CI did not differ significantly (Table 2).

Out of the 31 patients with severe NH, 21 (67.7%) had OSA, 8 (25.8%) had ISRH, and
2 (6.5%) had CSA with Cheyne-Stokes Respiration (CSA-CSR) whereas 6 out of 19 (31.6%)
had OSA, and 3 (15.8%) had ISRH among the patients with no NH (p < 0.001). None
of the patients without NH demonstrated CSA-CSR and OHS. As shown in Table 2,
AHI and oxygenation parameters were expectedly more severe among the NH group
whereas the total sleep time and proportion of N3 and REM sleep stages did not differ
significantly. As illustrated in Table 3, the patients with ISRH had worse pulmonary hemo-
dynamics regarding the mPAP and PVR measurements compared to the values among the
OSA patients.
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Table 1. Demographic and clinical characteristics of the study population (1 = 50).

TS90% < 20% TS90% > 20% Value
n=19 n=31 P
Age, years 46.2 + 141 58.7 + 14.0 0.003
Male sex, n (%) 13 (68.4) 23 (69.7) 0.960
BMI, kg/m? 283+ 44 28.1+5.1 0.841
Obesity, n (%) 5(26.3) 10 (32.3) 0.656
Current smoker, n (%) 1(1.9) 2 (4.0) 1.000
Asthma or COPD, n (%) 1(5.3) 11 (35.5) 0.018
Diabetes mellitus, n (%) 2 (10.5) 7 (22.6) 0.452
Hypertension, n (%) 5(26.3) 14 (45.2) 0.237
Coronary heart disease, n (%) 4(21.1) 5(16.1) 0.715
Valvular heart disease, n (%) 1(5.3) 4 (12.9) 0.637
Atrial fibrillation, n (%) 3 (15.8) 4 (12.9) 1.000
Pulmonary vasodilator use, n (%) 8 (15.4) 12 (38.7) 0.812
Awake SpOy, % 939 +2.0 88.9 +4.7 <0.001
LTOT, n (%) 1(5.3) 5(16.7) 0.384
SMWD, meter 327 + 133 309 + 101 0.219
WHO function class 1.89 4+ 0.66 1.97 £ 0.75 0.729
ESS score 5.6+39 52437 0.753
DLCO < 80%, n (%) 9 (52.9) 19 (79.2) 0.075
FEV1/FVC < 80%, n (%) 11 (61.1) 17 (58.6) 0.866

Definition of abbreviations: AHI, apnea—hypopnea index; BMI, body mass index; COPD, chronic obstructive
pulmonary disease; DLCO, diffusing capacity of lung for carbon monoxide; FEV1, forced expiratory volume in one
second; FVC, forced vital capacity; LTOT, long-term oxygen therapy; SMWD, six-minute walking distance; WHO,
World Health Organization. Continuous data are presented as mean and standard deviations, and categorical
data are presented as numbers (percentage).

Table 2. Polysomnography and right heart catheterization measurements of the study population.

TS90% < 20% TS90% > 20%

n=19 n=31 p Value
Polysomnographic variables
TST, min 382.2 +27.7 383.6 - 45.0 0.907
Sleep Efficiency, % 88.7 5.6 86.1 9.0 0.235
N3 Sleep Stage, % of TST 289 +12.8 299 +£99 0.752
REM Sleep Stage, % of TST 99+74 11.0+74 0.637
AHI, events/h 143 +9.1 252 +179 0.017
OAI, events/h 19 £33 49 +11.8 0.092
CAI, events/h 04+06 0.7 £28 0.523
OD], events/h 120+ 7.6 228 +£17.7 0.015
Average 5a0;, % 932 +19 85.6 +4.0 <0.001
Nadir SaO,, % 83.44+79 72.0 £9.6 <0.001
Pulmonary hemodynamics on RHC
mPAP, mmHg 36.1 £13.6 489 +£17.1 0.010
PVR, wood unit 54449 9.7 £5.1 0.004
PAWP, mmHg 121 +5.7 115+ 6.2 0.387
Cardiac Output, L/min 51417 46+13 0.204
Cardiac Index, L/min/m? 28406 24407 0.093
SpOy, % 95.5 + 3.0 90.6 4.5 0.001

Definition of abbreviations: AHI, apnea—hypopnea index; CAI, central apnea index; mPAP, mean pulmonary
artery pressure; OAI, obstructive apnea index; ODI, oxygen desaturation index; PAWP, pulmonary artery wedge
pressure; PVR, pulmonary vascular resistance; RHC, right heart catheterization; SaO,, oxyhemoglobin saturation;
TS90%, time spent below 90% oxyhemoglobin saturation; TST, total sleep time. Continuous data are presented as
mean and standard deviations, and categorical data are presented as numbers (percentage).
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Table 3. Demographic and clinical characteristics of the patients with OSA vs. ISRH.

OSA ISRH Val
n=27 n=11 p vaiue
Age, years 579 +13.1 505 +17.2 0.156
Male sex, n (%) 13 (68.4) 23 (69.7) 0.960
BMI, kg/m? 29.6 £5.1 262 £3.7 0.053
Obesity, n (%) 12 (44.4) 1(9.1) 0.060
Current smoker, n (%) 2(7.4) 109.1) 1.000
Asthma or COPD, n (%) 8 (29.6) 3(27.3) 1.000
Diabetes mellitus, n (%) 5(18.5) 2 (18.2) 1.000
Hypertension, n (%) 14 (51.9) 2 (18.2) 0.078
Coronary heart disease, n (%) 4(14.8) 3(27.3) 0.390
Valvular heart disease, n (%) 2(7.4) 2 (18.2) 0.564
Atrial fibrillation, n (%) 2 (7.4) 2 (18.2) 0.564
Pulmonary vasodilator use, n (%) 10 (37.0) 4 (36.4) 1.000
Awake SpOy, % 939 +2.0 889 +47 <0.001
LTOT, n (%) 2(7.4) 2 (18.2) 0.291
WHO function class 1.89 £ 0.64 191 +£0.83 0.936
ESS score 54+ 3.6 47 +44 0.621
mPAP, mmHg 433 + 189 51.5+13.6 0.021
PVR, wood unit 7.6 +55 11.0 £ 4.2 0.049
PAWP, mmHg 121+ 6.7 121 +45 0.993
Cardiac Output, L/min 49+15 43+14 0.220
Cardiac Index, L/min/m? 2.6 £0.8 23+05 0.155
SpO,, during RHC % 91.5£5.0 926 £34 0.526

Definition of abbreviations: ESS, Epworth Sleepiness Scale; ISRH, isolated sleep-related hypoxemia; mPAP,
mean pulmonary artery pressure; OSA, obstructive sleep apnea; PAWP, pulmonary artery wedge pressure; PVR,
pulmonary vascular resistance; RHC, right heart catheterization; SpO,, oxyhemoglobin saturation; WHO, World
Health Organization.

As shown in Table 4, unadjusted variables associated with severe NH were age,
concomitant asthma or COPD, OSA and OSA indices, AHI and ODI, mPAP, and PVR. No
significant correlation was found between mPAP and AHL

Table 4. Unadjusted ORs (95% Cls) for variables associated with severe nocturnal hypoxemia.

Bounds for 95% CI

OR Lower Upper p Value
Age 1.063 1.016 1.111 0.007
Male sex 0.969 0.284 3.302 0.960
BMI 0.998 0.876 1.113 0.837
Obesity 1.333 0.375 4.742 0.657
Current smoker 1.241 0.105 14.697 0.864
Asthma or COPD 9.900 1.160 84.471 0.036
Diabetes mellitus 2.479 0.458 13.434 0.292
Hypertension 2.306 0.666 7.986 0.187
Cardiac disease 0.844 0.269 2.647 0.771
Pulmonary vasodilator use 0.868 0.272 2.778 0.812
OSA 6.229 1.770 21.920 0.004
AHI 1.075 1.006 1.150 0.033
ODI 1.084 1.005 1.168 0.036
TST 1.001 0.986 1.016 0.904
N3 sleep stage 1.009 0.957 1.064 0.746
REM sleep stage 1.020 0.942 1.104 0.630
Awake SaO, 0.687 0.549 0.860 0.001
Impaired FEV1/FVC 0.902 0.271 2.998 0.866
Impaired DLCO 3.378 0.858 13.296 0.082
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Table 4. Cont.

Bounds for 95% CI

OR Lower Upper p Value
mPAP 1.057 1.011 1.106 0.016
PAWP 0.985 0.892 1.088 0.768
PVR 1.216 1.050 1.407 0.009
Cardiac Output 0.768 0.511 1.155 0.204
Cardiac Index 0.473 0.194 1.149 0.098

Definition of abbreviations: AHI, apnea—hypopnea index; BMI, body mass index; CI, confidence interval; DLCO,
diffusing capacity of lung for carbon monoxide; FEV1, forced expiratory volume in one second; FVC, forced vital
capacity; mPAP, mean pulmonary artery pressure; ODI, oxygen desaturation index; OR, odds ratio; OSA, obstructive
sleep apnea; PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; REM, rapid eye
movement; SaO,, oxyhemoglobin saturation; sPAP, systolic pulmonary arterial pressure; TST, total sleep time.

In the multivariate logistic regression analyses, mPAP and AHI were independent
determinants of severe NH, adjusted for age, BMI, sex, and concomitant asthma or COPD
(Table 5). PVR was also associated with severe nocturnal hypoxemia in the multivariate
analysis adjusted for AHI, age, BMI, sex, and concomitant asthma or COPD (OR 1.32 [95%
CI 1.05-1.62; p = 0.019]).

Table 5. Adjusted ORs (95% Cls) for variables associated with severe nocturnal hypoxemia.

Bounds for 95% CI

Variables OR Lower Upper p Value
mPAP 1.113 1.023 1.210 0.012
Age 1.076 1.007 1.150 0.031
Male sex 0.195 0.025 1.502 0.117
BMI 0.773 0.604 0.989 0.040
Asthma or COPD 13.961 0.958 203.465 0.054
AHI 1.172 1.015 1.353 0.012

Definition of abbreviations: AHI, apnea—hypopnea index; BMI, body mass index; CI, confidence interval; mPAP,
mean pulmonary artery pressure; ODI, oxygen desaturation index; OR, odds ratio; OSA, obstructive sleep apnea;
PAWP, pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; REM, rapid eye movement; SaO,,
oxyhemoglobin saturation; sPAP, systolic pulmonary arterial pressure; TST, total sleep time.

4. Discussion

The current study showed that 80% of the patients with CTEPH had an SRBD, of
whom 67.7% had OSA and 25.8% ISRH. Severe NH was observed among 62% of the entire
cohort. In the multivariate linear regression models, the severity of the PH in terms of PAP
levels as well as the severity of OSA in terms of AHI, significantly and independently from
each other, determined the severity of the NH.

To our best knowledge, this is the first study to describe the occurrence of the SRBD
subgroups based on PSG in a consecutive cohort of patients with CTEPH verified with RHC.
A few previous studies on patients with CTEPH had smaller sample sizes, constituted
subgroups of heterogenous clinical cohorts of PH, did not address the occurrence of SRBD
subgroups, and not all sleep recordings were based on full overnight PSG, which have all
limited the generalizability of the reports. Moreover, the severity and the determinants of
the NH, which is an important prognostic factor in this high-risk group, have not yet been
addressed accurately in previous studies.

SRBDs were shown to be prevalent in patients with PH in previous small studies.
Schulz et al. found periodic breathing in 6 out of 20 consecutive patients with PH who
were admitted for the pharmacological investigation of pulmonary vasoreactivity [26]. The
patients with periodic breathing had more severe hemodynamic disturbances and greater
hypoxemia than those without [26]. Minai et al. included 43 patients with idiopathic PAH
or PAH connected to connective tissue illness (CTD-PAH) in a pulse oximetry study and
reported that 30 (70%) of these patients had oxygen saturation <90% for more than 10%
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of the night [27]. The pulmonary hemodynamics of the nocturnal desaturators were more
severe, and they were older than the patients with less or no desaturators; only one patient
had significant sleep apnea [27]. In a PSG-based sleep study, Prisco et al. [28] included
28 patients, of whom 32% had idiopathic PAH and 68% with PAH from other etiologies.
The mean AHI was 11.4 & 19.8/h in the entire cohort, and 14 patients (50%) had an
AHI > 5/h. In contrast to our findings in the CTEPH cohort, the authors reported a
significant association of AHI and time spent below 90% oxygen saturation with mPAP
values in a heterogenous PH cohort [28].

The first sleep study in a larger heterogenous PH cohort (n = 169) using cardiorespira-
tory polygraphy was conducted by Dumitrascu et al. [29]. The researchers applied an AHI
cut-off 10/h value for SRBD diagnosis and found OSA among 27 (16.0%) and CSA among
18 (10.6%). Male sex and higher BMI were the main characteristics of OSA patients whereas
CSA patients were older, more hypocapnic, and had worse pulmonary hemodynamics
than the PH patients without CSA [29]. In another retrospective study, Minic et al. reported
the occurrence of an SRBD among 71% of 52 PH patients, of whom 56% had OSA and 44%
had CSA [30]. No differences in cardiopulmonary hemodynamics or survival between
those with and without SRBDs were found, and moderate to severe NH was not addressed
specifically in that cohort [30]. In a larger PH cohort (n = 151), the occurrence of SRBDs
was assessed with a simplified polygraphy cut-off AHI value of 5 events/h [31]. OSA was
found in 29 patients (19.2%) and CSA in 29 (19.2%), and 32 patients (21.2%) died during
an average follow-up of 1170 £ 763 days. The authors found no significant difference
between PH patients with vs. without SRBDs regarding the mortality rates whereas NH
was the only independent variable related to death in a multivariate Cox proportional
hazards analysis [31].

Very few data exist in the literature regarding the occurrence of SRBDs in patients
with CTEPH. Ulrich et al. [13] included 15 cases with CTEPH among 38 patients with PH,
of whom 68% had NH defined as an oxygen saturation < 90% during at least 10% [13]. PSG
was conducted among 22 patients, and most of the patients reported to have CSA whereas
OSA was observed among only four cases [13]. In another small study, Jilvan et al. included
17 patients with CTEPH among 46 PH patients, of whom 38 (82.6%) had NH [15]. A later
study [16] found OSA, defined as an AHI > 5 events/h on a cardiorespiratory device, in
32 out of 57 cases with CTEPH (56.1%) and suggested that the cardiac index was the most
important parameter indicating the coexistence of OSA. No information was available
regarding the other SRBD subgroups and variables associated with the NH [16]. In another
study by Rovere et al. [17], 32 cases were reported to have SRBDs (AHI > 5 events/h)
on a cardiorespiratory polygraphy among patients with CTEPH (64%), of whom 22 had
OSA and 10 CSA. One month after pulmonary endarterectomy, SRBDs were prevalent
among 34 (68%) patients, of whom 30 had OSA and 4 CSA. In contrary to their findings, the
occurrence of CSA was only among two cases in our cohort. There was no report regarding
the occurrence of severe NH before and after the surgical intervention in that study [17].

Several possible mechanisms were proposed for the association between SRBDs and
PH. Severe NH, hypercapnia, and a rise in intrathoracic pressure result in changes in
vascular tone and cardiac output, which may lead to an increase in mPAP [11]. Due
to sympathetic overactivation, increased oxidative stress, systemic inflammation, and
endothelial dysfunction, other cardiovascular diseases (hypertension, coronary artery
disease, heart failure, and arrhythmias) are also common among patients with SRBDs [32].
An increase in the frequency of venous thromboembolism and pulmonary embolism in
these individuals was also reported [33,34].

It is unclear exactly what causes these different SRBDs to manifest in people with PH
or CTEPH. Rapid eye movement (REM) sleep and stage N3 have lower minute ventilation,
which could be a factor in the increased ventilation/perfusion mismatch [15,35]. OSA is a
relatively common disorder in people in their fourth, fifth, and sixth decades of life [36],
and it was suggested that the finding by chance in a group of patients with an average
age of 50-55 years is not unexpected [2,3]. Moreover, patients’ predispositions to arouse
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while experiencing respiratory control instability and the (moderate) reduction in lung
volumes [35] were also suggested as possible contributory factors [37,38]. In patients with
right heart failure, the upper airway dilator muscles may also be affected [39]. Further-
more, fluid retention and fluid shift in patients with PH, especially in elderly subjects,
is another potential mechanism that may be involved in the occurrence of OSA in these
patients [40]. Reactive hyperventilation in response to hypoxemia and enhanced chemosen-
sitivity [41] may cause hypocapnia, which is thought to cause central apneas by lowering
PaCQO, levels below the apneic threshold [42]. OSA is the most common SRBD found in
CTEPH patients [17,43].

5. Conclusions

Severe NH is highly prevalent in patients with CTEPH. Early sleep monitoring and
intervention with nocturnal supplemental oxygen and/or positive airway pressure as
well as pulmonary endarterectomy may reduce adverse outcomes of NH in patients
with CTEPH.
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Abstract: Blood gas analysis is part of the diagnostic work—up for pulmonary hypertension (PH).
Although some studies have found that the partial pressure of carbon dioxide (PaCO;) is an inde-
pendent marker of mortality in individuals with pulmonary arterial hypertension (PH Group 1),
there is a lack of data regarding the significance of PaCO; in individuals with different types of PH
based on the new 2022 definitions. Therefore, this study analyzed data from 157 individuals who
were undergoing PH work—up, including right heart catheterization, using PH definitions from
the 2022 European Society of Cardiology/European Respiratory Society guidelines. At diagnosis,
N—terminal pro—B—type natriuretic peptide (NT—pro—BNP) levels were significantly higher, but
the time—course of NT—pro—BNP levels during treatment was significantly more favorable in indi-
viduals with pulmonary arterial hypertension (PH Group 1) who did versus did not have hypocapnia
(p =0.026 and p = 0.017, respectively). These differences based on the presence of hypocapnia were
not seen in individuals with PH Groups 2, 3, or 4. In conclusion, using the new definition of PH,
hypocapnia may correlate with worse risk stratification at diagnosis in individuals with pulmonary
arterial hypertension. However, hypocapnic individuals with pulmonary arterial hypertension may
benefit more from disease—specific therapy than those without hypocapnia.

Keywords: partial pressure of carbon dioxide; hypocapnia; hyperventilation; pulmonary hypertension

1. Introduction

Pulmonary hypertension (PH) is a complex and serious disease that is commonly seen
by physicians across a range of specialties [1]. Furthermore, PH is a global health topic of
considerable importance, and current estimates suggest that the worldwide prevalence
of pulmonary hypertension is about 1%, with the rate increasing to 10% in people aged >
65 years [2]. Data show higher rates of PH as age increases, and highlight the relevance
of an aging population [3]. PH was initially defined as a resting mean pulmonary arterial
pressure (mPAP) of > 25 mmHg, measured using right heart catheterization in the supine
position [4]. Currently, PH is classified into five different groups based on presentation and
underlying etiology [5]:

PH Group 1—Pulmonary arterial hypertension (PAH);

PH Group 2—Pulmonary hypertension associated with left heart disease (PH—LHD);

PH Group 3—Pulmonary hypertension associated with lung diseases and/or hypoxia;

pulmonary hypertension associated with chronic lung disease (PH—CLD);

PH Group 4—Chronic thromboembolic pulmonary hypertension (CTEPH);

PH Group 5—Pulmonary hypertension with unclear and/or multifactorial mecha-

nisms.

Significant progress has been made in the detection and treatment of PH over recent
years. At the sixth World Symposium on Pulmonary Hypertension in 2018, it was pro-
posed that the mPAP threshold used to define PH should be lowered from >25 mmHg
to >20 mmHg [6]. The rationale for this change was that the >25 mmHg threshold was
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arbitrary, whereas the revised threshold was based on scientific evidence [7]. The threshold
mPAP >20 mmHg has been shown to be significantly associated with increased risks for
progression to overt PH, hospitalizations, and mortality [8-10]. In the 2022 European
Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines for pulmonary
hypertension [11], the hemodynamic definition of PH has been officially updated using
the new mPAP threshold >20 mmHg, but the threshold for pulmonary vascular resistance
(PVR) was also updated based on current evidence, and it was stated that the upper limit
of normal PVR and the lowest prognostically relevant threshold for PVR is 2 Wood units
(WU) [11]. Furthermore, the new ESC/ERS guidelines gave an update of the therapy
algorithm focusing on risk stratification and the importance of combination therapies at
the right time [11]. These developments highlight the complexity of PH and the fact that its
treatment requires a multifaceted, holistic, and multidisciplinary approach [12].

Given that mPAP above the upper limit of normal (>20 mmHg) but below 25 mmHg
is associated with increased risk of morbidity and mortality compared with a normal
mPAP [8-10,13-15], early identification of individuals who have mPAP between 20 and
25 mmHg is important to enable close monitoring and timely treatment initiation once
clinically indicated, even if PAH—specific medications have not been widely approved
for individuals who have a mPAP within this range [14]. However, some subgroups of
individuals might be more likely to benefit from early treatment, including those with
systemic sclerosis [16] or mutations associated with PH, who may need PAH—specific
treatments early in their disease course.

In general, three factors are used for risk stratification in PH: functional class, 6 min
walk distance, and B—type natriuretic peptide levels [12,17,18]. But blood gas analysis is
also part of the approach to the management of PH, and the results of blood gas analysis
are often not normal in these patients [19]. However, severe hypocapnia is more common
than severe hypoxemia in patients with PH [20], and significant hypocapnia, defined as
an arterial partial pressure of carbon dioxide (PaCO,) of <32 mmHg, has also been shown
to be an independent predictor of mortality in individuals with idiopathic pulmonary
arterial hypertension (iPAH) [19,21]. It has also been reported that measuring PaCO, at
diagnosis and during follow—up in people with PAH provided independent prognostic
information and has the potential to improve current risk assessment strategies [22]. It has
been hypothesized that the hypocapnia seen in patients with PH is due to hyperventilation,
which is essentially related to increased chemosensitivity as a mechanism to compensate for
underlying hypoxemia [19,20]. Nevertheless, there is no evidence to support this hypothe-
sis, and hypocapnia could have other pathophysiological associations with PH, such as
relationships with pathological changes in the pulmonary arteries and surrounding tissues.
These relationships could have prognostic implications and interact with treatments for
PH. In other words, peripheral hypocapnia might be related to pathological abnormalities
in the pulmonary vasculature, which would make PaCO, an important parameter in risk
stratification of patients with PH.

Since hypocapnia may have a role to play in the risk stratification of individuals with
PH, it is important to understand the relationships between PaCO; and clinical features for
each type of PH, other risk variables, and follow —up patterns during treatment. However,
there is currently a lack of data about the significance of PaCO; in different PH groups and
when using the new hemodynamic definition of PH. Therefore, this study evaluated the
importance of hypocapnia in individuals with different types of PH who were diagnosed
using the new PH definition, and it investigated correlations between hypocapnia and
disease course during follow —up.

2. Materials and Methods
2.1. Study Design
This retrospective study was conducted at the University Hospital Aachen of RWTH

Aachen University. The study protocol was approved by the local ethics committee (The
Independent Ethics Committee at the RWTH Aachen Faculty of Medicine, EK 041/21), and
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all study procedures were performed in accordance with the ethical standards laid down
in the Declaration of Helsinki and its latest revision. Due to the retrospective study design,
the requirement for informed consent to participate has been waived by the local ethics
committee.

2.2. Participants

All patients admitted to our institution due to undergo right heart catheterization
between January 2014 and April 2023 were retrospectively screened for eligibility. Pa-
tients were included only if the full results of hemodynamic measurements of right heart
catheterization, pulmonary function tests (PFTs) including blood gas analysis (BGA), and
an adequate risk stratification including NT —pro—BNP measurement were available. Indi-
viduals with confirmed PH based on the new ESC/ERS definition (i.e., mPAP > 20 mmHg
and PVR > 2 WU) [11] were included in this study. Those with any type of PH were eligible,
but the small number of individuals with Group 5 PH meant that no specific analysis was
further performed in this subgroup.

2.3. Data Collection and Assessments

Clinical patient—related data and pulmonary and laboratory parameters were recorded
anonymously in statistical spreadsheets. Patient data were retrieved from the patient data
management system (CGM MEDICO; CompuGroup Medical Clinical Europe GmbH,
Koblenz, Germany). Baseline information recorded included demographic data (i.e., age,
height, weight, sex, smoking status), comorbidities, medication, results of right heart
catheterization (RHC) (including PH group), PFT results, and BGA from the arterialized
earlobe. Samples for arterial BGA were taken from the arterialized earlobes of all pa-
tients while breathing room air without supplemental oxygen (ABL 800 flex; Radiometer,
Copenhagen, Denmark). In addition, data on the following were recorded at baseline, after
3-6 months, and after 7-12 months: blood results (hemoglobin, N—terminal pro—B—type
natriuretic peptide [NT—pro—BNP], creatinine, alanine aminotransferase [ALT]; aspartate
amino transaminase [AST]), World Health Organization (WHO) functional classification,
and the 6 min walk distance (6MWD). Participants were divided into two groups based
on their PaCO; value from BGA performed at the time of PH diagnosis (<35 mmHg (i.e.,
hypocapnia) versus >35 mmHg (i.e., no hypocapnia)).

2.4. Statistical Analysis

The programming language Python 3.9.13, with statsmodels library version 0.13.2 and
SciPy library version 1.9.1, was used for all statistical analysis. Jupyter Notebook Version
6.4.12 was used for data exploration and visualization.

Mean and standard deviation values or frequency distribution were summarized for
all the demographic data, and for variables of interest for individuals with or without
hypocapnia. A simplified one—year mortality risk assessment tool was used to predict mor-
tality during follow—up (using the variables NT—pro—BNP, 6MWD, and WHO functional
classification). Changes in risk assessment variables at each follow—up were calculated
and mean and standard deviation values for NT—pro—BNP and the 6MWD were reported.
The Kruskal-Wallis test was used to compare changes in NT—pro—BNP over time in indi-
viduals with versus without hypocapnia. The Mann-Whitney U—test was used to compare
the NT—pro—BNP variable distribution at each timepoint in the subgroups with or with-
out hypocapnia. Differences between the subgroups with and without hypocapnia were
examined for each variable of interest at baseline and follow —up using a permutation test
(one—tailed) for two independent samples with 10,000 random permutations. Significance
level was set at o« = 0.05.

The 6MWD is often used for the calculation of cohort sizes in drug trials in patients
with PH. Therefore, assuming an effect size of 38.4 m with standard deviation at baseline
of 77 m [23], with a one—sided significance of alpha = 0.05 and a power of 0.8, a sample
size of 50 patients per group was estimated to be required.
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Data were stratified according to the clinical classification of PH from the 2022
ESC/ERS guidelines for the diagnosis and treatment of PH [11]. The family—wise error
rate was accounted for using the Holm-Sidék correction method. There was no imputation

of missing values.

3. Results
3.1. Participants

A total of 157 individuals were included, of whom 30% had Group 1 PH, 29% had
Group 2 PH, 28% had Group 3 PH, and 10% had Group 4 PH; several comorbidities were

common (Table 1).

Table 1. Participant characteristics at baseline.

Characteristics Participants (n = 157)
Age, years 70 £ 11
Male sex, 1 (%) 65 (41)
Smoking status
Smoker, 11 (%) 23 (15)
Ex—smoker, 1 (%) 55 (35)
Smoking pack—years 40
Pulmonary hypertension group !, 1 (%)
1 48 (30)
2 45 (29)
3 44 (28)
4 16 (10)
Comorbidities, n (%)
Heart failure with reduced ejection fraction 5(3)
Heart failure with mid—range ejection fraction 21 (13)
Heart failure with preserved ejection fraction 106 (68)
Arterial hypertension 113 (72)
Atrial fibrillation 50 (32)
Coronary heart disease 42 (27)
Valvular cardiomyopathy 8(5)
Chronic obstructive pulmonary disease 54 (35)
Asthma 13 (8)
Interstitial lung disease 32 (20)
Diabetes mellitus 55 (35)
Systemic sclerosis 13 (8)
Connective tissue disease 15 (10)
Obstructive sleep apnea syndrome 30 (19)
Pulmonary embolism 52 (33)
History of lung cancer 6(4)
Dyslipidemia 77 (49)
Obesity 52 (33)
Chronic renal insufficiency 53 (34)
Medications n (%)
3—blockers 73 (47)
Angiotensin converting enzyme inhibitors 50 (32)
Angiotensin receptor blockers 33 (21)
Calcium channel blockers 28 (18)
Thiazide diuretics 36 (23)
Mineralocorticoid receptor antagonist 44 (28)
Long—acting 3 —agonists 64 (41)
Long—acting muscarinic antagonists 62 (40)
Inhaled corticosteroids 37 (24)
Phosphodiesterase—5 inhibitor 61 (39)
Riociguat 14 (9)
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Table 1. Cont.

Characteristics Participants (n = 157)
Endothelin receptor antagonists 37 (24)
Prostanoids 5(3)
Highly dosed calcium channel blocker by proven reversibility 4(3)
Laboratory tests
Hemoglobin, g/dL 13.27 £2.08
Creatinine, mg/dL 1.20 £ 0.72
Aspartate aminotransferase, U/L 29.4 +14.0
Alanine aminotransferase, U/L 26.7 +21.2
NT—pro—BNP, pg/mL 3428.8 + 5079.7

Values are mean =+ standard deviation or number of participants (%). ! Based on the current European Society
of Cardiology/European Respiratory Society guidelines. NT—pro—BNP, N—terminal pro—B—type natriuretic
peptide.

3.2. Hypocapnia and Its Correlates

In total, 62 patients with PH (39%) had hypocapnia at the time of PH diagnosis.
Considering the whole cohort, individuals with versus without hypocapnia tended to have
higher NT—pro—BNP at baseline (p = 0.089) and at the first follow—up (p = 0.065), but
NT—pro—BNP levels were similar in the two subgroups at the second follow —up (Table 2).

Table 2. Characteristics of participants with versus without hypocapnia for individuals with pul-
monary hypertension of all groups.

Pulmonary Hypertension

Characteristics With Hypocapnia Without Hypocapnia
(n};Pez) ’ (n o5y p-Value
Age, years 69.7 £9.5 702 £12.1 0.998
Hemoglobin, g/dL 13.31 £2.3 13.29 + 1.95 0.998
Creatinine, mg/dL 1.23 £ 0.57 1.19 +£0.81 0.994
HFpEF, n (%) 37 (24) 67 (43)
Arterial hypertension, 1 (%) 39 (25) 71 (45)
Atrial fibrillation, # (%) 14 (9) 35 (22)
Coronary heart disease, 1 (%) 21 (13) 19 (12)
COPD, n (%) 17 (11) 36 (23)
Interstitial lung disease, 1 (%) 11 (7) 17 (11)
Diabetes mellitus, 1 (%) 20 (13) 33 (21)
Connective tissue disease, 11 (%) 4 (3) 11 (7)
Systemic sclerosis, 1 (%) 9 (6) 4 (3)
Dyslipidemia, 1 (%) 31 (20) 44 (28)
Chronic renal insufficiency, 1 (%) 20 (123) 33 (21)
At diagnosis/baseline
Right atrial pressure 95+47 10.3 £4.9 0.145
Cardiac index 25+£07 27+10 0.096
Stroke volume index 0.034 £ 0.011 0.036 £ 0.016 0.217
Venous oxygen saturation 62.6 = 10.3 60.4 9.0 0.12
WHO functional class 31+£07 29+£0.7 0.188
NT—pro—BNP 4252.6 4 5404.7 2926.7 4+ 4845.6 0.089
At 3— to 6—month follow—up
WHO functional class 24+08 24+08 0.444
NT—pro—BNP 3342.3 +10,333.9 1173.1 +£1729.7 0.065
At 7— to 12—month
follow —up
WHO functional class 24+1.0 25409 0.512
NT—pro—BNP 1427.0 + 1975.7 1634.8 + 2571.9 0.374

Values are mean =+ standard deviation or number of participants (%). COPD, chronic obstructive pulmonary dis-
ease; HFpEEF, heart failure with preserved ejection fraction; NT—pro—BNP, N—terminal pro—B—type natriuretic
peptide; WHO, World Health Organization.
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In individuals with PAH (PH Group 1), levels of NT—pro—BNP were significantly
higher in those with versus without hypocapnia (4529 £ 5646 vs. 1380 + 1429, p = 0.026)
(Table 3). PAH patients with and without hypocapnia were comparable regarding co-
morbidities, pulmonary functions tests, and hemodynamic variables including cardiac
output (CO), mPAP, PVR, and pulmonary arterial wedge pressure (PAWP). There was no
significant difference in NT—pro—BNP between those with and without hypocapnia in indi-
viduals with PH Group 2 and 3 (p > 0.05). For individuals with PH Group 4, NT—pro—BNP
levels were at time of diagnosis slightly, but not significantly, lower in those with versus
without hypocapnia (p = 0.21) (Table 3).

Table 3. NT—pro—BNP values of participants with versus without hypocapnia for individuals within
each pulmonary hypertension group.

Pulmonary Artery Hypertension

NT—-Pro—BNP
With Hypocapnia Without Hypocapnia p-Value

At diagnosis/baseline

PH Group 1 4529 + 5646 1380 + 1429 0.026

PH Group 2 5711 £ 6363 3220 £ 4393 0.31

PH Group 3 3617 £ 5433 1917 + 3442 0.31

PH Group 4 1433 £ 1550 12,821 4+ 11,093 0.21

At 3— to 6—month

follow—up

PH Group 1 4452 + 13,623 827 + 963 0.33

PH Group 2 3802 £ 3819 2545 £ 3723 0.51

PH Group 3 1591 + 1506 847 £ 953 0.36

PH Group 4 873 + 824 2750 + 3524 0.37
At 7— to 12—month

follow —up

PH Group 1 832 + 810 2026 + 3428 0.23

PH Group 2 3795 £ 4426 2865 £ 1579 0.64

PH Group 3 3288 + 585 645 + 786 0.07

PH Group 4 601 £ 250 1806 + 340 0.18

NT—pro—BNP, N—terminal pro—B—type natriuretic peptide.

Nearly all (46/48) individuals with PAH (PH Group 1) were treated with PAH—specific
therapy. This included phosphodiesterase—5 inhibitors (PDE—5i), endothelin receptor
antagonists (ERAs), prostanoids, and highly dosed calcium channel blockers (CCBs) by
proven reversibility. The reduction in NT—pro—BNP levels during treatment was signifi-
cantly greater in individuals with versus without hypocapnia (p = 0.017) (Figure 1); there
was no difference in the effects of treatment on NT—pro—BNP in the other PH groups (all
groups p > 0.05).

At the time of diagnosis, the 6MWD and WHO classification for individuals with
PAH (PH Group 1) did not differ significantly between those with or without hypocapnia
(p > 0.05).
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Figure 1. Change in N—terminal pro—B—type natriuretic peptide (NT—pro—BNP) values over
time in individuals with pulmonary artery hypertension (PH Group 1) in individuals with versus
without hypocapnia (PCO, <35 vs. >35 mmHg); shaded areas on either side of the lines indicate the
confidence intervals.

4. Discussion

The results of this study showed that hypocapnia was associated with higher base-
line levels of NT—pro—BNP in individuals with group 1 PH (PAH) diagnosed using the
new hemodynamic definition. In addition, individuals with PAH who had hypocapnia
showed greater improvements in NT—pro—BNP during PAH—specific treatment than
those without hypocapnia.

Baseline PaCO; at rest has been reported to influence survival in people with idiopathic
PAH [21]. Survival rates were lower in those with a baseline PaCO, (at first diagnosis) of
<32 mmHg [21]. However, in that study, hypocapnia at rest and during exercise correlated
with low cardiac output, low peak oxygen uptake, and reduced ventilatory efficacy, which
may have been confounding factors. In our study, patients with and without hypocapnia
were comparable regarding hemodynamic variables including cardiac output, exercise en-
durance represented in the 6 MWD, and the WHO functional class. Despite this, individuals
with baseline hypocapnia (PaCO, <35 mmHg at first diagnosis) had higher NT—pro—BNP
levels than those without hypocapnia, except for those with PH Group 4, which represents
a specific phenotype of PH (the between—group difference was statistically significant in
patients with PH Group 1). People with thromboembolic pulmonary disease (PH Group 4)
are often hypocapnic, irrespective of the presence or absence of PH [24]. In this subgroup of
people with PH, it could be speculated that hypocapnia indicates respiratory compensation
and may be related to better prognosis. Our data support this because individuals with PH
Group 4 had lower NT—pro—BNP when they had hypocapnia at baseline.

Regarding patients with PH Group 1 (PAH), we are not aware of any evidence to
support the hypothesis of increased respiratory drive (hyperventilation due to an increased
chemosensitivity of the respiratory center) to explain hypocapnia. Therefore, other patho-
physiological explanations should be considered, which may be supported by our results.
An analysis of postcapillary blood gases in a small retrospective study showed that pa-
tients with PAH had significantly lower PaCO; values in blood gases derived from the
pulmonary artery than patients with PH in Groups 2-5, and this difference becomes much
more pronounced in postcapillary gases (i.e., with more pulmonary passage of blood) [25].
This implies that hypocapnia is a very consistent feature of PH Group 1 (PAH) and could
have other explanations, perhaps due to specific features and pathophysiological changes
in the pulmonary artery that play a central role in PAH, such as endothelial dysfunction.
Our results may support this because patients with hypocapnia had higher NT—pro—BNP
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levels, which may indicate more severe vasculopathy and greater right ventricular stress.
Logically, hypocapnia means that most of the blood passing through the pulmonary cir-
culation is flowing through areas with good ventilation. Increased hyperventilation due
to hypoxemia would be an explanation for hypocapnia. There are two other possible
explanations: an increased amount of blood passing through the pulmonary vasculature
and increased transport of CO, into the alveoli. An increased amount of blood passing
through the pulmonary vasculature could be due to inappropriately increased energy
output from the right ventricle to overcome the uncoupling between the right ventricle and
pulmonary artery, which could also explain the higher NT—pro—BNP values in patients
with hypocapnia. However, endothelial hypertrophy in still open capillaries may facilitate
COg, transport into the alveoli, providing another possible explanation for both hypocapnia
and increased stress on the right ventricle resulting in increased NT—pro—BNP levels.

High NT—pro—BNP is known to be a biomarker for severe disease in individuals with
PAH [26], and the current findings might indicate that PaCO, could be a useful marker of
risk at first diagnosis in individuals with PAH. However, future studies with larger sample
sizes are needed to investigate this further.

Along with the NT—pro—BNP level at diagnosis, levels during follow —up might
be just as important in terms of prognosis and allow more precise risk stratification [27].
Elevated plasma NT—pro—BNP levels are associated with increased mortality in patients
with PAH, but a fall in NT—pro—BNP levels after therapy is associated with improved
survival [28,29]. Interestingly, in our study, individuals with PAH who had hypocapnia at
baseline showed greater improvements of NT—pro—BNP during follow —up than similar
individuals without hypocapnia. This might simply indicate greater effectiveness of
PAH—specific treatment, meaning that, while hypocapnic individuals with PAH might
have more severe disease at presentation, this phenotype might actually benefit more
from PAH—specific therapy. One can speculate that hypocapnia is associated with more
pulmonary circulation changes that may partially improve with therapy, whereas patients
without hypocapnia may have more chronic refractory abnormalities. Also, hypocapnic
individuals with PAH might be a subgroup who have severe illness but also have better
reserves (reflected by the ability to hyperventilate) and may therefore benefit better from
PAH—specific treatments. Importantly, PAH patients with and without hypocapnia in our
study were comparable regarding some significant confounders (including hemodynamic
variables such as cardiac output, exercise endurance (6MWD), and the WHO functional
class), which could explain why hypocapnia at baseline had favorable effects at follow —up
compared with previous studies.

Independent of underlying disease, the development of PH is associated with clinical
deterioration and a substantial increase in mortality risk. Global population ageing and
increased life expectancy will increase the number of cases presenting to the medical system
with an illness that was, until relatively recently, not widely understood, suspected, diag-
nosed, and treated. Efforts to refine evaluation algorithms therefore continue, and several
authors have suggested that using a combination of parameters may better identify those
at high risk of PH, perhaps due to the limitations of currently available tools [30]. Of these
parameters, we have shown that PaCO; can and should be considered in the diagnosis
of PH and during patient follow—up. It represents an easy—to—use tool to help identify
individuals who should be monitored closely and for whom early therapy should be con-
sidered. It will also be interesting to determine whether hypocapnia should be considered
in the treatment decision making process for PH (e.g., in those with “borderline” PH).

5. Conclusions

In individuals with PAH diagnosed using the new hemodynamic criteria, hypocapnia
was a marker of disease severity at baseline, but was associated with better response to
PAH—specific therapy. It therefore seems important to include determination of PaCO, to
detect hypocapnia as part of the assessment and follow —up of individuals with PAH.
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Abstract: In patients with right heart failure (RHF) and pulmonary hypertension (PH), classical
teaching often advises cautious diuresis in the setting of ‘preload dependence’ to avoid renal injury
and hemodynamic compromise. However, while this physiology may hold true in some clinical
settings, such as acute ischemia with right ventricular infarction, it cannot necessarily be extended to
PH-related RHF. Rather, in patients with precapillary PH and decompensated RHF, diuresis aimed to
decongest the right heart and systemic venous system may be directly beneficial. This study aimed
to evaluate the effects of diuresis on renal function and blood pressure in patients with severe precap-
illary PH. A retrospective chart review was conducted on 62 patients with severe precapillary PH
admitted for decompensated RHF. The hemodynamic phenotype of these patients was characterized
by invasive hemodynamics and echocardiographic data. Laboratory and hemodynamic data were
collected at both admission and discharge. After large-volume diuresis in this patient population,
there was an improvement in both glomerular filtration rate and creatinine. While there was a decline
in blood pressure after diuresis, this was not clinically significant, given the blood pressure remained
in a normal range with improvement in renal function. In conclusion, this study demonstrated that
despite concern for preload dependence, significant diuresis in patients with acute decompensated
RHF from precapillary PH is not only safe but beneficial.

Keywords: pulmonary hypertension; diuresis; right heart failure

1. Introduction

Patients with right heart failure (RHF) and pulmonary hypertension (PH) have typi-
cally been considered to be ‘preload dependent’ [1]. This anecdote is problematic for many
reasons, not the least of which is that PH is conceptualized as a single entity rather than
hemodynamic subtypes combined with a patient’s specific clinical scenario. It is often
advised that diuresis be avoided or undertaken with extreme caution in the setting of PH
to avoid hemodynamic compromise and renal injury by way of decreased cardiac output
(CO) [2] and systemic blood pressure. However, while the concept of preload dependence
has been proven in the setting of right ventricular (RV) infarction [3,4], the same is not true
for patients with RV dysfunction secondary to precapillary pulmonary hypertension.

On the contrary, in patients with significant precapillary PH who present with acute
decompensated heart failure and volume overload, the etiology of RV dysfunction is
increased RV afterload rather than impaired intrinsic RV contractility. In this setting,
decongestion with diuresis may be immediately beneficial through the reduction in right
heart filling pressures, RV dimension, and the degree of TR with ultimate hemodynamic
improvement [5,6]. In reality, it is not uncommon for these patients to receive fluids for
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hypotension on presentation, ultimately having an opposite and detrimental effect on
the increasing right-sided filling pressures and the degree of TR. Further, while recently
published guidelines do generally recommend the use of diuretics in the setting of RHF
and precapillary PH, there are no cited studies to support this recommendation, and there
is no comment on the effects on hemodynamics and renal function [7]. Therefore, we
aimed to examine the effects of significant intravenous diuresis on hemodynamics and
renal function in patients with acute decompensated right heart failure secondary to severe
precapillary PH.

2. Materials and Methods
2.1. Study Objectives

The study aimed to examine the safety and effects of significant diuresis on both renal
function and hemodynamics in patients presenting with acute decompensated heart failure
secondary to precapillary PH.

2.2. Study Design

We performed a retrospective study on an electronic chart review of 62 patients with
severe PH-related decompensated RHF with signs and symptoms of volume overload. The
patients were admitted to a specialized advanced heart failure and PH service and treated
with intravenous diuresis tailored to the clinical needs of each patient. Prior to the start
of our study, the Temple Institutional Review Board (IRB) evaluated and approved our
protocol and methods. The Temple IRB determined that all the criteria for a waiver of
Health Insurance Portability and Accountability (HIPAA) authorization were met.

2.3. Patient Selection

Consecutive patients on inpatient Advanced Heart Failure and Pulmonary Hyper-
tension Service at Temple University Hospital were reviewed from 2013 to 2021. Weekly
sign-out documents were reviewed by a single investigator and screened for search terms,
including heart failure, volume overload, intravenous diuresis, and pulmonary hyperten-
sion. We included patients with severe precapillary PH. All patients meeting each of the
following criteria were included in the analysis: (1) age 18 years or older, (2) PH categorized
as World Health Organization (WHO) group 1 or 3 PH and defined as mean pulmonary
arterial (PA) pressure > 20 mm Hg on cardiac catheterization and pulmonary vascular
resistance (PVR) greater than 4 Woods Units (WU), and (3) admission for acute decompen-
sated heart failure and intravenous diuresis. Patients were excluded if they had PH that
was predominantly related to left-sided heart disease as evidenced by (1) a left ventricular
ejection fraction (EF) < 40%, (2) significant mitral or aortic valve disease, (3) a PVR less
than 4 WU, or (4) if the pulmonary capillary wedge pressure (PCWP) was >15 mmHg
on cardiac catheterization. Patients were also excluded if they were not diuresed during
the inpatient admission or if their admission was non-heart-failure related (for example,
trauma, infection, elective procedures, etc.).

2.4. Baseline Characteristics Data Collection

Data regarding baseline demographic characteristics, including age, gender, height,
weight, and body mass index, were collected through chart review for each patient. Clinical
data, including pertinent co-morbidities, functional class, past surgical history, PH-targeted
medical therapy, other medication regimens, and social history, were collected. Echocar-
diograms closest in temporal proximity to admission were reviewed. The time between
the echocardiograms and the admission dates ranged from 0 days to 4.3 months, with a
median of 7.5 days. The following qualitative and quantitative data points were collected:
date of the study, right atrial size, left atrial size, septal contour, RV outflow tract systolic
notching, RV size, RV function, tricuspid annular planar systolic excursion (TAPSE), left
ventricular EF, and all regurgitant or stenotic lesions of the tricuspid, pulmonic, mitral, and
aortic valves. An echocardiographic assessment was performed by an independent and
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blinded observer who was a board-certified echocardiographer with extensive experience
in echocardiographic quantitation of the right heart and pulmonary hypertension. The
echocardiographer was provided with a visual scorecard with illustrations of mild, moder-
ate, and severe septal flattening. The coding of the degree of septal flattening was made
by comparing the reference illustration card to the reference echocardiographic image of
the individual patient. Right heart catheterizations (RHC) closest in temporal proximity to
admission were reviewed. The time between RHC and the admission date ranged from
0 days to 23.4 months, with a median of 20 days. The following data points were collected:
date of the study, heart rate, systolic blood pressure, diastolic blood pressure, mean arterial
pressure, and hemodynamic pressure measurements, including right atrial, RV systolic, RV
diastolic, PA systolic, PA diastolic, mean PA, and PCWP. Additionally, CO, cardiac index
(CI), PVR, and systemic vascular resistance (SVR) were examined for each RHC.

2.5. Outcomes and Measures of Clinical Response

Laboratory data were collected on the day of admission and the day of discharge,
including sodium, glomerular filtration rate (GFR), and creatinine. The initial documented
systolic, diastolic, and mean blood pressure values were collected from the admission day
and from the discharge day. Jugular venous pressure (JVP) exam values (cm H,O) were
collected from the initial history and physical note and from the clinical note on the day
of discharge. While exams documented by attending physicians were prioritized, if these
were not available, JVP exams documented by resident or fellow physicians were included,
as they were obtained under the direct guidance of attending physicians within the Heart
Failure and Pulmonary Hypertension departments. In order to quantify the amount of
diuresis performed throughout the duration of the hospitalization, data were collected
on net fluid balance, weight loss, and maximum daily diuretic dose. The diuretic dose
was reported in milligrams of intravenous (IV) furosemide or furosemide equivalents for
patients receiving either Bumetanide or Torsemide. Other data points collected included
length of stay, 30 day readmission rates, and death during admission.

2.6. Statistical Analysis

Data were analyzed using IBM SPSS statistics V.22 software (SPSS Inc., Chicago,
IL, USA). Descriptive data for continuous variables are presented as means = SEM or
as medians (25% and 75%) when appropriate. Categorical data was compared using
Fisher’s exact test. Comparisons between groups for continuous variables were performed
using unpaired two-sample t-tests or the Mann-Whitney test, as appropriate. Analysis of
group effects with repeated exercise measures was performed by comparing mean slope
coefficients from individual linear regressions. Pearson correlation coefficients were also
used for categorical variables. A p-value of <0.05 was considered significant.

3. Results
3.1. Baseline Characteristics

Tables 1 and 2 summarize the baseline characteristics of the study cohort and the
baseline characteristics specific to PH etiology and management. Data from 62 patients
meeting the inclusion criteria were reviewed. Patients” ages ranged from 30 to 85 (mean
65 + 14.4 years). The majority of patients were female (83.9%) and White (61.2%). The
majority of patients had WHO Group 1 disease (90.3%), and six patients (9.7%) had WHO
Group 3 disease (Table 2). PH medical regimens, specifically on the day of admission, were
reported. Seventeen patients (27.4%) were on no PAH-specific medical therapy at the time
of admission; 45 patients (72.5%) were on some form of PAH-specific medical therapy on
admission, including phosphodiesterase type 5 (PDE5) inhibitors (1 = 44, 71%), inhaled,
oral, or parenteral Prostacyclins (n = 30, 48.4%), endothelin receptor antagonists (ERA)
(n =27,43.5%), and soluble guanlylate cyclase (sGC) stimulators (1 = 8, 12.8%). There were
two patients (3.2%) who remained on no PH medical therapy at the time of discharge, and
both of these patients were Group 3 PH. Other pertinent medications taken concurrently
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included either an angiotensin-converting enzyme (ACE) inhibitor or an angiotensin-
receptor blocker (ARB) (12.9%), mineralocorticoid receptor antagonists (27.4%), calcium
channel blockers (6.5%), beta-blockers (33.9%), statins (41.9%), and immunosuppressants
(8.1%). Of note, 12 patients (19.4%) had coronary artery disease, and 12 patients had a
history of atrial arrhythmias (19.4%).

Table 1. Demographics.

Demographics Mean £ SD or N (%)
Age,y 64.7 £ 145
Sex
Men 10 (16.1)
Women 52 (83.9)
Race
White 38 (61.2)
Black 16 (25.8)
Hispanic 8 (12.9)
Other 10 (16.1)
Body Mass Index (kg/m?) 285+ 8.1
NYHA Functional Class (noted closest to admission)
I 2(3.2)
I 5(8.1)
111 33 (53.2)
v 11 (17.7)
Other Medications
ACE/ARB 8 (12.9)
MRA 17 (27.4)
CCB 4 (6.5)
Beta-blocker 21 (33.9)
Statin 26 (41.9)
Immunosuppressant 5(8.1)

Co-morbidities

Hypertension 31 (50)

Hyperlipidemia 9 (14.5)

Diabetes Mellitus 15 (24.2)
Chronic Kidney Disease 10 (16.1)
Chronic Obstructive Pulmonary Disease 16 (25.8)
Coronary Artery Disease 12 (19.4)
Atrial arrhythmias 12 (19.4)
Autoimmune Disease 23 (37.1)

Data are reported as either mean + SD or number (percentage). Abbreviations: ACE—Angiotensin-
converting enzyme, ARB—Angiotensin receptor blocker, CCB—Calcium channel blocker, [V—intravenous,
MRA—mineralocorticoid receptor antagonist, NYHA—New York Heart Association.
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Table 2. Pulmonary-hypertension-specific baseline characteristics.

Diagnosis-PH WHO Group

PAH (Group 1) 56 (90.3)
PAH (Group 3) 6(9.7)
PH Medical Regimens on Admission
PDES inhibitor 44 (71)
Prostacyclin 30 (48.4)
Endothelin receptor antagonist 27 (43.5)
sGC Stimulator 8 (12.8)
Single 12 (19.3)
Dual 11 (17.7)
Triple 22 (35.4)
No PH Medical Therapy On Admission 17 (27.4)
Group 1 14 (22.5)
Group 3 3(4.8)
No PH Medical Therapy On Discharge 2(3.2)
Group 1 0
Group 3 2(3.2)

Abbreviations: PAH—Pulmonary Arterial Hypertension, PDE5—Phosphodiesterase, sGC—Soluble guanylate cyclase.

3.2. Echocardiographic and Hemodynamic Data

Tables 3 and 4 summarize the echocardiographic and hemodynamic data from RHC,
respectively. Echocardiography demonstrated normal left ventricular function, with a
mean left ventricular EF of 60.9% =+ 8.0 with a lack of left-sided valvular heart disease. The
majority of patients had severe RV dilatation (66.1%) and severe RV systolic dysfunction
(53.2%). The mean PA systolic pressure was 79.2 £ 22.2 mmHg, and the mean TAPSE
was 1.4 + 0.4 cm. RV outflow tract pulse wave Doppler systolic notching, a Doppler sign
of elevated pulmonary vascular resistance and low pulmonary artery compliance, was
present in 67.7%, absent in 19.4%, and not evaluated in 12.9% of patients. The degree of
ventricular septal flattening was noted to be severe in 46.8%, moderate in 37.1%, mild in
9.7%, and absent in 6.4% of the patient population. Tricuspid regurgitation was noted to
be either moderate or severe in 79.1% of subjects. Pericardial effusion was noted to be
present in 46.8% of patients and mild to moderate in 90% of patients. Thus, on average,
subjects had moderate to severe RV dysfunction, ventricular septal flattening, and tricuspid
regurgitation. A representative image of the typical apical four-chamber view from a
patient in the study is depicted in Figure 1.

The patients had severe PH by right heart catheterization, with a mean pulmonary
artery pressure of 49.9 £ 10.9 mmHg and a mean PVR of 11.7 & 5.7 WU. The mean PCWP
was 10 £+ 4 mmHg. Additionally, the mean right atrial pressure (RA) was 12 & 6 mmHg,
and the RA:PCWP ratio was elevated at 1.3 & 0.7 [8]. Thus, most patients had a hemody-
namic phenotype consistent with PH related to severe pulmonary vascular disease in the
relative absence of left heart congestion [9,10]. Further hemodynamic data collected in-
cluded RV systolic pressure (78.9 &+ 16.5 mmHg), RV diastolic pressure (15.2 £ 8.1 mmHg),
PA systolic pressure (80.0 £ 16.9 mmHg), PA diastolic pressure (32.8 &= 8.4 mmHg), CO
(3.8 = 1.2L/min), CI (2.1 £ 0.6 L/min/m?), and SVR (1736 + 824 Dynes-5).
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Table 3. Echocardiographic parameters.

Echocardiographic Parameters

Ejection Fraction (%) 60.9 + 8.0

PASP (mmHg) 79.2 £222

TAPSE (cm) 14+04

Right Atrial Size Normal 2 (3) Dilated 60 (97)

Left Atrial Size Normal 50 (80.6) Dilated 12 (19.4)

Ventricular Septal flattening None 4 (6.4) Mild 6 (9.7) Moderate 23 (37.1) Severe 29 (46.8)
RVOT Systolic Notching Present 42 (67.7) Absent 12 (19.4) Not evaluated 8 (12.9)

RV Size (Dilation) Normal 1 (1.6) Mild 3 (4.8) Moderate 17 (27.4) Severe 41 (66.1)
RV Function (Degree of Dysfunction) Normal 2 (3.2) Mild 3 (4.8) Moderate 24 (38.7) Severe 33 (53.2)
Tricuspid Regurgitation (Degree) None 3 (4.8) Mild 10 (16.1) Moderate 29 (46.8) Severe 20 (32.3)
Pericardial Effusion (size) None 33 (53.2) Mild 19 (30.6) Moderate 7 (11.3) Severe 3 (4.8)

Abbreviations: PASP—Pulmonary artery systolic pressure, RV—Right Ventricle, RVOT—Right Ventricular Out-
flow Tract, TAPSE—Tricuspid annular plane systolic excursion.

Figure 1. Echocardiogram. A representative image of an apical four-chamber view from a patient
in the study demonstrating moderate right ventricular (RV) dilation, right atrial (RA) dilation, and
normal left ventricular (LV) and left atrial (LA) size.

Table 4. Right heart catheterization hemodynamics.

Mean + SD Normal Values
Heart Rate (beats/min) 80.2 £+ 14.0 60—100 beats/min
SBP (mmHg) 119.0 £ 242 90—140 mmHg
DBP (mmHg) 69.2 £13.7 60—90 mmHg
MAP (mmHg) 88.5+17.3 70—105 mmHg
RA (mmHg) 11.8 +£55 2—6 mmHg
RVSP (mmHg) 789 £ 16.5 15—25 mmHg
RVDP (mmHg) 152 £ 8.1 0—8 mmHg
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Table 4. Cont.

Mean + SD Normal Values
PASP (mmHg) 70.0 £ 16.6 15—25 mmHg
PADP (mmHg) 32.8+84 8—15 mmHg
Mean PA (mmHg) 499 £10.9 9—-18 mmHg
PCWP (mmHg) 10.1 £3.9 6—12 mmHg
RA: PCWP 1.3+£0.7 <0.5
CO (L/min) 3.8+12 4.0—8.0 L/min
CI (L/min/m?) 21406 2.5—4 L/min/m?
PVR (Woods Units) 11.7 £5.7 <2WU
SVR (dynes/s/cm ™) 1736 + 824 800—1200 dynes/s/cm >

Abbreviations: CI—Cardiac index, CO—Cardiac output, DBP—Diastolic blood pressure, MAP—Mean arterial
pressure, PA—Pulmonary artery, PASP—Pulmonary artery systolic pressure, PCWP—Pulmonary capillary
wedge pressure, PVR—Pulmonary vascular resistance, RA—Right atrial, RV—Right ventricular, RVDP—Right
ventricular diastolic pressure, RVOT—Right ventricular outflow tract, RVSP—Right ventricular systolic pressure,
SBP—Systolic blood pressure, SVR—Systemic vascular resistance, TAPSE—Tricuspid annular planar systolic
excursion, WU—Woods units. Normal Value References [NO_PRINTED_FORM] [7,8,10-12].

3.3. Admission Characteristics

Table 5 outlines admission characteristics. The mean admission duration was
10.1 & 6.4 days, and the 30-day readmission rate was 12.9% (n = 8). Patients received
relatively high dose diuretics, with a mean maximum daily diuretic dose of 552 &= 752 mg
in oral Furosemide equivalents. Diuretic choices included Furosemide (25 patients),
Bumetanide (41 patients), and Torsemide (2 patients). Patients experienced a mean net
diuresis of 13.3 = 7.6 L, with a mean weight loss of 7.0 = 6.7 kg. Five patients (8%) received
an additional diuretic, either metolazone or intravenous chlorothiazide. Fourteen patients
(22.5%) had a new diagnosis of PH on admission. These patients were either directly
admitted from a clinic after an initial outpatient visit or transferred from another institution
in the context of a new diagnosis of PH.

Table 5. Admission characteristics.

Admission Characteristics

Duration (days) 10.1 £ 6.4

New PH Diagnosis on Admission 14 (22.5)

30 day readmission rate 8 (12.9)

Total Liters Diuresed (L) 133 +77

Weight Change (kg) —70£67

Mean highest daily diuretic dose ~ (mg, Furosemide equivalents) Median 240 (Min 20, Max 3840)
Diuretics Used Number of Patients

Furosemide 25 (40)

Bumetanide 41 (66)

Torsemide 2 (3)

Metolazone/Chlorothiazide 5(8)
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Table 5. Cont.

Pre and Post Diuresis (Entire Cohort) Admission Discharge p Value
Systolic Blood Pressure (mmHg) 114 £ 20.6 106 £15.7 p <0.05
Diastolic Blood Pressure (mmHg) 71.1£135 649 £9.8 p <0.05
Mean Arterial Blood Pressure (mmHg) 85.6 = 14.5 78.5 £ 10.9 p <0.05
Heart Rate (beats/min) 86.8 = 16.1 79.7 £13.0 p <0.05
Creatinine (mg/dL) 14+05 12+04 p <0.05
GFR (mL/min/1.73 m?) 473 +12.1 50.3 +11.1 p <0.05
Serum Sodium (mmol/L) 1373 +5.2 137 + 3.9 p<0.3
Jugular Venous Pressure (cm HyO) 15.8 +3.8 8.7+18 p<0.05
In Patients Receiving > 1000 mg Furosemide equivalents daily =~ Admission Discharge p Value
Mean Arterial Blood Pressure (mmHg) 87.3 £13.5 813 +124 p<0.1
Creatinine (mg/dL) 1.8£04 1.4+£0.5 p <0.05
Glomerular Filtration Rate (mL/min/1.73 m2) 37.8 £9.9 46.1 + 14.1 p <0.05

Data are reported as either mean £ SD or number (percentage). Furosemide equivalents: Oral: 1 mg
Bumetanide = 20 mg Torsemide = 80 mg Furosemide. Intravenous: 1 mg Bumetanide = 20 mg Torsemide = 40 mg
Furosemide [13].

3.4. Renal Function and Hemodynamics

Despite significant net diuresis, there was no adverse effect on renal function when
comparing admission values to discharge values. Rather, there was a statistically significant
improvement in creatinine, from 1.4 £+ 0.5 mg/dL (123.8 £ 44.2 umol/L) on admission
to 1.2 £ 0.4 mg/dL (106.8 & 35.4 pumol/L) on discharge (p < 0.05). Similarly, there was
a significant improvement in GFR from 47.3 + 12.1 mL/min/1.73 m? on admission to
50.3 & 11.1 mL/min/1.73 m? on discharge, post diuresis (p < 0.05). There was no significant
change in serum sodium on admission (137.3 &+ 5.2 mmol/L) when compared to discharge
(137 & 3.9 mmol/L). In terms of hemodynamics, a decline in the mean arterial pressure
from 85.6 £+ 14.5 mmHg on admission to 78.5 + 10.9 mmHg on discharge following
large-volume diuresis (p < 0.05) was statistically significant. Jugular venous pressure
examination significantly decreased from admission to discharge (15.8 & 3.8 on admission
to 8.7 & 1.8 cm H,O on discharge) (Figure 2).

A Weight B Jugular Venous Pressure C  Mean Arterial Pressure D Glomerular Filtration Rate E Creatinine

mAdmit mDischage = P<0.05 mAdmit mDischage  p<0.05 mAdmit WDischarge | p<0.05 mAdmit mDischarge | p<0.05 mAdmit mDischage = P<0.05
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Figure 2. Pre- and Post-Diuresis Data. Admission and discharge values for weight (A), Jugular
Venous Pressure (B), Mean Arterial Pressure (C), Glomerular Filtration Rate (D), and Creatinine (E).

4. Discussion

This study demonstrated that in patients with severe precapillary PH presenting with
acute decompensated RHF, significant intravenous diuresis had no significant adverse
effect on renal function but rather led to the improvement of both creatinine and GFR.
Additionally, there was no clinically significant adverse effect on hemodynamics when
examining blood pressure before and after diuresis. These results mirror what has been
anecdotally known by clinicians treating PH-related right heart failure, but this is the
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first objective evidence to support diuresis in the correct clinical context of precapillary
PH patients.

Patients with RV dysfunction are often considered ‘preload dependent’, thus rais-
ing concern for hemodynamic and renal function compromise following extracellular
volume removal [2,14,15]. This broadly applied concept likely stems from observations
specific to the physiology of acute RV ischemia and infarction, where ischemia-induced RV
dysfunction and loss of chamber compliance can lead to an altered RV pressure-volume
relationship [16,17]. In these cases, with normal PVR, increased preload by way of modest
volume loading is often necessary to maintain stroke volume and cardiac output until
acute RV ischemia is alleviated. Similarly, acute preload reduction by way of diuresis or
venodilation is not well tolerated hemodynamically in subjects with acute RV ischemia [16].
However, in cases of precapillary PH, the root cause of RV dysfunction is increased PVR
and low PA compliance and, thus, increased RV afterload. Under these circumstances, vol-
ume loading is not effective in stroke volume recruitment but will lead to worsening right
heart congestion, often leading to increased RV dilation, worsening TR, further leftward
displacement of the interventricular septum, and overall hemodynamic deterioration [5,18-
20].

In addition, unlike acute RV ischemia and infarction, the patients in our cohort pre-
sented with chronic PH-related right heart dysfunction and decompensated heart failure
with clinical evidence of significant extracellular volume expansion. As such, in our cohort,
intravenous diuresis was undertaken in the context of volume overload with the goal of
restoring euvolemia and avoiding hypovolemia through careful serial assessment of right-
sided filling pressures via JVP evaluation. Effective and appropriately administered diuresis
in this context often has the opposite and, therefore, the beneficial effect of reduction in right
heart filling pressure, RV dimension, and TR with ultimate hemodynamic improvement.

As management of RHF varies depending on its mechanism, we aimed to examine a
group of patients with a robust precapillary PH phenotype, as evidenced by both echocar-
diographic data and hemodynamics from RHC. Precapillary PH has been defined as a mean
PA pressure of >20 mmHg, along with a PVR of >3 WU, and a PCWP of <15 mmHg [9,10].
Our patient population fits this phenotype of precapillary PH not only by invasive hemo-
dynamics on RHC but also with supportive findings on echocardiography. Further, we
included patients with a PVR > 4 WU, which is higher than the normally defined cut-
off. This was done to enrich the hemodynamic phenotype of the patient population with
precapillary disease. While the cohort was mostly composed of Group I PAH patients
(90.3%), there were six patients that had Group 3 PAH (9.7%). Despite a different WHO
group categorization, Group 3 patients can have severe precapillary PH and right heart
failure that is clinically indistinguishable from that of Group 1 patients in terms of hemo-
dynamics and heart-failure-related presentations [21]. Of note, the average PVR of the
Group 3 patients in this study was 11.8 WU, which was similar to the entire cohort. With
a similar hemodynamic phenotype, Group 3 patients will require intravenous diuresis in
the correct clinical setting, similarly to Group 1 patients. As such, the inclusion of Group
3 patients carries a similar relevance from a physiologic and clinical standpoint. Although
chronic thromboembolic pulmonary hypertension (CTEPH), or Group 4 PH, also represents
a cohort of precapillary PH patients, many of these patients were admitted for surgical
management with pulmonary thromboendarterectomy. Further, there is a high use of
intravenous contrast for the workup and management of CTEPH. As both points have the
potential of significantly confounding the data, this group was excluded.

The severity of the precapillary PH phenotype is supported by the invasive hemody-
namic data of the cohort, with a mean pulmonary artery pressure of 50 mmHg, PVR of
nearly 12 WU, and a PCWP of only 10 mmHg [7]. There was a conspicuous absence of left
heart disease in the cohort by echocardiography as well, given normal left ventricular sys-
tolic function, normal left atrial size, and an absence of left-sided valvular heart disease. In
contrast, the majority of patients demonstrated severe RV dilation and RV systolic function.
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The presence of RVOT Doppler notching in a majority of subjects supports a high PVR and
low PA compliance as the cause of PH in our cohort [22].

In this context, significant intravenous diuresis with an attendant volume and weight
loss of 13 L and 7 kg, respectively, had no adverse effects on blood pressure or renal func-
tion. In contrast, there was a significant decrease in creatinine, a significant increase in GFR,
and no significant change in serum sodium levels. Therefore, right heart decongestion with
intravenous diuresis in this setting was not only safe but was directly beneficial to renal
function. Improved renal function in this context is likely related to the direct relationship
between right atrial pressure and renal venous pressure. Right heart decongestion and
improved RA pressure translate to decreased renal venous pressure, subsequently leading
to an improved renal arterial venous perfusion gradient. Diuresis was guided by daily as-
sessment of right-sided filling pressures through JVP evaluation by experienced physicians
within both the Heart Failure and PH departments and accomplished with relatively high
doses of IV diuretics (Furosemide equivalents ranging from 40 mg/day to 3840 mg/day,
Table 5). Despite the high doses of diuretics used to achieve euvolemia, there was still
improvement in renal function. This was confirmed by examining a subset of patients
who received particularly high doses of loop diuretics. There were 8 patients (12.9%) who
received daily Furosemide equivalents of >1000 mg per day and accordingly diuresed
13.5 L on average, with an associated decline in JVP of >50%. This subset of patients had
a decline in creatinine (1.8 to 1.4 mg/dL, 159.1 to 123.8 umol/L) and an increase in GFR
(37.8 to 46.1 mL/min), which was similar to the results of the entire cohort. As such, doses
of diuretics did not have a detrimental effect on renal function as long as decongestion
was achieved.

While the benefits of decongestion in left heart failure and cardiorenal syndrome have
been studied extensively [23-26], the same is not true for right heart failure. Treatment
guidelines for PH endorse the general use of diuretics in the setting of fluid retention;
however, they do not provide specific recommendations nor cite evidence of their efficacy
and safety in this specific cohort of patients with severe precapillary PH [7]. Further, there
are no comments in the guidelines regarding the safety of diuresis in this cohort or the
effects on renal function. Despite these general recommendations, it is not uncommon in
clinical practice for these patients to present with hypotension and receive intravenous
fluids in response. Contrary to this common clinical practice, the data from the current
study supports the recommendations for the use of diuretics in a cohort of patients with
severe PH and clinical right heart failure and, importantly, provides direct evidence of
efficacy and safety in this clinical context.

Although we observed a modest drop in mean arterial pressure post-diuresis that
proved statistically significant, this change was not clinically significant given the post-
diuresis MAP remained well within a normal physiologic range, with no untoward clinical
events and improved renal function. It is important to note that although MAP declined
by 8% following diuresis, JVP (clinically estimated right atrial pressure) decreased by 46%.
Recognizing that right atrial pressure is a close approximate to renal venous pressure,
these findings lend toward a net increase in renal perfusion pressure, which likely in part
explains the improved creatinine and GFR as in our cohort [26].

It is important to emphasize that this was a cohort of acutely decompensated patients,
many of whom were presenting to our practice for the first time at the outset of initiation
of their PH medical therapy. While a significant minority of patients were either on no PH
medical therapy (22%) or PH monotherapy (19.3%) upon admission, this does not reflect
their long-term PH therapy regimens. Changes were made to PH therapy regimens both
during hospitalization and during short-term follow-up in the outpatient setting under
the guidance of experienced PH experts. Notably, only two patients remained off all PH
medical therapy at discharge, both limited by severe hypoxia in the context of Group 3 PH.
While changes in the PH regimen were not the focus of our study, our observations of a
lack of acquired azotemia and systemic hypotension in the context of often newly initiated
PH medical therapy may strengthen our observations further. Specifically, it is notable that
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even in the context of severe precapillary PH presenting to us without a high incidence of
dual or triple therapy, a relatively large volume IV diuresis was still not associated with
clinically significant hypotension or azotemia.

5. Limitations

A potential limitation of the current study was the retrospective nature of the review,
although the straightforward nature of our observations would not likely yield a different
result if studied prospectively. Additionally, echocardiographic and hemodynamic data
were not systemically repeated at the time of admission. However, echocardiographic
and hemodynamic data were typically obtained in relatively close temporal proximity to
admission. This, combined with the chronic nature of the condition, leads to the reported
echocardiographic and hemodynamic data being representative of the patients” physiolo-
gies at the time of admission. It is also important to note that the majority of patients with
severe PH in this cohort either presented on PH medical therapy or were started on PH
medical therapy during hospitalization. Although clinically appropriate and commensu-
rate with the severe nature of their PH, our observations may have differed if the diuresis
had been undertaken in the absence of PH therapy OR in the presence of an intensified PH
regimen. Lastly, our observations should be interpreted with the understanding that the
patients in our cohort were medically managed and diuresed at a major PH center under
the care of experienced PH specialists.

6. Conclusions

In spite of anecdotal concern for preload dependence and hesitancy to diurese patients
with PH and right heart dysfunction, this study demonstrated that significant intravenous
diuresis in patients with severe precapillary PH and right heart dysfunction and clinical
HF is not only safe but beneficial.
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Abstract: Pulmonary hypertension (PH) is a disorder involving a heterogeneous group of medical
conditions encompassing several cardiopulmonary illnesses. Implementing new diagnostic criteria
for PH in conjunction with multimodality diagnostic tools is crucial for accurate and early recognition
of this life-threatening form of right heart failure. This should streamline early referrals to accredited
PH centers, with a goal to rapidly institute targeted therapy in order to optimize prognosis.
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1. Introduction

Pulmonary hypertension (PH) is a disorder involving a heterogeneous group of
medical conditions encompassing several cardiopulmonary illnesses. The most recent
6th World Symposium on Pulmonary Hypertension redefined the threshold for recognizing
PH, including a new cut-off level for mean pulmonary artery pressure >20 mmHg [1].
The World Health Organization’s diagnostic groups of PH provide a useful framework
for categorizing the various etiologies of PH, whereas the hemodynamics more directly
allow us to understand the phenotype (i.e., precapillary, postcapillary, or combined pre-
and postcapillary).

The diagnosis of PH can be complex, and at times, it requires a multidisciplinary
approach in order to detect and manage PH. General practitioners are frequently the first
physicians to encounter this group of patients [2]. Despite the life-threatening nature of
this condition and the increased awareness and advances in therapies in the past 20 years,
significant delays from the onset of symptoms to the time of diagnosis remain. The time
from symptom onset to a diagnosis of PH can be delayed by a mean of over 2 years and
occur after multiple hospitalizations. The highest likelihood of delayed recognition occurs
in patients that are less than 36 years old. Deano et al. [3] demonstrated that 60% of
patients had functional class III or IV symptoms, and 33% were misdiagnosed at the time
of referral for PH. These delays can result in a worsening clinical outcome or survival [2-6].
We present a practical overview with an emphasis on the early diagnosis of PH for the
clinician and suggest pathways for expedited referral to PH centers of excellence to improve
outcomes through the early initiation of treatment [7]. As such, the essential aspects in
the evaluation and diagnosis of pulmonary hypertension are summarized below. We also
include a suggested approach for referral.

2. Classification of PH

Figure 1 summarizes the updated classification of the 6th World Symposium on PH
based on etiology. The WHO'’s Group I PH, referred to as pulmonary arterial hypertension
(PAH), encompasses various causes including connective tissue diseases (most commonly
systemic sclerosis), HIV, portal hypertension, drug and toxin exposures, congenital heart
diseases causing systemic-to-pulmonary shunting, and idiopathic and hereditary PH. PAH
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in particular is an underdiagnosed but serious disease, characterized by progressive right
heart failure [8]. The WHO’s Group II PH is PH from left heart diseases, also known as
postcapillary or pulmonary venous hypertension and includes left ventricular systolic
and/or diastolic heart failure and heart failure related to left-sided valvular disease. The
WHO'’s Group III PH is caused by chronic hypoxic and respiratory diseases. The WHO'’s
Group IV PH is related to chronic pulmonary artery obstructions, most commonly chronic
thromboembolic pulmonary hypertension (CTEPH). Lastly, the WHO’s Group V PH in-
cludes miscellaneous diseases such as sarcoidosis, thyroid disorders, and end-stage renal
disease with or without dialysis.

PH associated with lung diseases

Pulmonary Arterial Hypertension o adfor hyscomnia

1.1 Idiopathic
1.2 Heritable

1.3 Drug and toxin

1.4 Associated with: connective
tissue disease, HIV, portal HTN,
congenital heart disease,
Schistosomiasis

1.5 PVOD/PCH

3.1 Obstructive lung disease or emphysema
3.2 Restrictive lung disease

3.3 Lung disease

3.4 Hypoventilation syndrome

3.5 Hypoxia w/o lung disease

3.6 Developmental lung disorder

1.6 Persistent PH of the newborn

PH iated with pul y
obstructions

PH associated with Left Heart

Disease PH with unclear and/or multifactorial

mechanisms

2.1 HFpEF and HFrEF

2.2 Valvular heart disease
2.3 Congenital/acquired CV
leading to postcapillary PH

5.1 Hematological (e.g hemolytic anemia and
myeloproliferative disorder)

5.2 Systemic disorder (e.g.sarcoid,
Langerhan's cell histiocytosis,
neurofibromatosis type 1)

5.3 Metabolic disorders (e.g glycogen storage
disease and Gaucher)

5.4 Renal failure

Clinical Classification of Pulmonary .
Hypertension G sl

5.6 Fibrosing Mediastinitis

Figure 1. Clinical classification of pulmonary hypertension. CV: cardiovascular; e.g.: example given;
HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with reduced ejection
fraction; HIV: human immunodeficiency virus; HTN: hypertension; PH: pulmonary hypertension;
w/o: without. Created using Biorender.

3. History and Physical Exam

By far the most common and one of the earliest presenting symptoms is dyspnea with
exertion. This can frequently be the only presenting symptom. The nonspecific nature of this
symptom frequently results in misdiagnosis for more common disorders such as asthma,
left heart failure, or deconditioning associated with obesity. Orthopnea is more commonly
a feature of PH that is secondary to left heart disease as opposed to PAH. Exertional
presyncope and syncope are hallmark symptoms of PAH and are frequently what draws
attention to the diagnosis. Exertional syncope, as well as rapidly worsening functional
capacity, are considered high-risk findings that warrant urgent intervention. Exertional
chest pain, which is typically related to right ventricular (RV) ischemia related to limited
coronary perfusion in the context of chamber enlargement and hypertrophy, is another
common symptom that should be recognized as a manifestation of PAH. Historically,
hoarseness (due to compression of the left laryngeal recurrent nerve) and wheezing (due to
compression of the bronchi) have been described, but practically, they do not occur, and
these symptoms should not be expected or associated with PAH [1,9,10].

During a physical exam, there are multiple findings that can be elicited on cardiac aus-
cultation. Though nonspecific for PH, the systolic murmur of tricuspid regurgitation may
be auscultated. An increased pulmonic component to the second heart sound, related to the
early closure of the pulmonic valve, may be appreciated. In the setting of RV hypertrophy
(RVH) and enlargement, palpation over the sternum may reveal a prominent pulsation,
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termed the parasternal heave [11]. As the PH syndrome advances, clinical findings of heart
failure such as elevated jugular venous pressure, lower extremity edema, and ascites may
be apparent. The jugular venous pulsation may have “V” waves, suggesting significant
tricuspid regurgitation. The presence of significant right heart failure warrants urgent
attention. Resting tachycardia, hypotension, and exertional hypoxia are signs of impaired
cardiac output and pulmonary vascular disease and warrant urgent intervention [1,11].

Elements from the patient’s history and physical exam may provide clues to the etiol-
ogy. A history of Raynaud’s syndrome, dysphagia, or gastroesophageal reflux and physical
findings of sclerodactyly or telangiectasias may suggest undiagnosed connective tissue
disease. Digital clubbing may suggest a systemic-to-pulmonary shunt with Eisenmenger’s
syndrome, which is associated with congenital heart disease or advanced lung disease.
An extensive alcohol abuse history or methamphetamine use may suggest Group I PH,
related to portopulmonary hypertension or toxins, respectively. Historical elements which
predispose patients to left heart disease include traditional cardiovascular risk factors such
as the presence of atherosclerosis, systemic arterial hypertension requiring two or more
medications, atrial fibrillation, and obesity [12]. An extensive smoking history, abnormal
lung sounds, and profound hypoxia may suggest PH in the setting of chronic lung disease.
A prior history of hypercoagulable disorders or history of venous thromboembolism may
increase suspicion for CTEPH, but the absence of these does not rule out the likelihood of
this diagnosis [1,11,13].

4. Risk Factors for Pulmonary Hypertension

Certain conditions will be considered risk factors for PH, such as a prior history of
pulmonary embolism, use of methamphetamine, connective tissue disease, portal hyper-
tension, HIV, sarcoidosis, congenital heart disease, or a family history of PAH. Screening
at-risk patients has been described. In the case of connective-tissue-disease-associated PAH,
around 75% have systemic sclerosis, and it carries poor prognosis. Hence, the inclusion
of the DETECT algorithm [14] is a Class 1 recommendation in asymptomatic adults with
systemic sclerosis of more than 3 years, FVC > 40% and DLCO < 60%.

5. Diagnostic Tools

We briefly discuss the diagnostic tools available for the diagnosis of PH (Table 1) and
summarize our findings in a step-wise algorithmic approach to expedite care for patients
with PH (Figure 2).

Table 1. Testing to diagnose pulmonary hypertension.

Tests Sensitivity Specificity Benefit Limitation
Easy to obtain, provides important . .
ECG 20% [15] 79.3-100% [16] clues to PH when symptoms are o cons¥dered inadequate
. for screening.
present, helps detect arrhythmia.
Useful initial noninvasive Dep en den(?e on the. q1.1ahty of
modality for screening and imaging, difficulty in image
TTE [17] 83% 72% y 5 acquisition with increased RV
measurement of pulmonary
ressures volumes, steady heart rate, and
P ’ experience of the laboratory staff.
CT chest allows for comprehensive
CT chest [18] 74-79% 81-83% evaluation of the pulmonary Radiation exposure.
vasculature and lung parenchyma.
Allows us to distinguish CTEPH Low utility in diagnosing causes of
VQscan [19,20]  90-100% 94-100% from other forms of PH, negative PH other than thromboembolic
test helpful for ruling out CTEPH.  disease.
Provides a comprehensive CMR is expensive, not widely
CMR [21] 84% 71% evaluation of the heart, good for available, and requires significant

quantification of right ventricular
volumes, mass and function.

operator expertise.Also limited
lung parenchyma evaluation.
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Figure 2. Stepwise approach algorithm for diagnosis of pulmonary hypertension.

5.1. Laboratory Markers

Laboratory tests that should be obtained at the time of PH diagnosis include blood
count, kidney function (creatinine, calculation of estimated glomerular filtration rate,
and urea), liver function panel, and BNP or NT-proBNP [1]. Serology testing for HIV
and anti-nuclear antibodies should be performed. Screening for biological markers for
hypercoagulable diseases is recommended in patients with CTEPH [1].

5.2. Electrocardiogram

There are typical ECG abnormalities in PH, including P Pulmonale (P wave > 2.5 mm
in lead II or prominent positive initial P wave forces in lead V1 or V2), right axis deviation
(QRS axis more than 90" or indeterminate), RVH (R/S > 1, withR>5mmin VI;Rin V1 +S
inlead V5 > 10 mm), right bundle branch block, complete or incomplete (qR or rSR patterns
in V1), and RV strain pattern (ST depression/T-wave inversion in the right precordial V1-4
and inferior I, Il, aVF leads) [1] (Figure 3). The presence of RAD (right axis deviation) has
a high predictive value for PH for patients that are evaluated with unexplained dyspnea on
exertion [22]. P wave amplitude in the inferior leads, RVH criteria, and sinus tachycardia
have each independently been associated with risk of death [23].
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Figure 3. Electrocardiogram findings of pulmonary hypertension. This electrocardiogram demon-

strates P pulmonale (arrowheads), right ventricular (RV) hypertrophy (solid arrows), RV strain
(dotted arrows), and right axis deviation.

5.3. Transthoracic Echocardiography

Transthoracic echocardiography is the first line and the most valuable noninvasive
tool in the evaluation of patients with suspected PH. It provides information on right and
left heart function, valvular abnormalities, and hemodynamic estimates.

RV systolic pressure (equivalent to pulmonary artery systolic pressure in the absence of
congenital pulmonary stenosis) can be estimated based on the peak tricuspid regurgitation
velocity (TRV), measured by continuous-wave Doppler (Figure 5A). The echocardiographic
estimate for detecting PH is an RV systolic pressure of >40 mmHg, which differs from the
RHC mean PAP > 20 mmHg. The ESC/ERS guidelines [1] recommend categorizing the
probability of detecting PH in three ways based on TRV: low (<2.8 m/s TRV or not measur-
able), intermediate (2.9-3.4 m/s TRV), and high (>3.4 m/s TRV). They also recommend
incorporating RV morphology, size and function, pulmonary artery dimensions, inferior
vena cava size, and right atrial area. When used alone in the echocardiographic evaluation
of PH, the RV systolic pressure estimate has significant limitations. It does not provide
clarity regarding the etiology or diagnostic WHO group of PH and can occasionally be
significantly discrepant from invasive hemodynamic measurements [24,25]. Additional
limitations include interobserver variability and that it cannot be measured in 20-39% of
the patients, particularly in the absence of TR or in patients with obesity or COPD [26].

The features of elevated pulmonary vascular resistance, consistent with WHO Groups
1,3, and 4 PH, can be recognized on Doppler echocardiography and should raise suspicion
for PH even in the presence of a normal RV systolic pressure estimate. A pulse wave
Doppler interrogation of the RV outflow tract (RVOT) is performed just proximal to the
pulmonic valve. A reduced RVOT Doppler acceleration time (measured as the time from
baseline to peak Doppler velocity) or RVOT Doppler systolic notching may be evident
(Figure 4C’). Both these Doppler findings are related to the impedance of forward blood
flow in the setting of an elevated pulmonary vascular resistance. The position of the
interventricular septum is best assessed in short-axis view. In significant pulmonary
vascular disease, the interventricular septum will bow abnormally towards the left ventricle
during systole, resulting in interventricular septal flattening (Figure 4B’). The RV may be
enlarged and hypertrophied with an open apical angle (Figure 4A"). Right heart systolic
function, assessed via echocardiogram, is one of the strongest predictors of prognosis in
PH. There are various methods to assess right heart function via echocardiography, of
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which one of the most common is Tricuspid annular plane systolic excursion (TAPSE). This
measurement is obtained by placing the M-mode cursor in line with the tricuspid annulus
in order to measure the degree of longitudinal excursion (Figure 5) [27-29].

Figure 4. Transthoracic echocardiogram findings of precapillary pulmonary hypertension. In normal
physiology, the right ventricle (RV) is approximately 2/3 of the size of the left ventricle (LV); the LV
forms the apex of the heart, and the RA is similar in size to the left atrium (A). The interventricular
septum (IVS) is round ((B), line), and the right ventricular outflow tract pulse wave Doppler profile
(RVOT PWD) is parabolic (C). In pulmonary arterial hypertension, the RV is enlarged and apex-
forming ((A"), arrow), with right atrial enlargement (A’). The IVS can flatten in systole (“pressure”
overload or high resistance) (B"). The RVOT PWD is notched in appearance ((C’), arrowhead).
RA =right atrium, RV = right ventricle, LA = left atrium, LV = left ventricle.

Equally important are echocardiographic findings that are more suggestive of WHO
Group 2 PH due to left heart disease, which is the most common type of PH. These findings
include left atrial enlargement, systolic dysfunction, increased left ventricular mass, signifi-
cant (grade 2 or worse) diastolic dysfunction, and echo-Doppler estimations of elevated
left heart filling pressures [12,30]. The VEST score can be useful as a simple screening
tool to assess the likelihood of precapillary (Groups 1, 3, and 4) versus postcapillary PH
(Group 2) by extracting common echocardiography parameters from the echocardiographic
report. This may help guide timely referral to expert PH centers [30,31]. Echocardiography
alone is insufficient to definitively confirm a diagnosis of PH, which requires right heart
catheterization (RHC).
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Figure 5. Doppler echocardiographic findings in pulmonary hypertension. The right ventricular
systolic pressure (RVSP) can be estimated with the velocity of the tricuspid regurgitant jet by utilizing
the modified Bernoulli equation: 4 X (velocity)2 + right atrial pressure. In the absence of pulmonic
stenosis, the RVSP is equal to the pulmonary artery systolic pressure (A). Tricuspid annular plane
systolic excursion (TAPSE) is obtained by placing the M-mode cursor in line with the tricuspid
annulus. The degree of excursion is utilized to estimate right heart function (B). In this patient, the
TAPSE is abnormal at 1.0 cm (normal > 1.8 cm).

5.4. Chest X-ray

A normal chest X-ray does not exclude PH [32]. The characteristic features of PH in-
clude a prominent right-sided silhouette due to RA/RV enlargement along with pulmonary
artery prominence and pruning of the vessels in the peripheral lung fields [33] (Figure 6).
X-ray is useful for differentiating between chronic obstructive airway disease, characterized
by enlarged lungs with flattened diaphragms, and restrictive lung disease (interstitial lung
diseases), characterized by smaller lung volumes with increased reticular markings. Left
heart disease can include left atrial enlargement, interlobular septal thickening, “Kerley B”
lines, possible pleural effusions, and the redistribution of pulmonary vessels with upper
lobe prominence.

LUNG PERFUSION SCAN

Figure 6. Thoracic imaging of pulmonary hypertension. (A) Chest X-ray with prominent pulmonary
artery markings. (B) CT chest with dilated main pulmonary artery, which is larger than the ascending
aorta. (C) Perfusion scan with arrows marking abnormal perfusion defects.

Interestingly, Miniati et al. [20] found that chest radiography has a high sensitivity
(96.9%) and specificity (99.1%) for detection of moderate to severe PH. Additionally, chest
radiography can show findings of diffuse lung diseases that can be associated with PH,
such as interstitial fibrosis and emphysema [10,13].
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5.5. Pulmonary Function Test

Pulmonary function tests (PFTs) include spirometry, body plethysmography, lung
diffusion capacity for carbon monoxide (DLCO), which is useful for evaluating for the
presence of chronic lung disease as an etiology for pulmonary hypertension. Spirometry
and plethysmography allow for the identification of obstructive or restrictive ventilatory
defects. Spirometry in PAH is usually normal or shows at most mild obstructive/restrictive
patterns or combined abnormalities. DLCO is usually reduced in PAH, meaning that DLCO
(less than 45% of the predicted value) has been recognized in screening patient’s systemic
sclerosis for PAH. In this population, a reduced DLCO can be the only abnormality noted
on PFTs, and this isolated finding should raise suspicion for the presence of PAH [34]. A
low DLCO is associated with a poor prognosis in several forms of PH [35-38].

5.6. Arterial Blood Gas

While arterial blood gas is not required in the diagnosis of PH, patients with PAH
have slightly reduced partial pressure of carbon monoxide due to alveolar hyperventilation
and normal to slightly reduced partial pressure of arterial oxygen. Elevated PaCO, reflects
alveolar hypoventilation and should be evaluated as a possible cause for PH, including the
need to do overnight pulse oximetry or polysomnography to evaluate for sleep disorder
breathing or hypoventilation. A severely reduced PaO, should raise suspicion for shunting,
such as in patent foramen ovale and hepatic disease [39].

5.7. Computed Tomography of the Chest and Pulmonary Angiography

Noncontrast computed tomography (CT) of the chest provides important information
for evaluating patients with suspected or confirmed PH for features of parenchymal lung
disease. A high-resolution CT chest helps to further identify characteristic morphological
patterns to diagnose specific clinical entities of interstitial lung disease. The CT signs
suggesting the presence of PH include an enlarged PA diameter, a PA-to-aorta ratio >0.9,
and enlarged right heart chambers [40]. However, an enlarged pulmonary artery diameter
does not exclude PH due to its poor negative predictive value. An enlarged PA diameter
can be observed in ILD patients and lung transplant patients without PH [41].

CT imaging can reveal a mosaic attenuation pattern in the lung parenchyma, char-
acterized by areas of hyperperfused vascular segments, intermingled with areas of low
attenuation with hypoperfused vascular segments [42]. Amongst the different PH etiolo-
gies, PAH and CTEPH are the ones to most commonly show a mosaic pattern on CT. In
PAH, mosaicism often manifests as small, scattered areas of increased attenuation, often
confined to center of the secondary pulmonary lobule or centrilobular pattern (2). Com-
pared with the mosaic pattern seen in PAH, the pattern in CTEPH often manifests as
larger, regional areas of decreased attenuation that correspond to a vascular territory, with
associated narrowing or occlusion of the supplying vessel due to the presence of chronic
thromboembolic material [43]. CT scans in patients with pulmonary venous hypertension
show pulmonary interstitial and alveolar edema.

A CT pulmonary angiography can be used to detect signs of CTEPH such as chronic
thromboembolic disease with intravascular webs, bands, occlusions, poststenotic dilata-
tions, and systemic-to-pulmonary arterial collateral vessels. Catheter-directed digital
subtraction angiography (DSA) with conventional two-planar imaging should only be
performed at expert CTEPH centers to further the diagnostic assessment of CTEPH, in-
cluding to assess candidacy for pulmonary thromboendarterectomy or balloon pulmonary
angioplasty [10,13].

5.8. Ventilation/Perfusion Scanning (V/Q)

It is strongly recommended that all patients with precapillary PH undergo testing to
exclude CTEPH. The clinical presentation of patients with Group I and Group IV PH can,
otherwise, be very similar. A VQ scan is the gold standard screening test to evaluate for
CTEPH, as a normal perfusion scan excludes CTEPH with a negative predictive value of
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98% [22]. In patients with PAH, VQ is typically normal but may occasionally show a speck-
led, heterogeneous pattern, a pattern that is not consistent with chronic thromboembolic
disease [44,45]. Matched defects in patients with PH are more consistent with Group 3 PH
with parenchymal lung abnormalities [1].

5.9. Cardiac Magnetic Resonance Imaging

Cardiovascular magnetic resonance (CMR) has a unique capability in providing an
accurate and reproducible assessment of cardiac function, disease severity, and tissue
characterization. It has emerged over the last decade but remains primarily used for com-
plex assessment of congenital-heart-disease-associated pulmonary hypertension. The key
indicators of PH can be retrieved, such as main pulmonary artery dilation, quantification of
RV parameters (i.e., volume, ejection fraction, mass, and septal angle) and hemodynamics
(i.e., stroke volume index), and the presence of a dilated right atrium or flattened or reversed
septum curvature with dyskinetic motion; this can also be assessed via phase-contrast
MRI with diagnostic precision [46]. CMR can help with distinguishing the PH subtype by
providing information of left heart disease (Group 2) [47]. There is a paucity of data on
the different PH subtypes, which is a limitation for the generalizability of CMR-derived
parameters. In addition, the cost and availability of the technique is another limitation for
general implementation of this imaging modality.

5.10. Right Heart Catheterization

RHC is the gold standard for hemodynamically classifying PH and guiding therapy [1].
It is a relatively low-risk procedure with serious adverse events accounting for 1.1% and low
procedure-related mortality (0.055%) when performed at PH centers [48]. RHC provides
relevant data, including right- and left-sided filling pressures, pulmonary arterial pressure
(PAP), pulmonary arterial wedge pressure (PAWP), which is a surrogate for left atrial
pressure, pulmonary vascular resistance (PVR), cardiac output (CO), and cardiac index
(CI) [49,50]. CO should be assessed by the direct Fick or thermodilution (mean values of at
least three measurements) methods.

PH can be grouped phenotypically into precapillary, postcapillary, or combined pre-
and postcapillary PH. Precapillary PH (WHO Groups 1, I, IV, and V PH) is defined by
an elevated mean pulmonary artery pressure (MPAP), with a PAWP < 15 mm Hg, and
an elevated PVR. Postcapillary PH (WHO Group II PH) is defined by an elevated MPAP,
PAWP > 15 mm Hg, and normal PVR. Combined pre- and postcapillary PH is defined by
an elevated MPAP and both PAWP > 15 mm Hg and elevated PVR. Patients with significant
precapillary pulmonary hypertension should be referred for evaluation of PH-directed
therapy, as should select cases of combined pre- and postcapillary PH. Classically, PVR > 3
Wood units (WU) with an MPAP > 25 mm Hg has been considered abnormal. However, the
2022 ESC/ERS PH guidelines have lowered the threshold of abnormal MPAP to greater than
20 mmHg and PVR to greater than 2 WU based on studies suggesting adverse outcomes
at this lower threshold in various disease states [1,51-53]. This can prompt even earlier
recognition and referral to expert PH centers. Nonetheless, a PVR between 2 and 3 WU
with an MPAP between 20 and 25 constitutes a less clear therapeutic target in PH-directed
therapy, as landmark PH drug trials predominantly included patients with higher PVR
and MPAP [54-56]. PH-directed therapy in this group should be assessed on an individual
basis at expert PH centers.

Great care should be taken to ensure proper acquisition of hemodynamic measure-
ments. The external pressure transducer should be zeroed at the level of the left atrium
with the patient lying supine. All measurements, including PAWP, should be measured
at the end expiration (without breath-holding maneuver). Of all the hemodynamic mea-
surements, acquisition of the PAWP is the most susceptible to technical errors, especially
in those with precapillary PH due to increased caliber and stiffness of the pulmonary
arteries, leading to an increased chance of “under-occluding” the vessel and thus falsely
over-estimating the PAWP. This error can lead to PH misclassification as WHO Group 2
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PH and have profound negative implications for delayed diagnosis and implementation of
appropriate medical therapy. RHC measurements should not be interpreted in isolation
and should be scrutinized against other available data, in particular the echocardiogram, to
ensure concordance with the overall clinical picture [57].

5.11. Cardiopulmonary Exercise Testing

Cardiopulmonary exercise testing (CPET) is an invaluable tool in the evaluation of
unexplained dyspnea on exertion and the integrative exercise responses of different organ
systems. Patients with PAH show a typical pattern, with a low end-tidal partial pressure
of carbon dioxide (PETc(y), high ventilatory equivalent for carbon dioxide (Vg/Vcoo),
low oxygen pulse (Voy/HR), and low peak oxygen uptake (Voy) [58]. While not routinely
required for the diagnosis of PH, it can be helpful in complex cases of dyspnea in which
PH is a possible contributing factor. These should be performed at expert centers with
advanced PH expertise. The latest ESC/ERS guidelines [1] have also incorporated their
use for consideration during risk stratification of PAH, although they are not routinely
performed for this purpose.

6. Suggested Initial Evaluation by the Primary Care Provider for Suspected PH and
Indications for Referral to Expert PH Center

Patients that are suspected to have PH or those with unexplained dyspnea are com-
monly seen by primary care physicians. The initial work-up starts with obtaining a detailed
medical history and physical examination. The initial diagnostic tests can easily be ob-
tained in the office or with routine lab work and should ideally include ambulatory oxygen
saturation, BNP or NT-pro BNP, and ECG. As a next step, chest X-ray, pulmonary function
testing, and echocardiography are easily available noninvasive tests that can be obtained
by the primary care practitioner. These tests are not only useful in the evaluation of PH,
but as a general assessment of other common cardiac and pulmonary etiologies of unex-
plained dyspnea. An echocardiogram is crucial in helping to identify the probability of PH,
irrespective of the cause. One of the challenges with PH is that a definitive diagnosis needs
to be made with an RHC. Therefore, it is important to consider the pretest probability of
treatable PAH. If routine examinations indicate an alternative, then diagnosis of PAH or
CTEPH should not be pursued.

As previously discussed, a tricuspid regurgitant velocity (TRV) of less than 2.9 m/s, in
the absence of other signs of elevated pulmonary vascular resistance (Figures 4 and 5) or
clinical risk factors for PH such as connective tissue disease, suggests a low probability of
PH. In such patients, an alternative cause of dyspnea should be pursued. Patients with a
TRV of 2.9-3.4 m/s (intermediate probability) without echocardiographic signs of right
ventricular enlargement or dysfunction, elevated pulmonary vascular resistance, or clinical
risk factors for PH, may benefit from evaluation by a general cardiologist but may not
necessarily require referral to a PH specialist. For Group 2 PH patients with a TRV greater
than 3.4 m/s in the context of clear echocardiographic findings, normal right heart size and
function, and none of the findings of elevated pulmonary vascular resistance, patients are
unlikely to have significant precapillary PH. These patients can benefit from a cardiology
referral for management of left heart disease, but may not need referral to a PH specialist.
Patients with echocardiographic signs of elevated pulmonary vascular resistance should
be referred to a PH specialist regardless of their RV systolic pressure, estimated via TRV.
In these patients, a normal estimated RV systolic pressure is unlikely to be accurate [25].
Referrals to PH centers should take place in cases of intermediate/high probability of
PH, risk factors for PAH, and concerns of CTEPH. In this particular subset of patients,
obtaining a comprehensive laboratory evaluation for possible etiologies of PH as well as
a ventilation—perfusion scan for CTEPH evaluation can be obtained simultaneously with
PH specialist referral in order to expedite the process. In fact, a VQ scan should ideally
be obtained by the primary care practitioner in any patient with a prior history of venous
thromboembolism and unexplained dyspnea, even in the absence of echocardiographic
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signs of PH. Right heart catheterization and cardiac MRI can be reserved to be performed
at the PH center as the clinical situation entails.

High-risk PH findings should be recognized and should prompt more urgent referral.
These include syncope, rapidly worsening functional capacity (WHO-FC III/1V), the pres-
ence of significant right heart failure, RV dysfunction assessed via echocardiography, and
signs of hemodynamic instability (i.e., low cardiac output, hypotension, tachycardia).

Patients with scleroderma spectrum connective tissue disease warrant special care
due to the high prevalence of PAH and its aggressive nature in this patient group. In
these patients, screening for the risk of PAH and the need for referral may be guided by
algorithms such as DETECT [14], which utilizes noninvasive testing that is available to the
primary care practitioner. It would be reasonable to refer patients in this subgroup with
continued dyspnea that is not explained by the results of noninvasive testing as above to a
PH specialist for further evaluation.

7. Conclusions

Implementing new diagnostic criteria for PH in conjunction with multimodality
diagnostic tools is crucial for the accurate and early recognition of this life-threatening form
of right heart failure. This should streamline early referrals to accredited PH centers with a
goal of rapidly instituting targeted therapy to optimize the prognosis.
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Abstract: Background: Invasive cardiopulmonary exercise testing (iCPET) provides valuable in-
sight into dyspnea in patients with chronic thromboembolic pulmonary disease, in part through
an increased relationship of minute ventilation to CO, production (Vg/VCO,). Obesity lowers
the Vg /VCO; in patients without cardiopulmonary disease; however, whether this holds true in
obese subjects with chronic thromboembolic pulmonary hypertension (CTEPH) and chronic throm-
boembolic pulmonary disease (CTEPD) is unknown. Objective: Report on the iCPET findings of
patients with CTEPH and CTEPD and investigate the relationship between obesity and gas exchange
parameters, especially Vg /VCO, in these patients. Methods: Retrospective analysis of CTEPH and
CTEPD patients undergoing iCPET. Results: We studied 60 patients; 34 (56.7%) had CTEPH and
26 (43.3%) had CTEPD. The mean age was 61.2 + 14 years and the mean BMI was 31.8 + 8.3 mg/kg?.
A higher Vg /VCO; (41.9 + 10.2 vs. 36.8 £ 8.9; p = 0.045) was observed in CTEPH vs. CTEPD. There
was an inverse relationship between the Vi /VCO; slope and BMI. For an increase of 1 point in BMI,
the Vg /VCO; slope fell by 0.6 in CTEPD and 0.35 in CTEPH (p < 0.001). The mean Vg /VCO; slope
in CTEPH and CTEPD groups was 48.6 &+ 10.4 in BMI < 25 and 31.3 £ 6.5 in BMI > 35 (p < 0.001).
The lower Vg /VCO; slope in obesity relates to an increased VCO, /work rate relationship; there was
no difference in the Vg /work relationship. Conclusions: The Vg /VCO; slope is markedly reduced
by obesity, independent of the level of pulmonary vascular obstruction in CTEPH or CTEPD. Thus,
obesity masks key physiologic evidence of pulmonary vascular obstruction on the gas exchange
assessment of obese individuals.

Keywords: chronic thromboembolic pulmonary hypertension; cardiopulmonary exercise test;
invasive exercise hemodynamics; pulmonary hypertension; right ventricular dysfunction

1. Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is an uncommon compli-
cation of pulmonary embolism (PE) [1]. CTEPH is defined as pulmonary hypertension (PH)
with angiographic evidence of organized thrombotic residua within the pulmonary arteries
(PA) despite at least 3 months of anticoagulation [2]. For those with imaging evidence of
chronic PE in the absence of rest-hemodynamic evidence of PH, the diagnosis of chronic
thromboembolic disease, or most recently, the proposed designation, chronic thromboem-
bolic pulmonary disease (CTEPD), is suggested [3-5]. Symptoms in patients with CTEPH
or CTEPD occur during exercise, yet the hemodynamic assessment is frequently done only
at rest. Hence, the importance of invasive cardiopulmonary exercise testing (iCPET), which
provides rest and exercise hemodynamic and gas exchange assessment, further defines
the physiologic mechanisms of exertional dyspnea. In chronic PE, pulmonary vascular
obstruction (PVO) increases the likelihood of exercise-induced PH as well as gas exchange

J. Clin. Med. 2024, 13, 7702. https:/ /doi.org/10.3390/jcm13247702 51 https://www.mdpi.com/journal /jcm



J. Clin. Med. 2024, 13, 7702

evidence of excessive dead-space ventilation, such as a Vg /VCO, and a low end-tidal CO,
level (PETCO,). We report on the iCPET of a cohort of patients with mild-moderate CTEPH
and CTEPD. As obesity has been shown to reduce the Vi /VCO; relationship as compared
to non-obese subjects without cardiopulmonary disease, we sought to determine if obesity
affects ventilatory inefficiency in patients with chronic PE, in particular the Vg/VCO,
relationship. This investigation assumes greater relevance given the high prevalence of
obesity in CTEPD and CTEPH cohorts.

2. Methods
2.1. Subjects

We conducted a retrospective analysis of 60 patients with CTEPD/CTEPH who un-
derwent clinically indicated iCPET from January 2020 to November 2022. We included
adult patients able to exercise with imaging evidence of chronic thromboembolic disease
by integrated assessment of results from ventilation/perfusion nuclear scan, computed
tomography angiography, and pulmonary angiography. All the patients underwent iCPET.
We excluded patients with severe pulmonary hypertension at rest (mPA > 50 mmHg), in-
ability to exercise due to musculoskeletal, acute myocardial infarction (3-5 days), unstable
angina, uncontrolled arrhythmias causing symptoms or hemodynamic compromise, acute
endocarditis, acute myocarditis or pericarditis, severe aortic stenosis, severe untreated
systemic hypertension at rest SBP > 200 mmHg, >120 mmHg diastolic, acute pulmonary
embolism. Patients were grouped according to the presence or absence of resting PH into
two groups: CTEPH (resting mean pulmonary artery pressure (mPAP) > 25 mmHg) and
CTEPD (mPAP < 25 mmHg). These mPAP cutoffs were chosen to maintain consistency
between the majority of the published literature on CTEPH and CTEPD where CPET has
been applied [6-10] (Supplementary Table S1).

2.2. Study Design

iCPET assessment encompasses performing a standard right heart catheterization via
the internal jugular vein at rest (supine), followed by a graded exercise on a supine bicycle
ergometer with real-time gas exchange assessment and repeat hemodynamic measures.
Patients are fitted with a neoprene mask with an aperture for an externally fastened mouth-
piece connected via a gas line to a metabolic cart (Ultima CPX™, Saint Paul, MN, USA).
Breath-by-breath analysis is obtained, including minute ventilation (Vg), oxygen consump-
tion (VO,), and carbon dioxide production (VCO;). Additional variables include power
output in watts, ventilatory equivalent for carbon dioxide (Vg/VCO; slope), PETCO,, and
O, pulse. The first minute of the bicycle ergometer exercise was performed at 0 watts
resistance, followed by a 5-watt per minute ramp in all subjects. Patients were exercised
to a goal respiratory exchange ratio (RER) of >1.0 and a degree of dyspnea and/or leg
fatigue (>8 on a scale of 0-10). Once patients reached RER and dyspnea thresholds, exer-
cise hemodynamic data were collected. Hemodynamic and physiologic data recorded at
rest and relative peak exercise, including systemic blood (BP) pressure by non-invasive
cuff assessment, heart rate (HR), pulse oximetry (SpO;), mean right atrial pressure (RAP),
mean PAP, pulmonary capillary wedge pressure (PCWP), and cardiac output (CO) via
Fick equation. The VO, used for Fick CO calculation was directly measured from the
metabolic cart simultaneous to obtaining the mixed venous blood sample at peak exer-
cise. Pulmonary vascular resistance (PVR) and systemic vascular resistance (SVR) were
calculated in the typical manner. All invasive hemodynamic pressure measurements were
obtained at end-expiration and averaged over 10 consecutive cardiac cycles.

2.3. Pulmonary Angiography Protocols and the Miller Score Determination

Pulmonary angiography with a digital subtraction system was performed in all pa-
tients. Right and left PAs were selectively catheterized, and angiograms were obtained.
The investigators scored the PA obstruction using the angiographic index described by
Miller et al. [11] The Miller index is a combination of an objective (arterial obstruction)
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and subjective (peripheral perfusion) score of the lungs. The right PA is assigned nine
segmental arteries (3 upper lobes, 2 middle lobes, and 4 lower lobes), whereas the left PA
is assigned seven segmental arteries (2 upper lobes, 2 lingula, and 3 lower lobes). The
maximal score of obstruction is 16. Reduction of peripheral perfusion is scored by dividing
each lung into upper, middle, and lower zones and by using a four-point scale: 0 = normal;
1 = moderately reduced; 2 = severely reduced; 3 = absent. The maximal score of reduced
perfusions is 19. Thus, the maximal Miller index is 35 per patient.

2.4. Statistical Analysis

Data were analyzed using IBM SPSS Statistics V.22 software (SPSS Inc., Chicago,
IL, USA). Descriptive data for continuous variables are presented as mean + standard
deviation or as medians (percentiles 25% and 75%). Categorical data were compared using
Fisher’s exact test. Comparisons between groups for continuous variables were performed
using unpaired two-sample t-tests or the Mann—-Whitney test, as appropriate. A sample
size of 35 will have 80% power to detect a difference of 0.5 SD in gas exchange parameters
using a paired t-test with a 1% two-sided significance level. We used the incidence of 2.4%
for CTEPH per recent registries for the sample size calculation [1]. Analysis of group effects
with repeated exercise measures was performed by comparing mean slope coefficients
from individual linear regressions. Pearson correlation coefficients were used to evaluate
the univariate relationships between resting and exercise measures of BMI and iCPET
parameters. A p-value of <0.05 was considered significant. In cases of missing data, albeit
minimal, we omitted the missing data and analyzed the remaining data.

3. Results
3.1. Baseline Characteristics and Comorbidities

Overall, 36 patients (60%) were female, 39 (65%) were White, and 15 (25%) Black. The
mean age was 61.2 & 14 years, and the body mass index (BMI) was 31.8 4 8.3 mg/kg?.
The clinical characteristics of the CTEPH (1 = 34, 57%) and CTEPD (n = 26, 43%) groups
are presented in Table 1. The CTEPH group was younger than the CTEPD group (57 + 15
vs. 64 £ 13 years; p = 0.05). There were no statistical differences in BMI or comorbidities
between the CTEPH and CTEPD groups. Ten (29%) of the CTEPH patients were on PH
medications, while none of the CTEPD patients were on PH medical therapy. There was a
trend toward a higher Miller Index in the CTEPH group (21.6 £ 4.9 vs. 18.6 = 7.7; p = 0.06).

Table 1. Baseline characteristics, comorbidities, and targeted intervention.

Total n = 60 CTEPD n =26 CTEPH n =34

Baseline Characteristics n (%) or n (%) or n (%) or p Value OR (CD
Mean + SD Mean + SD Mean + SD

Age (years) 61+1 64 £13 57 £15 0.05

Race/Ethnicity 0.56

Black 15 (25%) 5 (19%) 10 (29.4%)

Hispanic/Latinx 5 (8.3%) 3 (11.55) 2 (5.8%)

White 39 (65%) 18 (69.2%) 21 (61.7%)

Sex, Female 36 (60%) 19 (73%) 17 (50%) 0.07 0.68 (0.45-1.03)

BMI (mg/kg?) 31.8+8.3 33.2+10.5 308 +6.1 0.27

Comorbidities

g‘.Sthma or reactive airway 5 (8.3%) 2 (7.7%) 3 (8.8%) 088  1.14(0.21-6.37)

isease
Atrial fibrillation or flutter 4 (6.7%) 1 (3.8%) 3 (8.8%) 0.44 2.3 (0.25-20.8)
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Table 1. Cont.

Total n = 60 CTEPD n =26 CTEPH n =34
Baseline Characteristics n (%) or n (%) or n (%) or p Value OR (CD
Mean + SD Mean + SD Mean + SD
Autoimmune disorder 10 (16.7%) 6 (23.1%) 4 (11.7%) 0.24 0.51 (0.16-1.6)
Hypertension 27 (45%) 10 (38.5%) 17 (50%) 0.37 1.3 (0.7-2.3)
Chronic Kidney Disease 9 (15%) 2 (7.7%) 7 (20.6%) 0.17 2.68 (0.61-11.83)
COPrD 7 (11.7%) 1(3.8%) 6 (17.6%) 0.09 4.5 (0.6-35.8)
Coronary artery disease 6 (10.34%) 1 (3.8%) 5 (14.7%) 0.44 2.29 (0.25-20.8)
Diabetes Mellitus 10 (16.7%) 5 (19%) 5 (14.7%) 0.45 0.51 (0.16-1.6)
Dyslipidemia 15 (25%) 7 (26.9%) 8 (23.5%) 0.76 0.874 (0.36-2.1)
History of Uterine Fibroids 4 (6.7%) 2(7.7%) 2 (5.8%) 0.78 0.765 (0.12-5.07)
Hemoglobinopathy 1(1.7%) 0 (0%) 1(2.9%) 0.34 0.971 (0.92-1.03)
Hypercoagulable disorder 17 (28.3%) 9 (34.6%) 8 (23.5%) 0.35 1.3 (0.7-2.3)
History of PE 50 (83.3%) 23 (88.5%) 27 (79.4%) 0.35 0.898 (0.72-1.11)
History of Cancer 10 (16.7%) 2(7.7%) 8 (23.5%) 0.10 3.06 (0.7-13.2)
History of DVT 30 (50%) 12 (46.2%) 18 (52.9%) 0.60 1.147 (0.68-1.93)
Splenectomy 3 (5%) 0 (0%) 3 (8.8%) 0.21 0.94 (0.87 -1.02)
Stroke 4 (6.7%) 4 (15.4%) 0 (0%) 0.02 1.18 (1.0-1.39)
Sleep Disordered Breathing 20 (33.3%) 10 (38.5%) 10 (29.4%) 0.46 0.77 (0.38-1.56)
Tobacco Use History 17 (28.3%) 6 (23.1%) 11 (32.4%) 0.43 1.4 (0.59-3.2)
Thyroid Disorders 8 (13.3%) 4 (15.4%) 4 (11.8%) 0.69 0.765 (0.21-2.77)
Use of PH Medical Therapy 0.73
PDE5-i 2 (3.45%) 0 (0%) 2 (5.8%)
Riociguat 6 (10.3%) 0 (0%) 6 (17.6%)
ERA 1 (1.7%) 0 (0%) 1(2.9%)
Prostacyclin 1(1.7%) 0 (0%) 1(2.9%)
Balloon pulmonary angioplasty 13 (21.7%) 4 (15.4%) 9 (26.5% 0.33
Pulmonary 18 (30%) 6 (23.1%) 12 (35.3%) 0.31 1.5 (0.66-3.53)

thromboendarterectomy

Pulmonary Vascular
Obstruction Score

Miller Index 20562 186 £ 7.7 21.6 £49 0.06

Abbreviations: BMI = Body Mass Index; CI = confidence intervals; COPD = Chronic Obstructive Pulmonary
Disease; CTEPD = chronic thromboembolic pulmonary disease; CTEPH = Chronic Thromboembolic Pulmonary
Hypertension; DVT = deep vein thrombosis; ERA = endothelin receptor agonist; OR = odds ratio; PDE5-i
= phosphodiesterase 5 inhibitor; PE = Pulmonary embolism; PH = pulmonary hypertension; SD = standard
deviation.

In Table 2, the results of the rest and exercise studies in patients with CTEPH and
CTEPD are presented. The CTEPH cohort had on average mild to moderate PH at rest, a
reflection of the less severe PH phenotype that underwent iCPET. No differences in resting
HR, BP, SpO,, and 6-min walk distance (6MWD) were observed. Patients with CTEPH
expectedly had higher resting mPAP and PVR, as well as higher RAP versus CTEPD. There
were no differences in resting CO and cardiac index (CI) between mild-moderate CTEPH
and CTEPD.
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Table 2. Baseline hemodynamics and gas exchange parameters.

Baseline CTEPD (n= 26) CTEPH (n = 34) p Value
Watts 575 +32.8 48.7 234 0.24
Time (min) 105 +£4.1 8.6 4.1 0.08
6MWD (m) 3722 +137.2 391.2 + 1149 0.62
BSA 1.97 +0.29 2.07 +£0.25 0.40

Rest Mean + SD 79.5 + 14.1 72.6 +13 0.06
HR (bpm)

Exercise Mean + SD 1119+ 174 107.4 +13.5 0.28

Rest Mean 4+ SD 135.8 £24.9 151.9 £ 20.5 0.98
SBP (mmHg)

Exercise Mean + SD 135.7 +18.2 157.6 4+ 38.1 0.19

Rest Mean + SD 74.6 £ 14.7 75.6 £11.3 0.77
DBP (mmHg)

Exercise Mean + SD 749 4+ 13.3 81.7 + 18.7 0.16

Rest Mean + SD 95 4+ 16.59 95.7 +12.1 0.87
MAP (mmHg)

Exercise Mean + SD 100.6 £ 12.3 107 £ 23.6 0.02
500 Rest Mean + SD 973 +77 93.6 £4.2 0.47

P2 Exercise Mean + SD 96.2 £ 3.7 91.7 £49 0.14

Rest Mean + SD 48 +26 83+44 0.001
RAP (mmHg)

Exercise Mean 4 SD 8.5+3.6 144 £58 0.000

Rest Mean 4+ SD 33.24+4.1 53.6 + 15.1 0.000
Systolic PAP (mmHg)

Exercise Mean + SD 56.5 + 18.7 82.8 + 20 0.000

Rest Mean + SD 13.8 £3.5 219 + 6.1 0.000
Diastolic PAP (mmHg)

Exercise Mean + SD 232 +6 338 +94 0.04

Rest Mean 4+ SD 204 £+ 3.1 33.1 +£8.2 0.000
Mean PAP (mmHg)

Exercise Mean + SD 34.6 +10.3 532+ 14.3 0.000

Rest Mean + SD 71.8 £ 6.5 66.8 + 6.2 0.004
PA Sat (%)

Exercise Mean + SD 43.6 + 10.7 423 +94 0.79

Rest Mean + SD 10+3 13+4 0.001
PCWP (mmHg)

Exercise Mean + SD 164 £ 6.5 193+77 0.13

Rest Mean + SD 544+1.7 5.1+£1.2 0.53
CO (Ipm)

Exercise Mean + SD 10.2+29 93+3 0.23

Rest Mean + SD 2.7+ 0.6 254+04 0.12
CI (Ipm/ m?) -

Exercise Mean 4 SD 51+1.0 45+14 0.08

Rest Mean 4+ SD 344+4+74 34.7 + 6.9 0.47
SVi (mL/m?) ;

Exercise Mean + SD 58.7 + 18.2 49.7 £18.1 0.02
APCWP/ACO 155 +1.77 1.98 £2.02 0.39

Rest Mean 4+ SD 23+1.2 41423 0.001
PVR (WU)

Exercise Mean + SD 21+1.1 39+22 0.000

Rest Mean 4 SD 1512 4 483 1536 + 460 0.86
SVR (dynes/sec/ cm o) -

Exercise Mean + SD 739.2 4+ 268.8 987.6 + 504.8 0.08

Rest Mean 4+ SD 37+1.3 26+ 1.1 0.45
Pulmonary artery compliance (mL/mmHg)

Exercise Mean + SD 35+£2 2+1 0.003

Rest Mean + SD 275.56 £91.3 301.4 4+ 88.4 0.54
VO, (L/min)

Exercise Mean + SD 972.92 + 308 888.75 + 274.58 0.28
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Table 2. Cont.

Baseline CTEPD (n= 26) CTEPH (n = 34) p Value
Peak VO, (mLO; /kg/min) 102 +3.7 91+£3 0.25
O, pulse 11.02 £ 3.7 102 +£2.7 0.44
RER 1.03 £0.11 1.00 £ 0.09 0.04
VE/VCO; Slope Mean + SD 36.8 £8.9 419 +£10.22 0.05

Rest Mean + SD 33.77 £ 5.9 30.09 &+ 6.78 0.03
PETCO;,

Exercise Mean + SD 3328+7.6 27.66 £ 8.27 0.01
Vg peaked 33.53 £10.10 35.65 £ 11.64 0.49
ACO/AVO, 7.37 £3.03 7.81 £2.85 0.59

Abbreviations: BSA = Body surface area; CI = cardiac index; CO = cardiac output; CTEPD = chronic thromboem-
bolic pulmonary disease; CTEPH = Chronic Thromboembolic Pulmonary Hypertension; DBP = diastolic blood
pressure; HR = heart rate; MAP = mean arterial pressure; Min = minutes; mL = milliliters; PA = pulmonary
artery; PAP = pulmonary artery pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure;
RER = respiratory exchange ratio; Sat = saturation; SBP = systolic blood pressure; SpO, = Saturation pulse of
oxygen; SVi = stroke volume index; SVR = systemic vascular resistance; Vg = minute ventilation; VO, = oxygen
consumption; VCO, = carbon dioxide production; WU = Wood Units.

Echocardiographic parameters were recorded (Table 3). All patients had normal left
ventricular function. Seventy-two percent had normal or mild right ventricle (RV) dilation,
and 97% had normal or mild RV dysfunction. Sixty-six percent had no evidence of RV
outflow tract Doppler notching, supporting a relative lack of excess RV afterload in the
overall cohort [12].

Table 3. Baseline Semi-Quantitative Echocardiogram Parameters at the time of CPET.

Echocardiographic Characteristics All n =60
Systolic Interventricular Septal Flattening
None 35 (58.3%)
Mild 25 (41.6%)
Moderate 0 (0%)
Severe 0 (0%)
RV size
Normal 19 (31.7%)
Mild dilation 24 (40%)
Moderate dilation 17 (28.3%)
Severe dilation 0 (0%)
RV function
Normal function 36 (60%)
Mild dysfunction 22 (36.7%)
Moderate dysfunction 2 (3.3%)
Severe dysfunction 0 (0%)
RV Shape Base to Apex Ratio
Normal 44 (73.33%)
Mild 14 (23.33%)
Moderate 2 (3.3%)
Severe 0 (0%)
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Table 3. Cont.

Echocardiographic Characteristics All n =60
RVOT Pulse Wave Doppler Notch
None 40 (66.7%)
Late systolic 7 (11.7%)
Mid systolic 11 (18.3%)
Tricuspid Valve Regurgitation
None 33 (55%)
Mild 27 (45%)
Moderate 0 (0%)
Severe 0 (0%)
Pericardial Effusion
None 58 (96.7%)
Mild 2 (3.3%)
Right Atrial Size
Normal 58 (96.7%)
Enlarged 2 (3.3%)
PASP (Mean + SD, mmHg) 33.6 =134
TAPSE (Mean =+ SD, cm) 2.04 + 0.3
LVEF (Mean =+ SD, %) 612 £2.38

Abbreviations: LVEF = left ventricular ejection fraction; PASP = Pulmonary Artery Systolic Pressure; RV = Right
ventricle; RVOT = right ventricular outflow tract; SD = standard deviation; TAPSE = tricuspid annular plane
systolic excursion.

3.2. Invasive Cardiopulmonary Exercise Test Data

Mean exercise time was 9.4 &+ 4.2 min with an average of 53 + 28 watts attained
(Table 2). There was a non-significant trend toward lower exercise time in the CTEPH
vs. CTEPD group. There were no differences observed in peak HR and peak systolic
BP between groups. In keeping with higher baseline levels of PH, subjects with mild-
moderate CTEPH demonstrated higher exercise mPAP, PVR, and RAP than the CTEPD
group. Although the PVR was higher at rest and with exercise in the CTEPH group, in
both the PVR fell by <10% with exercise. This supports an abnormal pulmonary vascular
response to exercise. Despite a higher resting PCWP in CTEPH, there were no signif-
icant differences seen in the exercise PCWP between groups nor in the APCWP/ACO
relationship at peak exercise, with a median APCWP/ACO = 1.3 versus 1.8 for CTEPH and
CTEPD, respectively. There were no differences in the peak CI achieved during exercise
in the CTEPH versus CTEPD groups. However, CTEPH patients exhibited significantly
less stroke volume (SV) recruitment at peak exercise as compared to CTEPD; SV index
49.7 + 18 versus 58.7 £ 18 mL/mz; p=10.02.

The RER was similar in the CTEPD (1.03 £ 0.11) and CTEPH (1.00 £ 0.09) groups
at peak exercise, suggesting both were at or near anaerobic threshold at peak exercise.
The similar RER, nadir SVO; (43.6 &= 10.7 vs. 42.3 £ 9.4%), and peak HR between groups
support similar exercise efforts between groups.

There were no significant differences observed in peak VO, or O; pulse between
groups. The ACO/AVO, values between groups were similar, indicating relative preserva-
tion of cardiac augmentation in both groups when adjusted for VO,.

Similar peak minute ventilation, as well as nadir SpO, values, were observed between
CTEPH and CTEPD groups, indicating a relative lack of a ventilatory or pulmonary limita-
tion to exercise in either group. CTEPH patients demonstrated a higher Vi /VCO; slope,
41.9 £10.2 vs. 36.8 £ 8.9 (p = 0.045), and lower PETCO, values at rest and peak exercise
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Body mass index (kg/m?

versus the CTEPD group. These findings suggest that the mild-moderate CTEPH patients
possess a greater degree of dead space ventilation than the CTEPD group, in keeping with
the trend toward the higher Miller pulmonary arterial obstruction score between groups.
Using ROC analysis, the Vg /VCO; slope had a modest ability to discriminate CTEPH from
CTEPD, with a Vg /VCO; slope of 32.5 (AUC 0.65, p = 0.04, C1 0.51-0.79).

We conducted a linear regression model, and the independent variable that affected the
VE/VCO; slope was BMI (p = 0.002). Whereas age, mean PA pressure, PVR, CI, and PA com-
pliance did not show a correlation. Additional models were conducted with comorbidities.

3.3. Determinants of Ventilatory Efficiency Based on Body Mass Index

The Vi /VCO; slope decreased markedly across quartiles of obesity in both the CTEPH
and CTEPD groups (Figure 1 and Supplementary Table S2). The mean Vi /VCO; slope in
CTEPH and CTEPD groups was 48.6 £ 10.4 in subjects with a BMI < 25 and 31.3 & 6.5in
those with a BMI > 35 (p < 0.001). A regression variable plot also demonstrated the negative
linear relationship between the Vi /VCO, slope and BMI (R square of 27%). For an increase
of 1 point in BMI, the Vi /VCO; slope was reduced by 0.6 in CTEPD patients and 0.3 in
CTEPH patients (p < 0.001). (Figure 2) In contrast to the VE/VCO, slope, PETCO, was
similar across BMI quartiles (Table 4).
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Figure 1. Central Figure. Panel (A) Obesity blunts the degree of Vg/VCO,: Similar degrees of
pulmonary vascular obstruction have different Vg /VCO, depending on their BMI (the higher the
BMI, the lower than expected the Vi /VCO,). Panel (B) Gas exchange parameters in obese (orange)
and non-obese individuals (blue). There is no statistical difference in the Vg at different work (watts)
between obese and non-obese individuals. There are statistical differences (p values < 0.05) in the
VCO; at different work (watts) that begin at 20 watts (green dotted line and red asterisk) between
obese and non-obese individuals. Panel (C) Vg/VCO; slope divided by BMI categories.
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Scatter Plot of BMI by VE/VCO2 Slope by CTEPD or CTEPH
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Figure 2. Scatterplot with linear regression of VE/VCO2 slope and BMI in CTEPD and CTEPH.

Table 4. Differences in parameters according to body mass index.

BMI (kg/m?) <25 25-29 30-34 >35 p Value
6MWD (meters) 379 £170.1 4199 £+ 136.1 3919 +94.9 349 + 1254 0.41
Rest PETCO, (mmHg) 29 +£8 29+£5 30+4 38+7 0.21
Exercise PETCO, 25+9 28+ 8 29+ 6 38+7 0.4
VE/VCO; Slope 48.6 £ 10.4 414492 385 £6.7 313+ 6.5 0.09
Rest PCWP (mmHg) 12+4 10+4 11+3 14+5 0.09
Exercise PCWP (mmHg) 15+6 15+6 18+ 6 23£9 0.36
AWedge/ACO 1.86 £2.49 1.03 +1.62 1.87+ 1.67 2.10 £1.87 0.41
Rest PVR (WU) 3.39 + 1.68 3.74 £1.15 3.95 + 2.63 2.09 +1.23 0.36
Exercise PVR (WU) 3.74+23 3.59 +£1.92 3.33 £2.05 1.72 £1.07 0.27
Vg Max 351+ 115 375+11.2 369 +12.3 28.6 +5.2 0.58
Watts 58 £ 45 60 £ 18 50 £ 23 47+ 19 0.34
SpO, at the end of exercise in room air 93 +6 94+ 3 92 +4 93 +5 0.28
FEV1 (%) 95 + 17 83 £ 20 87 £15 80 £17 0.25
FVC (%) 90 + 22 81+ 14 83+ 15 78 £17 0.79
TLC (%) 78.7 £434 714 £ 56.5 52.3 £ 464 46.9 4+ 36.3 0.52
DLCO/Va (%) 61.7 £22.3 48.8 + 30.6 86.8 +23.7 85.3 +224 0.43

Abbreviations: BMI = Body mass index; CO = cardiac output; DLCO/V, = diffusion lung capacity of
the lungs for carbon dioxide corrected for alveolar volume; PETCO, = partial pressure of end-tidal CO,;
FEV1 = forced expiratory volume in 1 s; FVC = forced vital capacity; PCWP = pulmonary capillary wedge pressure;
PVR = pulmonary vascular resistance; TLC = total lung capacity; VA = Vg = minute ventilation; VCO, = carbon
dioxide production; WU = Wood Units; 6MWDT = 6-min walk distance test.
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Mean Miller Index

The lower observed Vi /VCO, slope with increasing BMI could not be explained
by a lesser degree of PVO, as there were no differences in the degree of PA obstruction
between obese and non-obese individuals (Miller index 20.5 + 4.8 versus 20.1 + 7.8,
p = 0.74 (Figure 3). Therefore, obesity modifies the relationship between minute ventilation
and CO, production in the context of comparable levels of thromboembolic disease.
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Figure 3. Miller Index by BMI and mean Vg /VCO; slope and PETCO; at rest in patients with CTEPH
and CTEPD. There is a statistical difference between the Vg /VCO, slope across the BMI categories
(p <0.001), the Miller Index is the same amongst BMI categories and PETCO; rest across the BMI
categories (p < 0.001).

Representative examples from four subjects are shown in Figure 4. Note how subject
A (BMI 43) had a Miller score nearly 1.6 higher than subject B (BMI 30), yet had the same
VE/VCO; slope. At essentially the same high degree of Miller score, subject D (BMI 49)
had a Vg/VCO; slope half that of subject C (BMI 28).

Subject A: Subject B:
Female, BMI=43 Female, BMI= 30
Miller Index= 26 Miller Index =16

V¢/VCO, Slope=36 Vg/VCO, Slope=36

Subject C: Subject D:
Male, BMI= 28 Female, BMI= 49
Miller Index= 21 Miller Index = 22
VE/VCO2 Slope=56 VE/VCO2 Slope=23

Figure 4. Same Vg /VCO,, but Subject (A) has a higher obstruction score and BMI than Subject (B).
Whereas, Subject (C) had a lower BMI and a higher Vg /VCO; than Subject (D), despite having similar
obstruction scores.
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The lower Vg /VCO; slope observed in obese subjects was associated with an upward
shift in the VCO,/work rate relationship versus non-obese subjects. At a workload of
>20 watts, obese subjects exhibited significantly higher CO, production than non-obese
subjects. Similarly, there was a significant upward shift in the VO, /work rate relationship
in obese versus non-obese subjects. These findings indicate that obese subjects had higher
levels of CO, production and O, consumption per level of exercise work. There were
no significant differences observed in the Vg /work rate relationship between obese and
non-obese subjects.

The observed differences In Vi /VCO, between obese and non-obese individuals were
not associated with differences in exercise performance or effort. Obese versus non-obese
individuals had similar RER values (0.98 £ 0.09 versus 1.01 £ 0.11; p = 0.208), exercise time
(9.5 £ 4.7 versus 9.3 & 3.4 min; p = 0.09), total watts (49 £ 22 versus 57 & 34; p = 0.288), and
nadir PA oxygen saturation (44.8 &= 9.1 versus 40.4 & 10.6%; p = 0.519).

4. Discussion

Our study showed CTEPH subjects with relatively mild PH, representing a clinical
cohort where we often employ iCPET for further physiologic characterization before decid-
ing on an appropriate intervention such as pulmonary thromboendarterectomy (PTE) or
balloon pulmonary angioplasty (BPA). In the context of this relatively mild PH phenotype,
the CTEPH subjects had higher rest and exercise RAP, mPAP, and PVR values as well
as lesser SV recruitment through exercise as compared to CTEPD. The CTEPH subjects
also demonstrated a higher Vi /VCO; slope compared to CTEPD, in parallel with a trend
toward higher PVO scores in the CTEPH cohort. However, the most notable observation in
the overall cohort was a strong inverse relationship between the Vg /VCO; slope and BMI;
the Vg /VCO; slope decreased markedly across quartiles of obesity in both the CTEPH and
CTEPD groups. This finding indicates that evidence of ventilatory inefficiency is blunted
as the magnitude of obesity increases, which can potentially mask the physiologic evidence
of PVO, leading to an underestimation of the role of CTEPD/CTEPH in the functional
impairment of obese subjects (Figure 1).

CPET has been used for decades to gain insight into the mechanisms of
dyspnea [6,13-16]. Over the past decade, CPET has been combined with invasive hemo-
dynamic assessment to gain further insight into the exercise physiology of a variety of
cardiopulmonary processes, including valvular heart disease, combined pre- and postcapil-
lary PH, and various forms of heart failure [17,18]. Both reduced PETCO, and an elevated
Vg/VCO;, are proxies for ventilatory efficiency and, thus, dead space ventilation, which in
turn have proven to be reliable physiologic signatures of pulmonary vascular disease across
a variety of pH conditions (7-11). Recognizing this, the chronic thromboembolic disease
is particularly well suited for iCPET examination, given the cardiopulmonary features of
CTEPH and CTEPD often coexist with numerous comorbid conditions, including more
advanced age, hypertension, obesity, diabetes, ischemic heart disease, atrial fibrillation,
and a propensity for increased left heart filling pressures, which can all contribute to an
individual’s functional capacity [19-21]. The invasive nature of PTE and BPA interventions
places an additional premium on diagnostic precision in chronic PE. Therefore, the incorpo-
ration of iCPET as part of chronic PE evaluation when additional physiologic information
is needed.

In the current cohort, baseline clinical and physiologic characteristics were similar
between CTEPH and CTEPD, including resting HR, systemic BP, oxygen saturation, and
6MWD. These similarities parallel the subtler PH phenotype of the CTEPH patients, with
only 3% of the overall cohort having more than mild RV systolic function. In keeping,
the resting CI was similar between the mild CTEPH and CTEPD groups, indicating a
relative lack of significant RV-PA uncoupling at rest in our CTEPH and CTEPD cohorts
(TAPSE/PASP ratio of 0.61 mm/mmHg [normal <0.32 mm/mmHg]) [16,17].

The CTEPH and CTEPD groups put forth similar exercise efforts in terms of RER,
peak heart rate, CI, and nadir SVO, at peak exercise. There was an expectedly higher
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mPAP and PVR at peak exercise in the CTEPH group, in keeping with higher resting
mPAP and PVR values in these subjects. In both groups, the PVR did not fall from rest to
exercise, characterizing an abnormal pulmonary vascular response to exercise [17,22,23].
Similarly, the change in CO relative to the change in VO, (ACO/AVO,) was similar between
the CTEPH (7.8) and CTEPD (7.4), and well within the normal range of 5-8 [24-26]. SV
augmentation to exercise was significantly blunted, with a 43% increase in SVI observed
in CTEPH versus a 74% increase in SV index in CTEPD. These findings parallel those of
Claeys et al., who demonstrated that CTEPD subjects demonstrate an intermediary pattern
of RV ejection fraction augmentation to exercise, lesser than healthy control subjects but
greater than CTEPH patients [7]. This concept seems to apply to CTEPH versus CTEPD
whether the PH is mild as seen in our cohort (mean PVR 328 dyne/sec/cm~°) or more
severe as observed by Claeys et al. (mean PVR 711 dyne/sec/ cm ™) [7].

In terms of gas exchange data, the CTEPH patients demonstrated a higher Vg /VCO,
slope and lower PETCO; values versus the CTEPD group. These findings suggest that
mild-moderate CTEPH patients possess a greater degree of dead space ventilation than
the CTEPD subjects. This finding quantitatively and qualitatively parallels prior data
indicating a gradation in dead space fraction between CTEPH and CTEPD [7]. However, the
gradation in indices of dead space fraction or gas exchange evidence existed in the context
of a decidedly milder PH phenotype (mPAP 33 mmHg and PVR 328 dyne/sec/cm™°)
than in prior studies (mPAP 45 mmHg and PVR 711 dyne/sec/cm°). The differences in
VE/VCO; and PETCO; in our cohort mirror the trend toward the higher PA obstruction
score between CTEPH and CTEPD groups. Prior work has shown that the relationship
between Vi /VCO, and the degree of PVO is dynamic, given the Vi /VCO, slope has been
demonstrated to drop from a baseline value of 50 to 37 post-PTE [5].

Importantly, the strong inverse relationship between Vg/VCO, slope and BMI oc-
curred despite similar degrees of PA obstruction across BMI quartiles. For an increase of 1
point in BMI, the Vi /VCO; slope is reduced by 0.35 in CTEPH and 0.6 in CTEPD (p < 0.001).
In practical terms, these data would indicate that at the same level of PVO, a Vg /VCO,
of 45 in a patient with a BMI of 25 would register as a VE/VCO; of 33 in a patient with
CTEPH and 37 in a CTEPD patient if the BMI were 45. We suspect that the stronger impact
of obesity on the Vg /V o, relationship in obese CTEPD over CTEPH patients reflects a
higher baseline physiologic signal for ventilatory inefficiency in the CTEPH subjects, who
possess a greater average degree of PVO. Thus, obesity can dramatically mask the gas
exchange evidence of pulmonary vascular disease/obstruction, which may lead to the false
conclusion that CTEPD or CTEPH are not responsible for a patient’s dyspnea. Our data
further indicate that the patient subgroup at greatest risk of dyspnea misclassification is
the obese CTEPD patients.

Others have demonstrated an inverse relationship between the Vi /VCO; slope and
levels of obesity in patients without PH [27]. Moreover, the Vi/VCO; slope increases
3 months following bariatric surgery, indicating there is a dynamic nature to the Vg/VCO,
relationship with obesity [28]. In contrast, exercise PETCO, did not change post-bariatric
surgery, a finding that is relatively consistent with the lack of observed differences in
exercise PETCO; in relation to BMI in our current cohort. A similar inverse relationship be-
tween Vi /VCO; slope and levels of obesity and BMI has been reported in heart failure with
reduced left ventricular ejection fraction and in mixed left heart failure populations [29-31].

Although both non-invasive CPET and iCPET have been the focus of several prior
studies in CTEPH, the relationship between Vi /VCO; slope and obesity has not been
previously described in CTEPH or CTEPD cohorts. This may relate in part to the fact
that these prior studies have focused on non-obese CTEPH populations with a BMI range
between 23-28 [5,7,8,10,32]. In contrast, our cohort had a mean BMI of 32, 15% had a BMI
over 40, and the highest BMI was 55 kg/m?. Thus, the current paper is, to our knowledge,
the first to report on the relationship between Vi /VCO, and obesity in a CTEPH/CTEPD
population. These observations may hold particularly important implications in clinical
practice given the frequency of obesity in chronic thromboembolic disease overall, as well as
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the relative importance of Vg /VCO; as a physiologic marker for severity. More specifically,
whether obese subjects with chronic PE and a lower-than-expected Vg /VCO, relationship
are at risk of misdiagnosis and misclassification of their dyspnea to non-CTEPH causes as
a consequence of this phenomenon.

The lower Vi /VCO, slope observed in obese subjects was explained by an upward
shift in the VCO, /work rate relationship versus non-obese subjects, particularly at higher
levels of exercise workload. The lack of observed differences in PETCO; across the quartiles
of BMI is consistent with this observation and with prior published data [28].

We also observed markedly higher O, uptake from rest to peak exertion in the obese
versus non-obese subjects, which is consistent with the well-known reduction in aerobic
work efficiency observed in obese individuals [33]. The observed inverse relationship
between the Vi /VCO; slope and BMI in the current cohort reflects the increased metabolic
cost of exercise in the obese.

Study Limitations

This is a retrospective single-center design with a relatively modest sample size. Our
study is, however, the first to investigate detailed rest and exercise physiologic differences
between mild CTEPH and CTEPD patients in a carefully phenotyped cohort. We did
not exercise individuals with severe CTEPH, which may have introduced selection bias.
However, it is typically unnecessary and often unsafe to exercise patients with a severe
CTEPH phenotype. The mild nature of the PH in the CTEPH cohort is a potential strength
of our study, given that iCPET is more often applied in clinical practice to patients with less
severe PH.

Supine exercise may be considered a limitation to the current study or may limit
the extension of our findings to non-supine exercise. However, the inverse relationship
between Vi /VCO, and BMI observed in the current study is likely to be further exaggerated
during an upright treadmill exercise, given obesity increases metabolic cost through the
movement of heavier limbs to a greater extent during weight-bearing exercise such as
walking (particularly at an incline) as compared to cycling [34-36]. However, although
previous studies have shown a higher VO, in upright vs. supine, the Vi /VCO; slope largely
remains unchanged [37]. The interaction of the metabolic cost and the lung mechanics in
the different positions is uncontrolled and is a potential limitation. The effect of obesity
on End Expiratory Lung Volume (EELV) deserves mention in a protocol using supine
ergometry [38,39]. We did not have this data available. Reduced EELV in the supine
position can cause lower Vg and contribute to a reduced Vi /VCO; ratio. We studied the
effects of obesity on gas exchange parameters in an obese population with an average
BMI of 32, where 15% of subjects had a BMI over 40, and we do not have other obesity
measurements besides BMI. There may be fundamental differences in the gas exchange
alterations of a more severely obese cohort, where the direct mechanical effects of more
extreme obesity may lead to relative hypoventilation during exertion.

5. Conclusions

The CTEPH subjects also demonstrated a higher Vi /VCO, slope compared to CTEPD,
in parallel with a trend toward higher PVO scores in the CTEPH cohort. However, there
is a strong inverse relationship between the Vg /VCO, slope and BMI, which implies that
ventilatory inefficiency is markedly blunted as the magnitude of obesity increases. This
can potentially mask the physiologic evidence of PVO, leading to an underestimation or
lack of appreciation of the role of chronic PE as the cause of functional impairment of
obese subjects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm13247702 /s1, Supplementary Table S1. Studies that included
CPET in patients with CTEPD and/or CTEPD; Supplementary Table S2. Baseline characteristics,
comorbidities, targeted intervention in Obese and non-obese individuals.
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Abstract: Minoritized racial and ethnic groups suffer disproportionately from the incidence and
morbidity of pulmonary hypertension (PH), as well as its associated cardiovascular, pulmonary,
and systemic conditions. These disparities are largely explained by social determinants of health,
including access to care, systemic biases, socioeconomic status, and environment. Despite this undue
burden, minority patients remain underrepresented in PH research. Steps should be taken to mitigate
these disparities, including initiatives to increase research participation, combat inequities in access
to care, and improve the treatment of the conditions associated with PH.
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1. Introduction

Pulmonary hypertension encompasses a group of disorders defined by elevated
pulmonary arterial pressures, and it can be caused by the dysfunction of the pulmonary
vasculature itself (pulmonary arterial hypertension (PAH)) or, more frequently, secondary
to other disease processes. Pulmonary hypertension is a poor prognostic sign and predictor
of mortality in many conditions, and pulmonary arterial hypertension is a highly morbid
disease [1]. This review will examine the disparities faced by patients with pulmonary
hypertension in minoritized racial and ethnic groups with respect to the recognition and
diagnosis of the disease, burden of associated diseases, health outcomes, and representation
in clinical trials.

It is important to note that race and ethnicity are dynamic, sociocultural constructs
that lack any reasonable biological basis [2]. These terms generally refer to groupings
based on common ancestry, area of origin, or cultural characteristics, and they have limited
utility in medical practice and research. However, they can provide important reference
points for social inequities, and they can influence an individual’s environment, access
to education, nutrition, political circumstances, and access to healthcare [3]. Racial and
ethnic disparities result from complex interactions between patient factors and health
system factors, including socioeconomic status, environment, and systemic bias and dis-
crimination [4]. Categorizing patients into racial and ethnic groups may lack a physiologic
basis, but it is helpful in studying and mitigating healthcare disparities in underserved and
underrepresented populations.

Pulmonary hypertension is defined by increased pulmonary artery pressure, and it is
separated into five groups based on etiology. WHO Group 1 PH is known as pulmonary
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arterial hypertension (PAH) and is due to the dysfunction of the pulmonary vasculature,
whether idiopathic or secondary to another disease process [5]. WHO Group 2 PH is due to
increased pulmonary artery pressure caused by left-sided heart disease, Group 3 PH is due
to lung disease and/or hypoxia, and Group 4 PH is associated with pulmonary artery ob-
structions (generally thrombo-embolic) [5]. WHO Group 5 PH is defined by unclear and/or
multifactorial mechanisms. The recently revised definition of pulmonary hypertension is a
mean pulmonary artery pressure (mPAP) > 20 mmHg or a pulmonary vascular resistance
(PVR) > 2.0 Wood units; this is a lower threshold than prior and is supported by studies that
have assessed the upper limit of normal PA pressure and examined the increased mortality
conferred by elevated PVR [5]. This revised definition will hopefully allow patients to be
diagnosed and treated earlier in their disease course, improving outcomes and mitigating
disparities caused by later presentations in minoritized patients.

2. Disparities in Pulmonary Hypertension
2.1. Prevalence and Presentation

Pulmonary hypertension is estimated to affect around 1% of the global population,
and up to 10% of individuals 65 years or older worldwide [6,7]. Pulmonary hypertension
registries worldwide have an underrepresentation of ethnic and racial minority patients, so
it is difficult to estimate the prevalence of the disease state in these groups [8].

While the initial presentation of PH can vary from patient to patient, the most com-
monly reported initial symptom is exertional dyspnea. This is the initial symptom in >50%
of patients with PH, and it ultimately occurs in approximately 85% of the PH population [9].
A national registry of patients carrying a diagnosis of primary pulmonary hypertension
found that 26% of patients reported fatigue, 22% reported chest pain, 20% reported lower-
extremity edema, 17% reported presyncope or syncope, and 12% reported palpitations [10].
Signs and symptoms of PH can be nonspecific and/or overlap with a patient’s underlying
conditions, making the diagnosis a challenging one for clinicians. Physical exam find-
ings of PH—such as elevated jugular venous pulsation, cardiac murmurs, edema, and
ascites—may be unremarkable early in the disease progression and only present when
right ventricular strain and eventual failure emerge [1]. There can be a significant delay in
the diagnosis of PH. Approximately 20% of patients in the REVEAL Registry who were
diagnosed with pulmonary arterial hypertension reported symptoms for more than 2 years
before their disease was recognized. Younger individuals and patients with other common
respiratory disorders were most likely to experience delayed PAH recognition [9].

Additionally, disease profiles may vary between racial and ethnic groups. In a cohort
analysis of 160 patients from the Johns Hopkins PH program, Black patients were found to
have worse functional classes upon presentation, lower exercise capacities, higher levels
of natriuretic peptides, more severe hemodynamic metrics, and a trend toward decreased
survival [11]. PH associated with sarcoidosis [12] and sickle cell disease [13] is also more
frequent in Black individuals. This remains an understudied aspect of PH research.

2.2. Health Outcomes

There is limited data regarding the disparities in PAH outcomes, particularly because
research studies, registries, and clinical trials have an underrepresentation of minority
patients. There have been studies looking at outcomes in PAH with regard to socioeco-
nomic status (SES). In the PAHQUERI study, an employment status of unemployed or
receiving disability was found to be a predictor of 3-year mortality [14]. Additionally,
other studies have found that lower SES was associated with higher mortality rates and
clinical progression after adjusting for age, sex, hemodynamics, functional class, and
pharmacotherapies [15,16].

Regarding differences in race, data on minoritized patients and PAH outcomes have
been mixed and, notably, there has been an underrepresentation of these patients in much
of the current PAH research. One study looking at patients with PAH secondary to systemic
sclerosis found that Black patients had worse functional classes upon presentation, worse
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RV function, more severe hemodynamics, and higher BNPs compared to Americans of
European descent, although only 18% of the patients studied were Black [11]. Another
study using data from the REVEAL Registry found no difference in survival between Black
patients with PAH and patients of other races and ethnicities [17]. There was evidence of
decreased survival and poorer right-sided heart function of Black PAH patients compared
to White PAH patients; however, that difference was no longer present when adjusted for
insurance status [18], suggesting that there is more of an association with access to care and
SES. In another study, Hispanic patients with PAH were found to have improved survival,
though that difference was not present when adjusted for other social determinants of
health [19].

2.3. Sex Differences

There have been multiple sex differences described in PAH incidence and outcomes.
There is an association of dysfunctional estrogen metabolism in the pathophysiology of
PAH; an increase in estrogen metabolites, including 160HEs and CYP1B1, have been
shown to be associated with the development of PAH [20,21]. The incidence of PAH in
females decreases at around age 65 years, likely due to menopausal hormone changes
with decreases in estrogen and estrogen metabolism [22]. Though premenopausal females
are more likely to acquire PAH, they tend to have a better response to treatment and
increased survival when compared to males [23,24], as well as higher right ventricular
ejection fractions, lower right ventricular masses, and smaller right ventricular volumes [25].
Notably, with more recent restrictions on pregnancy termination, females with PAH who
are counseled to terminate their pregnancy but are unable to access these services will
likely have increased maternal and fetal morbidity, particularly those of lower SES [8].

3. Pulmonary Hypertension Groups and Associated Conditions
3.1. Group 1 Pulmonary Hypertension

Group 1 PH can be secondary to a number of conditions, most commonly connective
tissue/autoimmune disease (notably scleroderma), congenital heart disease, HIV-associated
PH, drug/toxin-induced PH, portal hypertension, and idiopathic PH [26]. Recent attempts
to create and categorize the demographics of pulmonary arterial hypertension patients led
to the REVEAL Registry. This showed a predominance of PAH in White patients (72.8%),
with 12.2% seen in Black patients, 8.9% in Hispanic patients, and 3.3% in Asian/Pacific
Islanders. When this was compared with the expected distribution in the population,
Hispanic and Asian patients were noted to be underrepresented while Black patients were
slightly overrepresented [27]. More stark differences in the demographics were noted
when examined according to the etiology of Group 1 PAH. Another recent registry created
to identify disparities in the demographics of Group 1 PAH also revealed that Hispanic
women were more likely to have congenital heart disease-associated PH and non-Hispanic
White patients were more likely to have familial PAH and PH related to drugs or toxins [28].
Connective tissue disease is the most common PAH-associated disease. Systemic sclerosis
(SS) makes up approximately 75% of these cases, followed by mixed connective tissue
disease at 8% and lupus at 8% [29]. Black individuals have a higher prevalence of SS in
America compared to White individuals, with Black patients being twice as likely to have
diffuse systemic disease [30]. Furthermore, Black Americans with SS were more likely to
have pulmonary hypertension compared to their White counterparts [31]. A 2021 meta-
analysis study aimed to investigate the prevalence of lupus in the United States and found
that Black women had the highest prevalence, followed by Hispanic individuals, White
individuals, and finally Asian/Pacific Islanders [32]. Another study showed there was
a higher prevalence of SLE-associated pulmonary hypertension in Black patients (11.5%)
compared to White patients (5.9%) [33]. This demonstrates that Black patients are not only
more likely to develop systemic sclerosis and lupus, but they are then also more likely to
develop PH related to these connective tissue diseases.
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3.2. Group 2 Pulmonary Hypertension

Group 2 pulmonary hypertension is due to left-sided heart disease and is the most
common cause of PH in the United States [34]. While there is a lack of literature on the
specific demographics of patients with PH related to left-sided heart disease, there are
data on patients with left-sided heart disease. Black individuals have higher rates of
heart failure compared to White individuals and tend to have earlier onsets along with
increased severity. The MESA study concluded that the highest incidence of CHF was in
the Black American population, followed by Hispanic individuals, White individuals, and
then Asian individuals [35]. Having a higher likelihood of developing these risk factors
can predispose these patients to develop PH in the future. Similarly, the prevalence of
hypertension in Black patients is also 3-7x higher than in White patients [36]. A 2018 study
aimed to identify racial differences in patients referred for right-heart catheterization and
risk of pulmonary hypertension. This study population showed a higher prevalence of
combined pre- and post-capillary PH in Black patients compared to White patients, which
may suggest that there is a predisposition to develop PH in response to left-sided heart
disease [37]. Not only are Black patients more likely to develop risk factors for left-sided
heart disease, but they may also be more likely to develop PH from left-sided heart disease
compared to their White counterparts.

3.3. Group 3 Pulmonary Hypertension

Group 3 pulmonary hypertension is characterized by elevated pressure in the pul-
monary circulation due to lung diseases or low oxygen levels [5]. Several studies show
that more than 90% of patients with COPD have a mean pulmonary artery pressure
higher than 20 mmHg, with roughly 5% of patients with a mean PA pressure higher than
35-40 mmHg [38]. Additionally, the incidence of pulmonary hypertension in idiopathic
pulmonary fibrosis is 8-15% at diagnosis, 30-50% in advanced disease, and more than 60%
in end-stage disease [39].

Limited research has been performed on health disparities specifically in patients
with Group 3 pulmonary hypertension. However, data exist on the increased burden
of respiratory diseases in minoritized groups and among the socially disadvantaged. A
disproportionate burden of COPD occurs in people of low socioeconomic status due to
differences in health behaviors, including tobacco smoking, occupations with exposure
to toxins, exposure to indoor biomass fuel, air pollution, and access to healthcare [40]. To
make matters worse, lower socioeconomic status is associated with worse COPD outcomes,
including higher hospitalization rates, higher mortality rates, and worse quality of life [41].

Despite these disparities, there has been limited enrollment of minority patients in
clinical trials specifically targeting Group 3 pulmonary hypertension. The INCREASE trial,
which evaluated the safety and efficacy of inhaled treprostinil in patients with pulmonary
hypertension due to interstitial lung disease enrolled only 71 Black patients and only
27 Hispanic patients [42]. Other studies did not report the racial or ethnic compositions of
their study populations, highlighting a lack of representation of minority patients in these
trials [42-50]. This lack of diversity in clinical trials not only hinders our understanding of
the disease and its treatment in different populations but also perpetuates health disparities.

Another group that warrants attention in the context of health disparities is patients
who had severe pneumonia and acute respiratory distress syndrome from coronavirus
disease 2019. It has been widely reported that minority patients and those from lower
socioeconomic backgrounds had worse outcomes during the COVID-19 pandemic [51].
Although evidence remains limited, recent studies have demonstrated the onset of pul-
monary hypertension and right ventricular dysfunction after acute COVID-19 infection,
with these hemodynamic effects potentially implicated in the symptoms associated with
“post-COVID syndromes” [52,53]. As our understanding of the chronic consequences of
COVID-19 infections improves, COVID-19 survivors may become a notable subgroup of
Group 3 PH whose management should be considered in a distinct way. As such, it is im-

69



J. Clin. Med. 2024, 13, 285

portant to examine and address any potential disparities that may exist in the management
of these patients.

3.4. Group 4 Pulmonary Hypertension

Group 4 PH is due to pulmonary artery obstructions and is most commonly due to a
condition known as chronic thromboembolic pulmonary hypertension (CTEPH). CTEPH
is defined as symptomatic pulmonary hypertension with persistent pulmonary perfusion
defects despite therapeutic anticoagulation for 3-6 months [5]. The exact epidemiology of
CTEPH is unknown, although it is most likely underdiagnosed and therefore undertreated.

The research into disparities in this condition has been limited. A single-center study
that retrospectively reviewed all the patients who underwent pulmonary thromboen-
darterectomy (PTE) from June 2009 to June 2019 found a higher mortality in those patients
who had a lower socioeconomic status (assessed using the zip code-linked Distressed
Communities Index, a validated, holistic measure of community wellbeing). Of note, race
was not associated with a difference in survival in this analysis [54].

In a separate analysis by Chan and colleagues, a retrospective review of 401 consecu-
tive patients who underwent PTE found that women were more likely to receive presurgical
oxygen therapy and to have segmental and sub-segmental disease compared to men. Al-
though the pre-operative values were similar, women had higher post-operative pulmonary
vascular resistance. Despite this, survival at 10 years was not different between the groups,
although females had a higher requirement of targeted pulmonary hypertension therapy
compared to males [55].

4. Vasodilation Physiology and Treatment Considerations

The pathophysiology of pulmonary hypertension is characterized by endothelial
dysfunction, smooth muscle cell remodeling, and issues with the normal vasodilatory
pathways [56]. Physiologic vasodilation is mediated by two primary signaling pathways:
the cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP)
pathways. The cAMP pathway is mediated by prostacyclin activation. Prostacyclins or
prostacyclin analogues bind to their receptor, leading to decreased intracellular calcium
and, in turn, increased vasodilation [57]. By contrast, the cGMP pathway is mediated
largely via nitric oxide (NO). NO is produced in the pulmonary vascular endothelium
and diffuses into vascular smooth muscle cells, where it binds soluble guanylyl cyclase in
order to increase intracellular cGMP [58]. cGMP then phosphorylates cGMP-dependent
protein kinase, which leads to a decrease in intracellular calcium, thereby decreasing the
myosin light-chain cross-linking and vascular tone [59]. In addition to the cAMP and
c¢GMP pathways, endothelial dysfunction and vasoconstriction via the endothelin receptor
pathway are also implicated in pulmonary hypertension pathophysiology [57].

4.1. ¢cGMP and Nitric Oxide

Pharmacologic agents for pulmonary hypertension therefore target each of these three
different pathways. The cGMP and nitric oxide pathways are primarily targeted by a class
of medications called phosphodiesterase inhibitors. These agents work by inhibiting the
phosphodiesterase-5-mediated degradation of cGMP, thereby increasing the cGMP levels
and downstream vasodilation in the pulmonary vasculature [60]. The first of these agents,
sildenafil, was studied in a randomized control trial of 278 patients, the majority of which
had WHO Group 1 pulmonary arterial hypertension, and was found to have a significant
benefit in improving the Six-Minute Walk Test (6MWT), WHO functional class, and mean
pulmonary artery pressure [61]. The second agent in this class, tadalafil, was studied in
405 patients with symptomatic PAH and demonstrated a significant improvement in the
6MWT and quality-of-life measures [62]. In terms of representation, however, both trials
enrolled greater than 80% White patients in their study groups [61,62].

Another class of medications to target this pathway is the soluble guanylate cyclase
stimulators. These agents work by stimulating soluble guanylate cyclase via a binding site
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independent of nitric oxide, as well as by stabilizing the nitric oxide binding site to sensitize
guanylate cyclase to endogenous NO [63]. Riociguat is the primary option in this drug
class and is the only medication currently approved for both Groups 1 and 4 pulmonary
hypertension. It was first studied in 443 patients with symptomatic PAH and found to
significantly improve the 6MWT, pulmonary vascular resistance (PVR), proBNP levels,
and WHO functional class [64]. It was also studied in 261 patients with CTEPH, where it
also demonstrated significant benefits in the G MWT and PVR [65]. While these trials were
slightly more diverse compared to the PDE-5 studies, they still enrolled a majority of White
patients (61% and 71%) and severely underrepresented Black patients (1% and 3%) in their
study groups [64,65].

4.2. cAMP and Prostacyclins

Prostacyclin analogues and agonists are the two primary agents used to target the
cAMP vasodilation pathway. Prostacyclin is a type of prostaglandin endogenously released
by endothelial cells within the pulmonary arteries. Upon binding to its receptors, it acti-
vates G-protein, leading to increased intracellular cAMP, thereby triggering protein kinase
A and downstream smooth muscle relaxation and pulmonary artery vasodilation [66].
Epoprostenol is an IV prostacyclin analogue that was the first therapy approved for the
treatment of PAH, following an 82-patient trial in 1996 demonstrating improvement in
the 6BMWT, mean PA pressure, and PVR [67]. Treprostinil is an analogue that was first
studied in a subcutaneous formulation in a 470-patient trial and found to significantly
improve the 6MWT distance [68]. Treprostinil has also shown significant benefits in the
exercise capacity, both when studied as a monotherapy [69] and in combination with the
endothelin receptor antagonist bosentan [70]. Treprostinil has been most recently studied in
a trial of 326 patients with Group 3 pulmonary hypertension, where it showed significant
improvement in the 6MWT, making it the only agent specifically approved for Group 3
PAH [42]. Finally, iloprost is an additional inhaled prostacyclin analogue, which has also
shown significant benefit in the 6MWT and functional class [71].

Selexipag, by contrast, is an oral agent that acts as an agonist at the prostacyclin
receptor. It was studied in a larger trial of 1156 patients and found to increase the time
to clinical worsening in PAH [72]. The above trials varied in their degrees of minoritized
patient inclusion. Demographic data on race/ethnicity were not reported in the initial
epoprostenol trial [67] or the study of iloprost [71]. Greater than 84% of patients in the
study of subcutaneous treprostinil were White [68], while the more recent trial of selexipag
did recruit across a wide range of geographic areas but did not specifically report data on
the patient race/ethnicity [72].

4.3. ERA Pathway

The final potential target is the endothelin pathway. Endothelin 1 is an endogenous
vasoconstrictor that is overexpressed in the pulmonary vasculatures of patients with
PAH [60]. Bosentan and macitentan are both dual endothelin receptor antagonists that
have demonstrated significant improvements in the 6MWT and PVR [73,74], as well as in
the time to clinical worsening for macitentan specifically [75]. Ambrisentan is a selective
endothelin receptor antagonist that has also demonstrated significant improvements in the
exercise capacity and time to clinical worsening for patients with PAH [76]. Notably, all
of the above trials enrolled majority White patient populations, with less than 6% Black
patients in the macitentan and ambrisentan trials [73,75,76].

4.4. Treatment Approach

With the variety of medication classes available, multiple large trials and meta-analyses
support first-line treatment with a combination therapy of an endothelin-receptor antag-
onist plus PDE-5 inhibitor compared with monotherapy alone [77]. For example, a 2015
randomized control trial demonstrated the benefit of ambrisentan plus tadalafil as first-line
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therapy when compared to either monotherapy alone in terms of the time to clinical failure
events [78].

However, when patients experience progressive disease despite maximal appropriate
medical therapy, and particularly for patients requiring continuous IV prostacyclin therapy,
more aggressive interventions, such as lung transplant, can be considered [79]. A patient’s
disease progression and risk of short-term mortality can be quantified with a number of
risk stratification tools, most commonly the REVEAL risk score [80]. For patients deemed
to be appropriate transplant candidates, a double lung transplant is now the standard
of care for patients with PAH at most centers [81]. A rapid and significant improvement
in the right-sided pressures is typically seen post-transplant [81]; however, patients with
PAH have lower 3-month (76%) and 1-year survival rates (71%) compared to patients with
pulmonary fibrosis [82]. While it serves as the definitive therapy for PAH, 5-year median
survival rates are still just 51.7% [81], further emphasizing the importance of continuing to
study and improve upon the existing pharmacologic options.

Finally, the impact of the above pharmacologic treatment modalities is severely limited
by the significant cost associated with PH therapies, further propagating disparities in
care. While multiple classes of PH-targeted therapies exist, the cost of these drugs is often
prohibitive, even for patients with adequate health insurance coverage. Prior studies have
estimated the mean average cost per patient with PAH at USD 80,000 per year [8]. A
more recent review on the issue from 2016 also found a significant economic burden on
patients with PH, primarily related to medication costs, with estimates as high as over USD
11,000 per month for healthcare-related costs [83]. The exorbitant cost of PH therapies is
a potential barrier to treatment for nearly all patients and a burden that is no doubt felt
more acutely by minoritized patient groups of lower socioeconomic status who are already
suffering from poor access to care.

5. Representation in Pulmonary Hypertension Trials

The underrepresentation of patients from ethnic and racial minority groups in major
cardiac clinical trials is an issue that is not unique to pulmonary hypertension alone. At
present, only 15% of patients enrolled in NIH trials are Black [84], and only 30% of the
total patients identify as minorities. Unfortunately, the lack of representation of diverse
groups in clinical trial enrollment perpetuates a cycle of worsening relationships between
healthcare systems and minority patients.

It has been shown in multiple studies that patients in minoritized groups have compli-
cated relationships with healthcare for multiple reasons, including distrust of healthcare
professionals, limited healthcare literacy, and language barriers. The lack of representation
in trial enrollment of such patients further promotes distrust in the minority community
towards clinical trials and findings [85]. Interestingly, some barriers to diverse clinical trial
enrollment often overlap with the causes of health disparities amongst minority groups,
including distrust of healthcare systems, a lack of access to care, a lack of health profession-
als from minority groups, and language barriers [86]. It has also been shown that these
issues further deepen both conscious and unconscious biases amongst providers regarding
minority patients [87]. This vicious cycle ultimately alienates minority groups, decreases
patients” likelihood to participate in trials, and decreases engagement with healthcare
systems that practice the evidence-based medicine that is a product of such trials [88].

The inadequate recruitment of minority patients into landmark trials further com-
plicates medical care, due to the limited generalizability of the trial findings to these
populations. Major breakthroughs in pulmonary hypertension management are unfor-
tunately not an exception to this predicament. Table 1 illustrates how many major trials
in pulmonary hypertension since 2004 have severely under-recruited Black and minority
patients, with the vast majority recruiting less than 20% of patients from ethnic minorities.
As referenced above, there is a high prevalence of pulmonary hypertension amongst Black
patients [28]. However, the current guidelines for the treatment of PH have been heavily
influenced by the findings of various clinical trials that are not representative of this pop-
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ulation (Table 1). A re-examination of the enrollment practices with respect to race calls
into question the generalizability of the past 20 years of scientific discovery in pulmonary
hypertension. Whether these findings and guidelines should be applied to all patients
irrespective of race and ethnicity remains to be explored. The high prevalence of pulmonary
hypertension amongst non-White patients emphasizes the need for a better understanding
of how the disease and its treatments may vary between various racial groups.

Table 1. Major trials in pulmonary hypertension and recruitment of minority patients.

Trial Name

Major Conclusions

Minority Recruitment

Channick et al. [73]

Bosentan improves exercise capacity and
hemodynamics in patients with
pulmonary hypertension.

<18% Black patients

Rubin et al. [74]

Bosentan is an effective medication in patients with
pulmonary arterial hypertension.

>77% White patients

BREATHE-2 [89]

Trial suggested a trend towards hemodynamic or
clinical improvement in patients with pulmonary
arterial hypertension who were treated with a
combination of epoprostenol and bosentan.

<10% Black patients

SUPER-1 [61]

In patients with pulmonary arterial hypertension,
sildenafil improves exercise capacity, WHO functional
class, and hemodynamics.

<10% non-White patients
>80% White patients

ARIES 1 and 2 [76]

Ambrisentan improves exercise capacity in pulmonary
arterial hypertension.

0-6% Black patients
66-92% White patients

Macitentan reduced morbidity and mortality amongst 2.6% Black patients
SERAPHIN [90] patients with pulmonary arterial hypertension. 54.5% White patients
Riociguat improved exercise capacity and pulmonary .
. . . . . 3% Black patients
CHEST1 [65] and CHEST?2 [91] vascular resistance in patients with chronic 71% White patients

thromboembolic pulmonary hypertension.

GRIPHON [72]

In patients with pulmonary arterial hypertension,
treatment with selexipag led to a lower risk of death
and pulmonary hypertension complication.

<10% enrollment in Latin America
Predominantly enrolled in Europe

AMBITION [78]

Amongst those with pulmonary arterial hypertension,
combination therapy with ambrisentan and tadalafil
led to less risk of composite death, hospitalization for
pulmonary arterial hypertension, disease progression,
and unsatisfactory long-term clinical response than
monotherapy with either agent.

<15% non-White patients

Amongst patients with a high risk of heart failure,

those who received vericiguat had less risk of death 4.9% Black patients
VICTORIA [92] due to cardiovascular causes or heart failure 64% White patients
hospitalizations than those who received a placebo.
Amongst patients receiving background therapy for
PULSAR [93] pulmonary arterial hypertension, treatment with 4% Black patients
sotatercept resulted in a reduction in pulmonary 92% White patients
vascular resistance.
In patients with pulmonary hypertension secondary to .
INCREASE [42] interstitial lung disease, inhaled treprostinil improved 71 Black patients

exercise capacity.

238 White patients

6. Conclusions

Pulmonary hypertension represents a heterogenous group of conditions that all have
a high degree of morbidity and mortality. Racial and ethnic minority patients suffer from
an increased burden of pulmonary hypertension and its associated conditions, such as
connective tissue diseases (including systemic sclerosis and lupus), left-sided heart dis-
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ease, and respiratory diseases such as COPD and interstitial lung disease. Many of these
disparities are explained by the known social determinants of health, such as access to
high-quality medical care, health literacy, the environment, socioeconomic status, systemic
biases, and a mistrust of and lack of engagement in the healthcare system. Despite this
undue burden, racial and ethnic minority patients remain vastly underrepresented in
trials studying pulmonary hypertension. There remain many questions to be answered
regarding the healthcare disparities in PH, and there are several avenues to explore to
mitigate these disparities (Figure 1). This may be accomplished by promoting more diverse
research representation by enrolling more minority patients in clinical trials and incorpo-
rating recruitment efforts in smaller, more diverse communities. Another area to explore
could include community outreach by advocating for the creation of more community
PH programs as well as public health programs that can help increase access to general
medical services. Fostering ethnic and racial diversity among PH healthcare providers, as
well as increasing awareness of social determinants of health, may also help reduce these
disparities. Lastly, the early diagnosis and treatment of PH and its associated conditions
should be pursued as much as possible to reduce the burden suffered by underserved and
underrepresented minority patient groups.

Reducing healthcare

disparities in pulmonary
hypertension

Figure 1. Non-pharmacologic methods to reduce healthcare disparities in pulmonary hypertension.
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Abstract: Pulmonary hypertension (PH) caused by left heart disease, also known as post-capillary
PH, is the most common etiology of PH. Left heart disease due to systolic dysfunction or heart
failure with preserved ejection fraction, valvular heart disease, and left atrial myopathy due to atrial
fibrillation are causes of post-capillary PH. Elevated left-sided filling pressures cause pulmonary
venous congestion due to backward transmission of pressures and post-capillary PH. In advanced
left-sided heart disease or valvular heart disease, chronic uncontrolled venous congestion may
lead to remodeling of the pulmonary arterial system, causing combined pre-capillary and post-
capillary PH. The hemodynamic definition of post-capillary PH includes a mean pulmonary arterial
pressure > 20 mmHg, pulmonary vascular resistance < 3 Wood units, and pulmonary capillary wedge
pressure > 15 mmHg. Echocardiography is important in the identification and management of the
underlying cause of post-capillary PH. Management of post-capillary PH is focused on the treatment
of the underlying condition. Strategies are geared towards pharmacotherapy and guideline-directed
medical therapy for heart failure, surgical or percutaneous management of valvular disorders, and
control of modifiable risk factors and comorbid conditions. Referral to centers with advanced heart
and pulmonary teams has shown to improve morbidity and mortality. There is emerging interest in
the use of targeted agents classically used in pulmonary arterial hypertension, but current data remain
limited and conflicting. This review aims to serve as a comprehensive summary of postcapillary
PH and its etiologies, pathophysiology, diagnosis, and management, particularly as it pertains to
advanced heart failure.

Keywords: pulmonary hypertension; post-capillary; heart failure; advanced heart failure; HFrEF

1. Introduction

Left heart disease is the most common etiology of pulmonary hypertension (PH)
and is associated with poor prognosis. Left heart disease due to systolic dysfunction or
heart failure with preserved ejection fraction (HFpEF), valvular heart disease, and left
atrial myopathy due to atrial fibrillation are causes of PH (Figure 1). PH due to left heart
disease (PH-LHD) can be isolated, resulting in post-capillary PH. In the setting of advanced
left-sided heart disease or valvular heart disease, chronic uncontrolled venous congestion
may lead to remodeling of the pulmonary arterial system, causing combined pre-capillary
and post-capillary pulmonary hypertension [1]. The hemodynamic definition for PH was
recently modified. Isolated post-capillary PH was defined as mean pulmonary artery
pressure (mPAP) > 20 mmHg, pulmonary arterial wedge pressure (PAWP) > 15 mmHg, and
pulmonary vascular resistance (PVR) < 3 Wood units (WU). A subset of patients develop
combined pre- and post-capillary PH, which is defined as PVR > 3 WU in combination
with elevated mPAP and elevated PAWP [2].
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Figure 1. Etiology for Post-capillary Pulmonary Hypertension.

Post-capillary PH can cause right ventricular failure (RVF) due to loss of right ventricle
(RV) compensatory mechanisms from chronic RV afterload if the underlying cause of left
heart disease is untreated. Systemic venous congestion causes multi-organ failure and is
associated with increased mortality and morbidity [3]. In this review, we will discuss the
epidemiology, pathophysiology, diagnosis, sequalae, and management of post-capillary PH.

2. Epidemiology

Post-capillary PH is the most prevalent form of PH, estimated at 35-60% of all PH
cases [4,5]. The vast majority of post-capillary PH is due to HFpEF and heart failure with
reduced ejection fraction (HFrEF). PH is estimated to be present in 40-80% of all cases
of HFpEF and HFrEF [6,7]. The morbidity and mortality associated with concomitant
PH and left heart disease are profound and dependent on the etiology and severity of
the underlying heart disease. The diagnosis of PH in patients with heart failure (HF) is
associated with increased mortality [8-10]. One study with 307 patients with post-capillary
PH, predominantly within New York Health Association Functional Class III, showed 1-,
3-, and 5-year survival rates of 86.7%, 68.6%, and 55.6%, respectively [11]. A Canadian
retrospective cohort study of 50,529 patients with a diagnosis of PH found that adults
with PH-LHD had 1- and 5-year survival rates of 61.2% and 34.5%, respectively. Prognosis
also depends on the absence or development of RVF. In patients who have elevated PAP,
reduced RV systolic function is associated with a worse prognosis and poorer survival
compared to patients with normal RV function [12].
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There are no currently identified genetic markers associated with post-capillary PH;
however, known genetic markers and polymorphisms associated with cardiomyopathy
and valvular dysfunction may help identify those at risk of developing left heart disease
leading to post-capillary PH.

3. Pathophysiology

The changes in the cardiopulmonary circulation in HFrEF or HFpEF determine the
symptoms and prognosis of left heart disease. The left atrium (LA) plays a vital role in
the pathophysiology of PH in left heart disease. Left atrial function is divided into three
phases as described in the article by Rossi et al.: reservoir, conduit, and booster. The LA
has a protective role in buffering the dynamic changes in left-sided filling pressures and
resultant mitral regurgitation in the early stages of left ventricular impaired relaxation or
contractile dysfunction [13]. Chronic elevation in left atrial pressures (LAP) in HFrEF or
HEFpEEF, or left-sided valvular heart disease, results in LA remodeling and fibrosis with
excessive transmission of pressures to the pulmonary circulation [14].

There are differences in LA remodeling and function in patients with HFpEF and
HFrEF. In patients with HFpEEF, there is evidence of higher peak LAP and LA stiffness
despite lower LA dilation and mitral regurgitation severity compared to the HFrEF cohort.
In patients with HFrEF, there is left chamber dilation with lower function compared to the
HFpEF cohort [15]. There is a higher incidence of atrial fibrillation in the HFpEF cohort,
which also perpetuates a vicious cycle of atrial myopathy [15,16]. With HF disease pro-
gression, LA compliance and function declines with the loss of the protective role of the
LA. The persistent elevation in pulmonary venous pressures leads to the development of
pulmonary vascular disease due to pulmonary vascular remodeling. The RV is sensitive
to even a modest increase in afterload with greater reductions in stroke volume (SV) com-
pared to the left ventricle (LV) [17]. Elevated PAWP during rest or exercise in HF augments
systolic pulmonary artery pressure and decreases pulmonary vascular compliance for a
given vascular resistance [18]. Chronically pulsatile loading of the pulmonary vasculature
results in alveolar capillary remodeling, endothelial dysfunction, decreased nitric oxide
availability, and irreversible pulmonary vascular remodeling. RV afterload increase is
transient in the initial stages of HF but may become sustained with the progression of pul-
monary vascular remodeling [19]. Short-term RV adaptation (RV-PA coupling) to increased
pulsatile load in the pulmonary circuit is not sustained, which leads to progression to the
clinical syndrome of RVF (Figure 2). RV-PA uncoupling may be unresponsive to medical or
surgical intervention to lower the PA systolic load. In addition, progressive RV dilation due
to increased RV afterload can lead to worsening LV function and decreased cardiac output
due to pericardial constraint and interventricular dependence [20]. Pulmonary alveolar
capillary remodeling and decreased pulmonary perfusion lead to impaired gas exchange
and ventilation/perfusion mismatch with symptoms of hypoxemia and exertional dyspnea.
Patients who develop pulmonary vascular disease or pre-capillary PH demonstrate an
increase in pulmonary congestion with exercise compared to patients with post-capillary
PH [21].
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Figure 2. Pathophysiology and Clinical Sequelae of Pulmonary Hypertension due to Left Heart Disease.

4. Diagnosis

Pulmonary hypertension is defined by the 6th World Symposium on Pulmonary
Hypertension as mPAP > 20 mmHg while supine and at rest, correlating with greater
than the 97th percentile of average pulmonary pressures in healthy individuals [2,22]. The
previous definition that used mPAP > 25 mmHg was modified because studies showed
that mortality risk increased by 23% when mPAP was > 19 mmHg [10]. Due to multiple
variables that can affect pulmonary arterial pressure, a lone value > 20 mmHg is not always
sufficient for diagnosis. Increases in cardiac output (i.e., exercise, left-to-right shunting),
hyperviscosity, and elevated PAWP from left heart disease can elevate mPAP in the absence
of true pathology within the intrapulmonary vasculature [2]. Further characterization of
pre-capillary, post-capillary, and combined pre- and post-capillary PH (cpcPH) is defined
by PAWP and PVR:

Pre-capillary PH: mPAP > 20 mmHg, PAWP 15 mmHg, PVR > 3 WU
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Post-capillary PH: mPAP > 20 mmHg, PAWP > 15 mmHg

CpcPH: mPAP > 20 mmHg, PAWP > 15 mmHg, PVR >3 WU

Pulmonary vascular resistance is a measure of resistance to blood flow in the pul-
monary circulation and is indirectly a measure of RV afterload [23]. Elevated PVR in
patients with left heart disease is associated with an increased hazard of mortality and
heart failure hospitalizations, and this risk increases with PVR > 2.2 [24]. Even though
pulmonary arterial compliance and pulmonary arterial elastance are measures reflective of
pulsatile load, they are not routinely used in clinical practice [25].

There are multiple methods of measuring pulmonary pressures and, consequently,
multiple ways of detecting pulmonary hypertension (Figure 3). Echocardiography, specifi-
cally transthoracic echocardiography (TTE), plays a central role in the initial evaluation
of post-capillary PH. TTE allows for the assessment of various hemodynamic parameters,
such as left ventricular systolic and diastolic function, valvular abnormalities, and estimates
of pulmonary artery pressures. While TTE is an essential tool for diagnosing the under-
lying cause of left heart disease and post-capillary PH, its estimates of pulmonary artery
pressures can be inaccurate in multiple clinical scenarios. The estimation of pulmonary
artery systolic pressures (PASP) relies on calculations based on estimates of right atrial
pressure and physiologic tricuspid regurgitation. Right atrial pressures are estimated by
the size and distensibility of the IVC throughout respiration, which has been shown to
greatly underestimate or overestimate the true right atrial pressure [26]. Likewise, absent
or severe tricuspid regurgitation can lead to underestimation of PASP and underdiagnosis
of PH [27,28]. Additionally, inadequate acoustic windows can further prohibit accurate
characterization of pulmonary vasculature pressures. Beyond pulmonary pressure, there
are several key echocardiographic parameters that can shed light on the presence and
degree of pulmonary vascular disease and RV adaption to increased afterload. The right
ventricular outflow tract signal is obtained by placing the pulse wave Doppler proximal
to the pulmonic valve. Normally the signal is a parabolic shape spanning almost the
entirety of systole. However, in the presence of significant pulmonary vascular disease (pre-
capillary PH), the profile becomes notched, with the degree of notching correlating with
PVR (mid-systolic notching ~ PVR > 9 WU, late systolic notching ~5 WU) [29]. Similarly,
the shape of the RV can elucidate the degree of pulmonary vascular disease. The systolic
RV base/apex ratio is significantly lower in patients with pre-capillary PH as compared to
those with pulmonary venous hypertension (1.3 vs. 2.6) [30].
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Figure 3. Diagnosis of Post-capillary Pulmonary Hypertension.

Right heart catheterization (RHC) remains the gold standard for diagnosing PH
as it provides precise measurements of pulmonary pressures and other hemodynamic
parameters [31]. It is an invasive procedure that directly measures the pressure in individual
chambers of the right-sided heart and pulmonary vasculature. Pulmonary artery pressures
are measured throughout the respiratory and cardiac cycle, yielding systolic, diastolic, and
mean pulmonary artery pressure values. As intrathoracic pressures affect the pressures
within the pulmonary vasculature, pressure measurements should ideally be recorded at
end-expiration.

Additionally, RHC is useful because it can measure PAWP, which provides an indirect
measurement of the pressures of the pulmonary venous system and the left atrium. These
values are essential in determining if there is a cardiac component associated with PH. RHC
can also assess hemodynamic parameters of cardiac output (CO) and index (CI), which
should be calculated using the thermodilution method [31,32]. Additionally, pulmonary
vascular resistance can be calculated using the equation:

(mPAP — PAWP)
CO

Pulmonary Vascular Resistance (in WU) =

While elevated PAWP is classically used as evidence of post-capillary pulmonary
hypertension and therefore left heart failure, it is important to note that a normal PAWP
does not rule out the diagnosis of HFpEF. Volume challenge or exercise during RHC has
been used to attempt to unmask left heart dysfunction in patients with suspected left heart
disease and normal PAWP.

Though RHC is the diagnostic gold standard for PH, the utility of the test is dependent
on correct data acquisition and interpretation. Errors in data acquisition can occur in the
case of inappropriately calibrated machines and with under- or over-dilation of the catheter
balloon [33-35]. As mentioned above, the PAWP must be measured at the end of expiration,
particularly relevant in the case of lung disease or obesity, where mean PAWP can be
significantly more elevated than end-expiration PAWP. Measurement should be taken at
the same point of the cardiac cycle and specifically at the “a” wave as mitral regurgitation
can cause large “v” waves, impacting mean PAWP [34].

It is also important to note that PAWP is used as a surrogate measurement for left
ventricle filling pressure. Another surrogate marker that can be used is left ventricular end-
diastolic pressure (LVEDP). LVEDP is most accurately obtained by placing a catheter with
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a pressure transducer directly in the left ventricle via arterial access. As discussed above
with PAWP, echocardiographic estimates of LVEDP have proven unreliable and inaccurate
when compared to invasive measurements [36]. Studies have highlighted that PAWP
can vary in the accuracy of estimation of pre-load of the left ventricle when compared to
LVEDP [37]. While LVEDP may provide a more direct measure of diastolic, and therefore,
filling pressure in the LV, PAWP provides additional information regarding the function
and adaptability of the left atrium. This insight into LA compensation is likely in part why
the use of PAWP, rather than LVEDDP, has been shown to have more prognostic utility of
morbidity and mortality in patients with heart failure [38].

5. Treatment

The management of PH-left heart disease (PH-LHD) is dependent upon the etiology
of left heart disease. For this reason, this section will elaborate on the treatments specific to
the underlying cardiac etiology of PH.

5.1. Heart Failure with Reduced Ejection Fraction

Managing pulmonary hypertension caused by HFrEF involves a comprehensive
approach including optimizing guideline-directed medical therapy (GDMT), addressing
fluid balance, and considering targeted therapies for PH. Pharmacotherapy should be
initiated in all patients with the goals of reducing mortality, preventing hospitalizations,
and improving quality of life [39-41]. The four pillars of GDMT include beta-blockers,
mineralocorticoid receptor antagonists (MRA), sodium-glucose cotransporter-2 inhibitors
(SGLT-2i), and angiotensin-converting enzyme (ACE) inhibitors or angiotensin II receptor
blockers (ARB) or angiotensin receptor-neprilysin inhibitors (ARNI). Other medications that
can be considered in select patients include loop diuretics, I;-channel inhibitors, digoxin,
and a combination of hydralazine and isosorbide dinitrate. When indicated, patients with
left bundle branch block should also receive cardiac resynchronization therapy [42].

An area of recent interest in PH-LHD treatment has been the use of drugs traditionally
reserved for PAH in the treatment of PH-LHD. One randomized controlled trial (RCT) com-
paring bosentan with placebo in patients with HFrEF and PH-LHD showed no measurable
hemodynamic benefit and increased adverse events, leading to discontinuation [43]. An-
other RCT comparing sildenafil with placebo in patients with HFrEF and PH-LHD showed
improvements in exercise capacity and quality of life [44]. Another meta-analysis assess-
ing six RCTs involving patients with chronic HFrEF and PH-LHD showed that sildenafil
treatment resulted in decreased hospital admissions, reduced mPAP and PVR, increased
exercise capacity, and increased quality of life [45]. A trial assessing the soluble guanylate
cyclase (sGC) stimulator riociguat in patients with HFrEF and PH-LHD showed improved
cardiac index and SVR as compared to the placebo; however, the primary endpoint of a
reduction in mPAP was not met [46]. It is important to note that many of these trials have
not differentiated between pre-capillary, post-capillary, and CpcPH. Though the results
of these small trials show promise for the future use of PAH agents, larger-scale RCTs are
needed to further characterize their role in PH-LHD and cpc-PH. The 2022 guidelines from
the European Society of Cardiology (ESC) and European Respiratory Society (ERS) do not
suggest the use of PAH drugs in patients with PH-LHD [47].

5.2. Heart Failure with Preserved Ejection Fraction

The management of PH-LHD and HFpEF should be focused on blood pressure control,
volume status, and treatment of comorbidities. There is a paucity of evidence suggesting
that specific drugs or regimens significantly decrease mortality and morbidity in patients
with HFpEF [48-52]. Despite this lack of convincing data, many patients with HFpEF have
comorbid hypertension and/or coronary artery disease (CAD) treated with components of
GDMT. Guidelines from ESC/ERS suggest treating cardiovascular and non-cardiovascular
comorbidities along with symptomatic alleviation of congestion using diuretics [42]. A
recent RCT that compared empagliflozin vs. placebo in patients with HFpEF showed
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a significant reduction in the risk of cardiovascular death and hospitalization for heart
failure [53].

Similar to HFrEF, there has been interest in PAH drugs and their role in the treatment
of patients with HFpEFE. Two RCTs investigated the use of endothelin receptor antagonists
bosentan and macitentan for patients with HFpEF and PH-LHD, but they did not show sig-
nificant positive effects and led to more adverse events than the placebo [54,55]. Sildenafil
has also been investigated in patients with HFpEF and PH-LHD. Small RCTs have shown
that sildenafil does not improve hemodynamics in HFpEF patients with post-capillary PH,
while it does improve hemodynamics, RV function, and quality of life in patients with
CpcPH [56,57]. Due to the small size of these trials and lack of actionable evidence, there is
currently no recommendation for or against the use of sildenafil in patients with HFpEF
and CpcPH. However, there are recommendations against the use of sildenafil in patients
with HFpEF and post-capillary PH [47].

5.3. Advanced Heart Failure

When heart failure is refractory to standard treatment (ACC/AHA Stage D), evalua-
tion for a heart transplant (HT) or mechanical circulatory support is indicated. Elevated
PVR >3 WU is associated with an absolute 1.9% increase in 30-day mortality after HT [58].
The presence of pre-capillary PH in Stage D HF patients can cause severe RVF after HT [59].
Hence, a vasodilator challenge is recommended to determine whether reversibility is per-
formed in patients with elevated pulmonary artery systolic pressure > 50 mmHg and either
a transpulmonary gradient > 15 mmHg or PVR > 3 WU. Durable left ventricular assistive
devices (LVAD) can be used as bridge-to-transplant or destination therapy for advanced
heart failure requiring mechanical circulatory support. LVAD therapy has shown mixed
benefits for PH-LHD. In a clinical trial of patients with combined pre- and post-capillary
PH (mPAP > 25 mmHg, PVR > 3 WU), implantation of LVAD significantly decreased
mPAP and PVR [60]. However, in another study, only approximately one-third of patients
experienced normalization of PVR following LVAD [61]. Patients with LVAD support
should be monitored for decoupling, defined as a diastolic pulmonary pressure gradient
(DPG) of >5 mmHg, which is a predictor of heart failure readmissions and mortality in this
population [62].

5.4. Preventative Care in Heart Failure

Equally as important as pharmacologic and interventional management of acute
and chronic heart failure is the prevention of exacerbations and worsening of preexisting
disease. Recommendations for primary prevention of heart failure include treatment of
hypertension, hyperlipidemia, and diabetes, as well as counselling for exercise, obesity,
tobacco and smoking cessation, and alcohol moderation [63—-66]. Secondary prevention is
focused on preventing acute exacerbation in patients with pre-existing heart failure. Current
recommendations include appropriate use of the agents listed above in the Section 5.1.
These patients should be cared for by a multidisciplinary team managing medication,
providing education, and addressing barriers and comorbidities that could increase the
risk for morbidity and mortality [67]. All patients with ACC/AHA Stage D heart failure
should be referred to an advanced heart failure center.

5.5. Valvular Dysfunction

Valvular heart conditions are a common cause of PH-LHD. Definitive treatment includ-
ing surgical and interventional repair or replacement has shown to improve hemodynamics,
but not without frequent persistent PH [68,69]. Since PH-LHD is the result of maladaptive
structural changes in the heart chambers and pulmonary vasculature, repair and replace-
ment, while effective in addressing valvular disease, may not immediately reverse PH.
The most common valvular disorders to cause PH-LHD include mitral stenosis, mitral
regurgitation, and aortic stenosis [70].
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5.5.1. Mitral Stenosis

Mitral stenosis (MS) causes increased left atrial pressures which elevate pulmonary
venous pressures [71]. All patients should receive treatment in line with current guideline
recommendations including anticoagulation for select patients with rheumatic disease,
heart rate control with beta blockers and calcium channel blockers, and surgical inter-
ventions for both rheumatic and calcified MS [72]. There are concerns in the literature
regarding operative management of MS in patients with PH. In a study of 317 patients
with PH and MS treated with mitral valve surgery, no significant difference in 30-day
mortality between different severities of PH was found. Decreased long-term survival in
patients with systolic PAP > 45 mmHg was noted [73]. There is still much need for more
data regarding these patients and their risk factors to pick the appropriate intervention for
treatment of the valvular disorder. A proper pre-operative assessment is essential along
with a multidisciplinary team to determine each patient’s risks and benefits with operative
management.

5.5.2. Mitral Regurgitation

Mitral regurgitation (MR) leads to elevation of left-sided filling pressures and post-
capillary pulmonary pressures [74]. All patients should receive treatment in line with
current guideline recommendations including management of hypertension and under-
lying heart failure, TTE for surveillance of disease severity, and surgical or transcatheter
interventions for repair and replacement [72]. Clinicians should be aware that there is recent
research detailing the potential risk PH poses in patients pursuing operative correction of
MR. Pre-operative PH was associated with reduced post-operative LVEF and increased risk
of persistent PH following surgery [75,76]. Mitral valve repair may be preferred in patients
with PH, as replacement has been associated with a greater reduction in post-operative
LVEF and increased post-operative mortality [76,77]. The findings regarding the risk PH
poses in surgical correction of MR are not yet conclusive and more research is needed
to identify risk factors for poor operative outcomes. Definitive surgical care should be
managed by a team of surgical and medical specialists to determine the best course of
action for each individual patient.

5.5.3. Aortic Stenosis

Severe aortic stenosis (AS) causes PH due to compensatory left ventricle hypertrophy
leading to increased left atrial pressure transmitted to the pulmonary veins [78]. Recom-
mendations from the ACC/AHA for medical management include standard treatment of
hypertension, statin therapy for calcified valves, and ACE-I or ARB for patients who have
received transcatheter aortic valve intervention [72]. Aortic valve replacement or repair,
whether via a surgical or transcatheter approach, should be performed when indicated;
however, clinicians should be aware that pre-intervention PH is associated with increased
adverse events and that persistence of PH is common [79,80].

6. Conclusions and Future Directions

The development of PH in left heart disease is associated with poor functional capacity
and portends a poor prognosis. Management of PH-LHD should be focused on the
treatment of underlying etiology and comorbidities. Development of RVF due to chronically
elevated RV afterload causes end-organ dysfunction. Prevention of irreversible RVF by
management of HF and/or valvular heart disease and early referral to advanced therapies
in patients with worsening HF symptoms and persistently elevated PA pressures may
improve morbidity and mortality associated with PH.
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Abstract: Pulmonary hypertension (PH), defined by a mean pulmonary artery pressure of >20 mm Hg,
often presents with non-specific symptoms such as dyspnea and exercise intolerance, making it dif-
ficult to diagnose early before the onset of right heart dysfunction. Therefore, exercise testing can
be of great utility for clinicians who are evaluating patients with an unclear etiology of exercise
intolerance by helping identify the underlying mechanisms of their disease. The presence of PH
is associated with adverse clinical outcomes, with distinct differences and patterns in the cardio-
vascular and ventilatory responses to exercise across various PH phenotypes. We discuss the role
of exercise-invasive hemodynamic testing, cardiopulmonary exercise testing, and exercise stress
echocardiography modalities across the spectrum of PH.
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1. Introduction

Pulmonary hypertension (PH), defined by a mean pulmonary artery pressure (mPAP)
of >20 mm Hg, often presents with non-specific symptoms such as dyspnea and exercise
intolerance, making it difficult to diagnose early before the onset of right heart dysfunc-
tion. Therefore, exercise testing can be of great utility for clinicians who are evaluating
patients with an unclear etiology of exercise intolerance by helping identify the underlying
mechanisms of their disease.

PH can be hemodynamically categorized into three distinct entities. Precapillary
PH consists of a pulmonary capillary wedge pressure (PCWP) < 15 mm Hg and pul-
monary vascular resistance (PVR) > 2 wood units (WU), and isolated postcapillary pul-
monary hypertension (Ipc-PH) has a PCWP > 15 mm Hg with a PVR < 2 WU. Lastly,
combined postcapillary and precapillary pulmonary hypertension (Cpc-PH) is defined by
a PCWP > 15 mm Hg and a PVR > 2 WU [1].

The presence of PH is associated with adverse clinical outcomes, with distinct dif-
ferences and patterns in the cardiovascular and ventilatory responses to exercise across
these phenotypes. This highlights the role of exercise testing in certain patients with left
heart dysfunction in identifying the presence and type of PH. Below, we discuss the role
of exercise-invasive hemodynamic testing, cardiopulmonary exercise testing (CPET), and
exercise stress echocardiography modalities across the spectrum of PH.

2. Exercise Invasive Hemodynamics in the Assessment of PH
2.1. Precapillary PH

Pulmonary arterial remodeling and vascular obstruction lead to increases in PVR
and mPAP. In patients with longstanding pulmonary vascular disease, the elevated PVR
results in increased RV wall stress, leading to cardiac myocyte hypertrophy, increased wall

J. Clin. Med. 2024, 13, 795. https:/ /doi.org/10.3390/jcm13030795 92 https://www.mdpi.com/journal /jcm



J. Clin. Med. 2024, 13, 795

thickness, and augmented contractility to maintain stroke volume. With disease progres-
sion, right heart dilatation and dysfunction occur. This is accompanied by an increasing
degree of tricuspid regurgitation (TR), leftward interventricular septal displacement, and
subsequential reductions in left atrial and left ventricular (LV) cavity size with eventual
falling cardiac stroke volume. As the RV dilates and loses function, it “uncouples” from
the pulmonary circulation, and becomes unable to match the degree of RV afterload. This
eventually leads to right heart failure.

Normally during exercise, cardiac output (CO) increases during exercise to accommodate
for increasing oxygen demand from the peripheral muscles. There is increased pulmonary
blood flow, which is usually met with vascular distention and recruitment. This adaptation
preserves low vascular resistance and allows the maintenance of reduced RV afterload [2].
In PAH patients undergoing exercise, CO fails at this accommodation due to rises in mPAP
and right ventricular failure (RVF). The rise in mPAP is a consequence of pulmonary vascular
remodeling, which prevents normal vascular recruitment and distention during exercise,
leading to an abnormal rise in measured PVR. The rise in PVR results in impaired stroke
volume augmentation, making the CO during exercise reliant on heart rate.

The addition of right heart catheterization (RHC) with exercise can reveal several
characteristic abnormalities in patients with PAH. There is a spectrum of findings depen-
dent on the stage of the disease process. In early PAH or exercise-induced pulmonary
hypertension (EIPH), CO augmentation may not be affected, but PVR may fail to fall
appropriately. EIPH may represent a precursor stage of PH before overt signs are evident
at rest. Ho et al. investigated the clinical significance of EIPH across a broad range of
patient phenotypes, all of whom suffered from chronic dyspnea on exertion [3]. During
the exercise, serial mMPAP and CO measurements were obtained and EIPH was defined
as a delta mPAP/delta CO slope > 3 mm Hg/L/min. They found that the presence of
exercise PH predicts worse cardiovascular event-free survival and was associated with
worse functional capacity than those without exercise PH. This held true among even those
with mild resting PH (mPAP 21-29 mm Hg). Whether the identification of EIPH should
prompt early initiation of treatment and/or prevent more advanced stages of the disease
remains an open question. There have been small studies in patients (all of whom had
normal resting hemodynamics) with systemic sclerosis and exercise-induced PH which
have shown improvements in exercise hemodynamics and functional capacity in those
treated with ambrisentan [4].

As mentioned previously, an increase in flow can normally distend compliant, thin-
walled pulmonary vessels. A loss of the ability to maintain appropriate distension with
exercise may be an early marker of pulmonary arteriopathy [5]. More specifically, dis-
tensibility is defined as the percent increase in diameter of the smallest pulmonary ar-
teries per mm Hg increase in pressure. In healthy individuals, the increase in diameter
is 1.5-2% per mm Hg. Distensibility can be calculated by using various hemodynamic
parameters that are commonly obtained during an exercise RHC [6]. Various studies have
illustrated the prognostic value of distensibility, for patients with lower distensibility have
worse exercise capacity, right ventricular /pulmonary artery (RV:PA) coupling, and overall
survival [5,6]. It is also known to be modifiable with pulmonary vasodilatory therapy and,
therefore, may be an important target for future therapies in patients with EIPH.

As the pulmonary arterial hypertension (PAH) syndrome advances, there will be an
increase in the PVR which can lead to an inability of the right heart to augment stroke vol-
ume with exercise. In cases of advanced PAH, the stroke volume will not rise appropriately
with exercise. Additionally, the right atrial pressure will often rise along with an increase
in the right atrial pressure: pulmonary capillary wedge pressure (RAP:PCWP) ratio. In
some cases, as TR worsens with RV dilation during exercise, large V waves may even be
appreciated in the RAP tracing.
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2.2. Left Heart Disease-Associated PH

Left heart failure is characterized by high left-sided cardiac filling pressures at rest
or with exercise. The role of exercise provocation has emerged as extremely important
in identifying the presence of abnormal left-sided filling pressures and/or pulmonary
pressures in the absence of abnormal findings at rest. This is especially true in those with
heart failure with preserved ejection fraction (HFpEF), where a diagnosis may be elusive
on routine resting echocardiogram [7]. Patients with PH related to HFpEF, by definition,
have postcapillary PH. When left-sided filling pressures are within the normal range at
rest, obtaining exercise hemodynamics is essential in making the diagnosis of HFpEF and
unmasking the cause for dyspnea in a given patient. In a patient with Ipc-PH, there will
be an increase in PCWP > 25 mm Hg and mPAP > 30 mm Hg with exertion [8], but with
an appropriate fall in PVR. RA:PCWP ratio should remain <0.5, for this is a disease that is
predominantly driven by left heart stiffness.

In an elegant study by Lewis et al., investigators used the PCWP/CO slope as a
way to assess impaired exercise capacity in patients with undifferentiated dyspnea and
normal PCWP at rest. This allows for a correction for augmentation in PCWP for the
corresponding increase in cardiac flow as measured by CO. The study found that over
40% of the individuals had an abnormal PCWP/CO slope response that was revealed with
exercise. Importantly, an elevated PCWP/CO slope was significantly related to impaired
exercise capacity and predicted worse heart failure-free survival [9].

In at least a quarter of patients with PH-HFpEF, chronically elevated left-sided filling
pressures and backward transmission to the pulmonary circulation (among other factors
including other comorbid conditions), can result in pulmonary vascular remodeling and
pulmonary arteriopathy. This is reflected by an elevated PVR and described as Cpc-PH.
Total pulmonary resistance (TPR), defined as mPAP/CO, is used to distinguish elevated
mPAP as an augmentation of CO in response to exercise versus pulmonary vascular
remodeling or left heart failure [10]. Using a TPR cutoff > 3 WU at maximal exercise in
combination with mPAP > 30 mm Hg has both high sensitivity and specificity for the
detection of a precapillary component of the PH, as opposed to Ipc-PH patients with
a degree of Cpc-PH, may also exhibit an abnormal RA: PCWP that is >0.5 due to the
involvement of right heart dysfunction in the setting of increased RV afterload.

3. CPET in the Assessment of PH
3.1. Precapillary PH
3.1.1. Pulmonary Arterial Hypertension

Pulmonary arterial remodeling and vascular obstruction lead to increases in PVR
and thereby mPAP. This gives rise to three main physiologic derangements: (1) ventila-
tion/perfusion mismatch; (2) gas exchange abnormalities; and (3) increased RV afterload
and reduced RV stroke volume [11]. These deficiencies explain the characteristic findings
described during a CPET in a patient with PAH [Table 1].
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Table 1. Commonly found CPET findings in pulmonary arterial hypertension patients.

Reduced Variables Increased Variables

Peak VO, (<20 mL/kg/min) VE/Vco, slope (>30)

Work Rate A-a O, differences during exercise (can be over 45 mm Hg)
VO, /Work Rate (<10 mL/min/W) VD/VT during exercise (>30%)

O, pulse

O, desaturation during exercise (>3% without Paco, rise)

PETco, at rest and anaerobic threshold

Anaerobic threshold

VE: minute ventilation; VO,: oxygen uptake; VD: dead space volume; VT: tidal volume; A-a O: alveolar-arterial
oxygen tension difference; PET¢o,: end-tidal carbon dioxide tension.

In PAH, the ratio of minute ventilation (VE) to the production of carbon dioxide
(VCOZ) or VE/Vco, is demonstrative of inefficient ventilation during exercise. As such,
patients with PAH experience a steeper VE/V o, slope of this relationship. Under normal
physiologic circumstances, there is some degree of V/Q mismatch at baseline, with the
apices of the lungs receiving relatively less perfusion due to blood flow pumping against
gravity. With exercise, the augmentation in stroke volume can more easily pump blood
to the apices and there is an overall decline in V/Q mismatch. In patients with PAH,
however, fixed obstructions in the pulmonary vascular bed, lead to attenuation in perfusion
to ventilated alveoli that result in ventilation—perfusion mismatching and increased dead
space ventilation. This is further reflected by an abnormal reduction in end tidalco, (Petco,).
PAH patients have lower Petco, from increased ventilation, reflected by increased VD/VT.
Low Petco, corresponds to ventilatory insufficiency and is proportional to the severity of
peak VO, (aerobic capacity) impairment. Low Petco, is also inversely related to a rise in
mPAP during exercise [12]. Petco, levels < 30 mm Hg at an anaerobic threshold (AT) during
exercise have been correlated with PAH [13,14]. Together, Petco, and VE/ Vo, can provide
insight into disease severity based on the degree of ventilation—perfusion mismatch that
reflects the underlying pathologic remodeling of the pulmonary vasculature.

Therefore, in patients with suspected early PH due to pulmonary vascular disease,
CPET can be a highly useful screening tool. Patients with a VE/V¢o, > 40 mm Hg and
Petco, < 30 mm Hg have been shown to be highly predictive of the presence of elevated
PVR with exercise [15]. In a study by Raza et al., the subjects with both of these abnormal
gas exchange parameters had an average PVR of 7.2. In those with one abnormal parameter,
the average PVR was 4.2, and in those with both normal parameters, the average PVR was
2.5 [15]. Therefore, these gas exchange parameters can be used to guide providers on which
patient needs further evaluation with RHC, either at rest or with exercise.

Arterial O, desaturation during exercise is related to a widened alveolar-arterial
gradient. This is caused by higher pulmonary blood through a decreased vascular bed,
which reduces both red blood cell transit time and hemoglobin saturation. PAH patients
have classically been described to experience oxygen desaturation of >3% from rest to peak
exercise without a rise in Paco, [12]. Desaturation is also possible due to the opening of
an exercise-induced right-to-left shunt, which corresponds to very low Petco, values at
rest. Exercise-induced right-to-left shunt from a patent foramen ovale opening should be
considered when there is a sudden decrease in Petco, and oxygen saturation, and a sudden
increase in end-tidal oxygen tension (PetO,), VE/Vo,, and respiratory exchange ratio [13].

Many PAH patients have mechanical ventilatory abnormalities that contribute to
dyspnea during exercise. Studies have demonstrated that a significant proportion of
patients with PAH have (a) mechanical ventilatory deficits in tidal volume expansion and
(b) decreases in inspiratory capacity and inspiratory reserve volume indicative of dynamic
hyperinflation [14,16]. Patients who demonstrate dynamic hyperinflation during exercise
will have more dyspnea at a given work rate than patients without hyperinflation [17].
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As discussed previously, cardiac adaptation during exercise is reduced in PAH patients.
Impaired CO at the initiation of exercise correlates with a transient decrease in stroke
volume and is reflected on CPET by low peak O, pulse (VO,/HR).

3.1.2. Thromboembolic Disease

Abnormal exercise capacity of cardiopulmonary origin is common after a pulmonary
embolism (PE). Recently, there has been growing interest in the use of CPET in patients
who experience persistent dyspnea following PE treatment. Farmakis et al. recently demon-
strated the prevalence of cardiopulmonary limitations that were unmasked with exercise in
patients 3 months and 12 months following a PE [18]. In this prospective study of patients
with acute PE, approximately 90% had evidence of ventilatory inefficiency and 30% had
evidence of limited cardiocirculatory reserve. Importantly, the presence of ventilatory inef-
ficiency following PE may speak to the development of chronic thromboembolic disease
(CTED) and shed light on the potential role of follow-up imaging after PE and prognostica-
tion [19]. This has significant clinical implications, for this syndrome can often be treated
with balloon pulmonary angioplasty (BPA) with improvements in CPET parameters includ-
ing ventilatory insufficiency following this therapeutic intervention [20]. Therefore, CPET
may serve as an advantageous diagnostic modality for patients with persisting symptoms
after PE.

Another use of exercise testing is in CTEPH patients who have had a pulmonary
thromboendarterectomy (PTE) and may have persistent PH following the surgery. Despite
profound hemodynamic and clinical improvements in most patients post PTE, there is
often residual PH that persists. This can be due to very distal thromboembolic disease in
the pulmonary vasculature that is unable to be surgically removed or from a small-vessel
pulmonary arteriopathy. It is thought that up to 45% of post-PTE patients have residual
PH after PTE [21]. A subset of these patients will have mild resting PH and only mild RV
dysfunction which may or may not be clinically significant. Here, the use of CPET can be
highly valuable, for it can provide greater insight into the significance of each individual
patient’s physiologic response to exercise. Exercise testing can therefore be utilized to
differentiate those post-PTE patients who will derive benefit from pulmonary vasodilator
therapy or BPA, depending on the reason for the residual PH [22].

3.2. Isolated PH and Combined Precapillary and Postcapillary PH

As above, increased left atrial pressure, whether secondary to systolic dysfunction,
diastolic dysfunction or severe left-sided valvular disease, can result in elevated mPAP. It is
important to note that noninvasive CPET cannot unmask an elevated left atrial pressure
with exercise, for there is no direct measurement of left-sided filling pressures during this
testing modality. Furthermore, unless extreme, a rise in left-sided filling pressure will
not typically result in low breathing reserve or oxygen desaturation. A normal exercise
capacity on CPET makes the presence of PH due to elevated LAP highly unlikely and can
be useful to rule out this entity [23]. However, if there is reduced peak VO, with evidence of
cardiopulmonary limitation, this is not at all specific to elevated left-sided filling pressures.
Therefore, RHC with exercise is preferred if suspecting EIPH due to left heart dysfunction.

Despite the lack of specificity in the diagnosis of Ipc-PH and Cpc-PH with CPET, there
are certain trends unmasked with gas exchange testing, that can assist with differentiating
between these two groups. Studies have found that peak VO, and oxygen saturation
have been shown to be lower in patients with Cpc-PH than Ipc-PH. Additionally, at the
anaerobic threshold, VE/ Vo, tends to be lower in patients with Ipc-PH than Cpc-PH, but
this difference is diminished at peak exercise [24]. Perhaps the most useful finding to help
differentiate between CpcPH and IpcPH is that of exercise oscillatory breathing (EOB).
EOB has been reported many times to be absent in pure PAH but is a frequent finding
in patients with a component of postcapillary PH. This speaks to the concept that it is
likely increased PCWP that plays a role in the development of oscillatory respiration. In a
study by Caravita et al., the prevalence of EOB increased from PAH (absence of EOB) to
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CpcPH (17%) to IpcPH (40%). Therefore, these patterns can help clue the provider in on
the potential mechanisms of exercise intolerance in a patient presenting with dyspnea.

3.3. Invasive CPET

In those with mixed pre and postcapillary PH, both increases in LAP and PVR will
contribute to increases in mPAP. Invasive RHC with concomitant gas-exchange testing
can allow providers to identify specific patient phenotypes and differentiate those with
predominant left heart disease versus primary PAH. There is certainly a convenience in
performing hemodynamic and gas exchange assessment simultaneously. Hemodynamic
evaluation, in addition to that of gas exchange patterns, can alert providers to cardiac
subtypes of the disease process. Concomitant measurements of ventilatory inefficiency,
anaerobic threshold, and several other parameters along with invasive hemodynamics,
provide an additional layer of assessment and diagnosis of multifactorial dyspnea [25].
For example, VE/ Vo, may be elevated in both precapillary PH and postcapillary PH.
If hemodynamics are performed alongside gas exchange testing, however, the PVR and
PCWP measurements with exercise can more closely tease out if there is a precapillary
component to the PH (Figure 1).

Gas exchange testing is combined with exercise RHC in an iCPET

Patient A) Diagnosis consistent

CPET findings in a patient with PVR increases with exercise induced
undifferentiated dyspnea PCWP remains low —) pre capillary PH. May
Elevated mPAP/CO benefit from
Low PCWP/CO pulmonary

Low peak VO, $
Elevated VE/VCO, vasodilator therapy.

Low O, pulse
Normal breathing reserve

Patient B)
PVR decreases
PCWP increases with large V waves =%

Diagnosis consistent
with HFpEF with LA

Low mPAP/CO myopathy. May

Elevated PCWP/CO benefit from
medication for
HFpEF.

Figure 1. A diagram illustrating how invasive hemodynamics add insight into the concomitant
findings on gas exchange testing. Here, the added hemodynamics unmask very different diagnoses
despite having the same findings on CPET alone.

In a recent study by Caravita et al., the authors analyzed the results of 86 HFpEF
patients who underwent an invasive CPET in order to better understand the HFpEF
pathophysiology and phenotype of exercise-induced pulmonary vascular disease in this
cohort [26]. The findings of HFpEF-latentPVD phenotype (defined as a PVR > 1.74 with
exercise) included lower peak VO,, lower stroke volume and CO augmentation, and lack
of decrease in PVR as compared to their HfpEF control counterparts. There was also
significantly higher systolic right atrial pressure in the HfpEF-latentPVD, which likely
speaks to worsening TR with exercise. Understanding these important differences may
have future clinical implications. There are currently no approved PH medications for
Cpc-PH or PH in HFpEFE. However, this may be due to a lack of appropriately categorizing
these patients. By understanding each individual patient’s unique physiology, we may find
that treatment can increase peak VO, and CO, and reduce the degree of TR with exercise.

4. Exercise Stress Echocardiography

Noninvasive imaging exercise testing has been a long-established tool in the assess-
ment of coronary artery disease and the evaluation of left-sided heart disease. There
are now more studies exploring the role of exercise echocardiography in unmasking and
phenotyping PH and right-sided heart pathologies. In a recent study by Gargani et al.,
subjects underwent transthoracic echocardiography (TTE) at rest and during exercise. Key
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measurements obtained at rest and exercise included tricuspid annular planar systolic
excursion (TAPSE), systolic pulmonary artery pressure (sPAP), CO, PVR, and mPAP/CO.
The study included elite athletes, patients with PAH (confirmed with RHC), patients with
connective tissue disease without overt PH, patients with left heart disease, and patients
with chronic lung disease [27].

Patients with left heart disease demonstrated the lowest CO during exercise, whereas
patients with PAH had the steepest mPAP/CO slope. The lowest TAPSE/sPAP ratio was
found in patients with PAH [27]. These findings suggest that there could be a potential
role of exercise TTE in revealing early or EIPH based on these measurements. These
parameters, combined with the more established measurements used in the assessment
of diastology and left heart dysfunction, such as left atrial volume index and E/¢’, can be
used to phenotype patients into precapillary, postcapillary, and Cpc-PH categories.

5. Prognostication

There are several CPET findings that have been shown to predict prognosis in several
types of PH. Wensel et al. found that peak exercise systolic blood pressure of less than or
equal to 120 mm Hg and peak VO; less than 10 mL/kg/min were associated with worse
survival [28]. Ventilatory inefficiency, often represented by the VE/V o, slope, has been
repeatedly demonstrated to be associated with survival in PAH and CTEPH. For example,
in a study including both patients with PAH and patients with CTEPH, a slope greater
than or equal to 60 revealed a very high risk of death at two years [17]. The association of
increased VE/V o, with cardiovascular risk also holds true in patients with chronic heart
failure both with systolic and diastolic dysfunction [29].

There have also been invasive CPET variables that are important prognosticators, par-
ticularly in patients with left heart disease. As mentioned in an above study, patients with
HFpEF who demonstrated an elevated PVR with exercise, labeled as HFpEF-latentPVD,
had a reduced event-free survival as compared to their HFpEF counterparts [25]. Addi-
tionally, studies have illustrated the prognostic value of distensibility, for patients with
lower distensibility have worse overall survival [5]. These findings provide insight into
the progression and stages of each patient’s disease process. In the realm of exercise stress
echocardiography testing, Gargani’s study also found a significant decrease in mortality-
free survival in patients with a mPAP/CO slope > 5 Hg-min/L as well as in patients with a
TAPSE/mPAP < 0.7 mm/mm Hg [26].

Taking these findings together, there is a clear and important role of exercise testing in
patients with PH given the many prognostic implications.

6. Future Directions

Future studies should further investigate the role of CPET in PH patients with pre-
capillary disease who have multiple risk factors, including left heart disease and chronic
lung disease. Determining when to challenge PAH-specific therapy in select patients with
multiple age-related comorbidities remains an art that is difficult for many PH specialists.
Specifically, determining (1) the reliability of CPET in differentiating the impact of multiple
risk factors on the RV and pulmonary circulation and (2) the response to specific interven-
tions in PH patients with multiple age-related co-morbidities. Another study direction
should investigate the reliability of noninvasive imaging versus invasive hemodynamic
testing during CPET testing.

7. Conclusions

Cardiopulmonary exercise testing is of particular use to identify mechanisms of ex-
ercise intolerance or chronic dyspnea when the etiology is unclear. It is paramount to
understand the pathophysiological abnormalities, during CPET, to recognize this modal-
ity’s wide breadth of utility in PH patients. Its value is additive when combined with
invasive hemodynamic monitoring or noninvasive imaging during exercise testing. There
is a growing role for its use in PH patients of any classification. CPET can be used to suggest
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the presence of pulmonary hypertension; elucidate drivers of dyspnea in patients with
secondary pulmonary hypertension (i.e., from underlying chronic lung disease, left heart
disease, chronic thromboembolic disease); and provide prognostication in PH patients to
direct goals of care discussion and determine the role of definitive therapy.
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Abstract: Arrhythmias frequently complicate the course of advanced pulmonary hypertension, often
leading to hemodynamic compromise, functional impairment, and mortality. Given the importance
of right atrial function in this physiology, the restoration and maintenance of sinus rhythm are of
critical importance. In this review, we outline the pathophysiology of arrhythmias and their impact
on right heart performance; describe considerations for antiarrhythmic drug selection, anesthetic and
periprocedural management; and discuss the results of catheter ablation techniques in this complex
and challenging patient population.
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1. Introduction

Pulmonary hypertension (PH) is a chronic, progressive disease that arises from ab-
normally high pressures in the vessels between the heart and lungs. Several complications
can occur in this serious disease, of which cardiac arrhythmias contribute significantly to
increased morbidity and mortality [1]. In the last decade, emerging new strategies have led
to improvements in an otherwise poor prognosis. The most recent guidelines published
by the European Society of Cardiology (ESC) and European Respiratory Society (ERS)
define PH as a mean pulmonary artery pressure of >20 mmHg at rest, measured using right
heart catheterization (RHC) [2]. All types of PH carry a risk of cardiac arrhythmia [3,4].
However, PH from left heart disease (group 2) and lung disease (group 3) are distinct
heterogenous entities with distinguishing pathophysiologies, and their management is
largely directed toward the underlying cause. In this article, we focus on pulmonary arte-
rial hypertension (PAH) (group 1) and chronic thromboembolic pulmonary hypertension
(CTEPH) (group 4), for which a large amount of data are available. PAH can be idiopathic
(IPAH), heritable (HPH), or associated with other conditions, such as connective tissue
disease; portal hypertension; infections such as human immunodeficiency virus (HIV)
infection and schistosomiasis; exposure to drugs such as anorexigens or methamphetamine;
and congenital heart disease [2]. PAH and CTEPH are both characterized by progressive
vascular remodeling and the obliteration of pulmonary vessels, resulting in an increase in
pulmonary vascular resistance and chronic right ventricular pressure overload [5]. Arrhyth-
mias in PAH are commonly supraventricular arrhythmias (SVA), of which atrial fibrillation
(AF) and atrial flutter (AFL) are particularly prevalent. In this review, we outline the
pathophysiology of arrhythmias in PH, the importance of the right atrial contribution to
the overall right heart function, and how arrhythmias can be detrimental in these patient
populations. We also discuss the current management, especially the significance of rhythm
control strategies, considerations for antiarrhythmic drug and ablation strategies, and
periprocedural management in this complex patient population.
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2. Pathogenesis

Multiple elements contribute to the increased susceptibility to arrhythmias in PAH/
CTEPH patients [6]. An increase in the right atrial (RA) chamber size along with elevated
RA pressure, which reflect advanced PH disease, are risk factors for the development of
arrhythmias [7]. In addition to these changes, the electrophysiological changes occurring
in the RA chamber, along with sympathetic overdrive, contribute to the increased risk of
arrhythmias in PH patients [8]. These changes may be particularly relevant to the relatively
frequent development of typical right atrial flutter in patients with PH.

The increase in the RA chamber size is caused by the upstream transmission of
pressures from pulmonary circulation and increased right ventricular pressure. Chronic
hypoxia associated with pulmonary hypertension along with the pressure overload and
stretching leads to fibrosis and local tissue heterogeneity within the RA. This contributes to
the formation of an arrhythmogenic substrate in the RA [6,8].

Electrophysiological remodeling occurs due to changes in the expression and function
of ion channels in cardiomyocytes [6]. Electrophysiological studies (EPS) performed with
patients with longstanding idiopathic PAH have shown slower conduction with regional ab-
normalities such as reduced tissue voltage and regions of electrical silence, consistent with
the presence of atrial fibrosis [9]. There were also increased areas of complex fractionated
activity, which are critical sites for arrhythmia perpetuation.

Derangement in autonomic tone with sympathetic overdrive is another contributor
to the increased risk of arrhythmias [6,8]. Patients with PAH have increased sympathetic
activity [10]. The sympathetic autonomic system is recognized to play a significant role in
the initiation and perpetuation of arrhythmias via enhanced automaticity, triggered activity,
and an increase in delayed afterdepolarizations.

The risk of arrhythmias in PH is largely related to disease severity, as evidenced by
correlations with various invasive and echo measures [1,3,11,12]. Hyperthyroidism is
more common in PAH due to an association with other autoimmune conditions and is
a risk factor for atrial arrhythmias [13]. Standard risk factors for atrial fibrillation, such
as an advancing age, obesity, obstructive sleep apnea, and hypertension, almost certainly
predispose patients with PH to the development of AF, although specific data are lacking.

3. Incidence

There is a scarcity of studies on the true incidence and prevalence of supraventricular
arrhythmias in this cohort of patients. Retrospective studies have shown an incidence of
10-25% [4,14]; however, a major caveat is that these studies included only the short-term
monitoring of “snapshots” in time using 12-lead ECGs or short-term Holter monitors. These
methods significantly underestimate the true prevalence. In a prospective cohort study,
24 patients with PAH and 10 with CTEPH without previous arrhythmias were monitored
through an implantable cardiac monitor for a median of 594 days [15]. Arrhythmias were
seen in 38% of the patients during long-term continuous monitoring. SVTs SVA were the
most common arrhythmias, with 16% of the episodes being atrial fibrillation and 84% being
other types of SVAs like atrial ectopic tachycardia, atrio-ventricular re-entry tachycardia
and atrioventricular nodal reentrant tachycardia (AVNRT). Additionally, three patients
experienced bradycardia, including one resulting in syncope and a subsequent pacemaker
implantation. None of the patients developed sustained ventricular arrhythmias. Other
prospective studies using symptom-driven or opportunistic screening found an incidence
of 25.1% over 5 years in a population with IPAH or CTEPH, and 15.8% in patients with
IPAH [1,12]. As atrial flutter is particularly common in patients with PH, the careful
analysis of 12-lead ECGs should be emphasized to distinguish between atrial fibrillation
and atrial flutter, the latter of which is particularly amenable to catheter ablation (see
“Catheter ablation” below).

Pulmonary hypertension complicates the course of approximately 5-10% of adult
patients with congenital heart disease, and SVAs are particularly common in this group [16].
PH in patients with congenital heart disease can be classified as either group 1 or 2, and
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present a highly heterogenous group with variable cardiac anatomy and sometimes con-
genital abnormalities of the pulmonary vascular tree even leading to segmental PH, where
some lung segments are affected and others are not [17]. PH can persist or even develop
after the closure of a shunt. At its extreme, chronic left heart to right heart shunting along
the pressure gradient leads to irreversible changes in the pulmonary vascular tree and even-
tually the reversal of the direction of the shunt, which is termed Eisenmenger syndrome.

Ventricular arrhythmias like ventricular tachycardia (VT) and ventricular fibrillation
(VF) are relatively rare in PAH. There were no cases of sustained ventricular arrhythmia
noted in 46 patient years of continuous monitoring using implantable loop recorders in
24 PAH and 10 CTEPH patients [15]. In a multi-center retrospective analysis of arrhythmias
during cardiopulmonary arrest in 132 PH patients, the initial rhythm was bradycardia (not
further specified) in 45% of cases, electromechanical dissociation in 37 cases (28%), asystole
in 19 cases (15%), ventricular fibrillation in only 10 cases (8%), and other arrhythmias in
6 cases (4%) [18]. In a separate retrospective study on 26 PAH patients who underwent
cardiopulmonary resuscitation for in-hospital cardiac arrest, the initial rhythm was VI /VF
in only one, with pulseless electrical activity in the remainder [19]. In a retrospective cohort
of patients with congenital heart disease and PH, only 3 of 310 patients developed sustained
VT over a median follow-up of over 6 years [20]. These studies are indicative of the overall
low incidence of VT/VF in PAH/CTEPH patients when compared to the much higher
incidence in patients with predominantly left ventricular failure.

4. Significance of Atrial Arrhythmias in PH

Normal right heart function requires both the right ventricle and the right atrium. Of
this, approximately 70% of the RV output is dependent on RV contraction and the remaining
30% on RA contraction. Tricuspid annular plane systolic excursion (TAPSE) measures the
total displacement (from base to apex) of the tricuspid valve annulus from end-diastole to
end-systole and can be divided into atrial and ventricular components. A study comparing
the RA function of 31 PAH patients to a that of a control group of 35 patients without
cardiovascular disease noted that RA function accounts for approximately 32% of TAPSE
in normal patients, compared to 51% in patients with PAH [21]. TAPSE improved with
PAH-specific therapy, but the RA still contributed approximately half of the total right heart
function. This mirrors other pathologies, such as an RV infarction, where RV dysfunction
is compensated for by RA function. Supraventricular arrhythmias can result in the loss
of atrial function due to loss of atrial contraction (atrial fibrillation); rapid, and thus, less
effective, contraction (atrial flutter and tachycardia); and loss of atrioventricular synchrony.
This explains why supraventricular arrhythmias are poorly tolerated among patients with
PAH and CTEPH.

A relationship between SVAs and clinical deterioration in patients with PH has been
established by several studies (Table 1) [1,4,12,14,22-26]. In a prospective cohort follow-up
of 317 PAH patients, 42 patients developed SVAs, of which 90.1% (38/42) required hospi-
talization because of RV failure [11]. Of those hospitalized, 36.8% (14/38) were admitted to
the medical intensive care unit and 15 (39.4%) patients needed vasopressor support.

In another prospective cohort of 157 patients with PAH and 82 patients with inoperable
CTEPH for 5 years, nearly all (97.5%) patients with an SVA clinically deteriorated with a
worsened NYHA functional class or right heart failure [12]. Similar findings were reported
from a 6-year, retrospective, single-center analysis, in which 231 consecutive patients with
PAH or inoperable CTEPH were followed, and 84% of the patients with atrial arrhythmias
decompensated with a worsened functional class or right heart failure [14].
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All 40 of the patients out of 280 PAH patients who experienced a clinical worsening
with an SVA improved after the restoration of sinus rhythm [1]. The reversal of cardiac
decompensation in PAH patients is possible with the restoration of sinus rhythm. This
observation is consistent with those of several previous studies [1,4,11,14]. It is pertinent
to note that the PAH patients who developed permanent AF continued to significantly
worsen in comparison to the patients who had transient paroxysmal episodes of AF. The
five-year survival of patients with PAH or inoperable CTEPH was 68%, which was reduced
to 58% if the patient developed a transient SVA and decreased even further to 47% for
those with a permanent SVA [3]. Using a hazard ratio to calculate the mortality risk from
two prospective studies examining SVA in PAH patients, permanent SVA was found to be
associated with increased mortality (HR = 2.3-3.8) compared to transient SVA or no SVA.

In a retrospective single-center study on patients with congenital heart disease and
PH (over half of whom had Eisenmenger syndrome), arrhythmia, mostly SVA and AF, was
associated with symptoms in 75% of cases. Arrhythmia was a strong predictor of death,
even after adjusting for other variables [20].

Together, these observations suggest that the occurrence of SVA in PAH patients may
be an independent cause of clinical decline leading to increased morbidity and mortal-
ity [11]. Sinus rhythm ensures that the active, synchronous atrial loading of the ventricles
occurs to maintain an adequate cardiac output in PAH patients. Hence, it is not only sinus
restoration, but also the maintenance of the sinus rhythm that is crucial in the management
of SVA in PAH/CTEPH patients.

5. Clinical Presentation

Symptomatology in PAH patients with cardiac arrhythmias can be variable. Most often,
patients present with increasing shortness of breath, palpitations, and/or leg swelling [1].
Hemodynamic deterioration and resultant symptoms may be seen without overt palpita-
tions, and such patients should not be classified as “asymptomatic”.

While the majority (around 80%) of patients do have symptoms at the onset of an SVA,
up to 41% of episodes are asymptomatic, with their arrhythmia identified only through a
screening ECG or ambulatory monitor [11]. Hence, it is pertinent to evaluate every case of
right heart failure exacerbation for arrhythmias.

6. Management of Atrial Arrhythmias in PH
6.1. Emergency Management

Supraventricular arrhythmias in PH patients should be managed similarly to other
populations. SVTs (not including AF and AFL) respond to intravenous adenosine (in-
cluding some focal atrial tachycardias). Hemodynamically unstable patients should
undergo cardioversion.

6.2. Rate-Control Drugs

Although rhythm control is preferable, rate control is an important initial step in
management. Beta blockers and non-dihydropyridine calcium channel blockers (diltiazem
and verapamil) are effective rate-control agents; however, they must be used with caution,
as their negative inotropic effects may further impair RV systolic function and exacerbate
hemodynamic decompensation. Intravenous amiodarone, which has less pronounced
negative inotropy, may be used as a rate-control agent. Digoxin has a particular role, as
it is a positive inotrope and improves cardiac output acutely in IPAH patients [28]. Its
large volume of distribution, renal excretion, and narrow therapeutic window mean that
its effect is slow in onset and may render dosing challenging.

6.3. Rhythm-Control Drugs

Many antiarrhythmics are not favorable due to their negative inotropy and chronotropy.
The class 1c agents flecainide and propafenone display these properties and are also pre-
scribed with a concomitant AV node blocker, such as a beta blocker, to prevent the 1:1
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atrioventricular conduction of atrial flutter. Sotalol, a class 3 agent, is also a beta blocker.
Amiodarone exhibits relatively little negative inotropy but is a negative chronotrope and
may cause a variety of adverse effects with chronic use. In particular, pulmonary fibrosis is
a concern, due to the difficulty in distinguishing this from pulmonary edema or underlying
interstitial lung disease. Hyperthyroidism, already common in this population, may also
be caused or exacerbated. Dronedarone similarly exhibits negative inotropy and, like
amiodarone, interacts with CYP3A4 inducers, such as bosentan [29]. Dofetilide is a class 3
agent without inotropic or chronotropic effects that has been useful in our experience to
maintain sinus rhythm in patients with PH. Its renal clearance and a narrow therapeutic
window may be challenging, and it requires initiation in an inpatient setting as well as
close follow-up with clinicians experienced in its use.

6.4. Device Therapy

Although the chronically pressure-overloaded right ventricle exhibits some similar
changes to the failing left ventricle, such as fibrosis and dilation, ventricular arrhythmias are
less prevalent in PH patients, and there is currently no role for an implantable cardioverter
defibrillator for the primary prevention of sudden death in the absence of standard indica-
tions. Given the uncertain effects of cardiac resynchronization therapy with biventricular
pacing in patients with left heart failure and right bundle branch block (RBBB), it is doubtful
that it would be helpful in patients with PH [30]. Strategies for resynchronizing the right
ventricle, through RV myocardial or conduction system pacing, are under investigation.
Given the increasing use of conduction system pacing, it should be noted that selective
left bundle branch pacing significantly increases the RV load, which may be problematic
in patients with PH [31]. A strategy of device implantation and atrioventricular junction
ablation should be undertaken only after careful consideration, as it does not restore atrial
contraction or AV synchrony.

6.5. Catheter Ablation

The safety and efficacy of catheter ablation for SVAs in the context of PH have been
established by several studies, including prospective cohorts. These data stem mostly
from patients with WHO PH groups 1 and 4, with typical atrial flutter being the most
common arrhythmia treated with ablation. The results and safety profiles are similar to
those seen in the general population, although only one study has directly compared
outcomes to controls without PH [27]. Although right atrial dilation and remodeling
might be expected to prolong the flutter cycle length versus controls, this has not been
consistently reported [24,27]. In our experience, the flutter cycle length is not markedly
different in patients with PH (Figure 1). In addition, with currently available deflectable
sheaths, contact force-sensing catheters, electroanatomic mapping systems, and intracardiac
echocardiography, the typical flutter ablation procedure is comparable to that in the general
population. Anesthetic management (see below) often represents the most significant
challenge in these cases. Ablation procedures for other right-sided arrhythmias, such
as right atrial tachycardia or AVNRT, are similar to those for other conditions. Limited
published data exist for left atrial ablation [32] in the setting of PH. In addition to more
complex and longer procedures with additional anticoagulation considerations, transseptal
puncture poses the risk of creating a persistent right-to-left shunt along the abnormal
pressure gradient, leading to hypoxia. A very careful pre-procedural evaluation and
medical management can ameliorate this risk, but such procedures should be carried
out only in centers with considerable expertise in the management of PH. The left atrial
substrate is typically more complex than that seen in patients without PH, with a more
frequent presence of atypical flutters and low-voltage areas (Figure 2). Although specific
data are lacking, consideration should be given to concomitant right atrial cavo-tricuspid
isthmus ablation given the high prevalence of typical atrial flutter in this patient population.
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Figure 1. Typical atrial flutter in a patient with CTEPH with a remote pulmonary thromboembolec-
tomy. The cycle length is 235 ms, and the right bundle branch block and left anterior fascicular block
can be seen.

12-LaFAM 2115,0) 12-LaFAM___. (2081,0) v 020mV  Bj  045mV

Figure 2. Electroanatomic voltage map of the left atrium, in atrial fibrillation, in a patient with long-
standing persistent atrial fibrillation and portopulmonary hypertension. Anteroposterior (left) and
posteroanterior (right) views showing a widespread dense scar (red color, bipolar voltage < 0.2 mV),
with only the left atrial appendage showing normal voltage (purple color, >0.45 mV). This patient
was managed with pulmonary vein isolation, left atrial appendage isolation, cavo-tricuspid isth-
mus ablation, and percutaneous left atrial appendage occlusion due to recurrent gastrointestinal
hemorrhage, and has done well with minimal arrhythmia recurrence on low-dose antiarrhythmic
drug therapy.
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Anticoagulation

Anticoagulation considerations are the same as for the general population with atrial
arrhythmias. Many patients are already anticoagulated for other indications, such as
CTEPH. Patients undergoing the cardioversion of atrial flutter and atrial fibrillation, via
either pharmacologic, electrical, or catheter ablation, are recommended to be anticoagulated
for 3—4 weeks prior or have left atrial appendage thrombus excluded with transesophageal
echocardiography and take at least one month of uninterrupted anticoagulation afterward.

7. Anesthetic Management of Patients with PH

Anesthesia plays a fundamental role in several treatment strategies for arrhythmias.
These include cardioversion, catheter ablation, transesophageal echocardiography, and
device implantation. The continuum of sedation ranges from mild, moderate, or deep
sedation to general anesthesia based on the procedure chosen.

In PH patients even low-risk procedures present an increased risk of major adverse
cardiovascular events compared to the general population [33]. These increased risks
include myocardial infarction, decompensated heart failure, hemodynamic instability,
dysrhythmias, respiratory failure requiring prolonged mechanical ventilator support and
an intensive care unit stay, and increased mortality [33].

The general approach for the perioperative management of PH patients from a se-
dation perspective is a multistep process focused on first determining a patient’s type(s)
of PH and then individualizing the risk assessment for perioperative complications. This
is followed by managing PH before procedure, especially the titration of PH-targeted
therapies, and preload optimization followed by the intraoperative management of PH
and postoperative ICU management, if needed [34].

7.1. Preoperative Risk Assessment in PH

It is imperative to involve a PH specialist in the evaluation and optimization of these
patients. Preoperative risk quantification for PH group 1 can be achieved with different risk
assessment tools, such as the “REVEAL 2.0” risk calculator [35] or the European Society
of Cardiology (ESC)/Respiratory Society baseline risk score calculator [2]. Patients with
CTEPH (group 4) are considered high-risk for noncardiac procedure; however, there are no
formal risk calculators for this group.

7.2. Optimization of PH Prior to Procedure

The critical components of PH optimization for procedures like catheter ablation
include both cardiac and pulmonary elements. The cardiac factors include preload and
afterload optimization and the maintenance of coronary perfusion [36]. Diuretics are
used to adjust RV preload, and inotropes are used to improve RV contractility. To re-
duce RV afterload, highly selective pulmonary vasodilators nitric oxide (NO) and inhaled
prostanoids [34] can be used. Pulmonary considerations rely on the appropriate manage-
ment of hypoxia and acidosis, which can acutely and adversely affect pulmonary vascular
resistance (PVR) [36].

A complete echocardiogram is needed to evaluate for the features of PH. These include
RV size and function, tricuspid valve regurgitation jet velocity, interventricular septum
flattening, notching on the pulsed-wave Doppler signal of the right ventricular outflow
tract, RA enlargement, and pericardial effusion [37,38].

Generally, patients are advised to continue all their PH medications up to and on the
day of procedure. To maintain the NPO state, some medications such as oral prostacyclin
pathway agonists may need to be substituted with parenteral or inhaled routes, since
interruption in PH medications, especially the prostanoids, can result in a rebound PH
crisis that is associated with increased morbidity and mortality [39]. Diuretics are also
meticulously administered before procedure to achieve an euvolemic state prior to the
planned procedure.
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7.3. Intraoperative Management of PH

Once the patient is intubated and placed on mechanical ventilation, the goals are
mainly to avoid hypoxia and favor mild hypocarbia (30-35 mm Hg). Ventilator settings
should be modified to avoid high inspiratory pressures and positive end-expiratory pres-
sure (PEEP). Ventilation is typically started with a tidal volume of 6 to 8 mL/kg of the ideal
body weight, and a PEEP of 5 to 10 mm Hg. A PaCO, of 30 to 35 mm Hg, a pH > 7.4, and
an SpO, > 92% are targeted [34]. A mean arterial pressure (MAP) > 60 mmHg is ideal to
ensure end-organ perfusion and prevent RV ischemia [40]. In addition, factors that can
increase PVR, such as hypoxia, hypercarbia, acidosis, hypothermia, and pain, should be
avoided [34].

7.4. Anesthetic Agents

The choice of anesthetic agent is dependent on the procedure and the patient. The
induction of anesthesia can be associated with hemodynamic changes that can precipitate
right heart failure [34]. To date, comparative studies on induction agents in patients with
PH have not been carried out. Etomidate (0.15-0.3 mg/kg) has minimal effect on pulmonary
artery pressure, systemic vascular resistance, heart rate, and contractility [34]. Ketamine is
associated with an increase in PVR in adults and is therefore best avoided [41]. Propofol
directly or indirectly adversely affects RV contractility [42] and can also cause vasodilation
and may require the administration of a vasopressor or inotrope.

Caution should be taken when using benzodiazepines and opioids as premedication,
since their coadministration can result in an acute increase in the PA pressures, leading to
hypoxia and hypercarbia.

There is a dearth of comparative data on the effects of inhalational anesthetics on PVR,
and one agent is not preferred over another [34]. If intravenous anesthesia is chosen, an
infusion of propofol (50~150 pg-kg~!-min~!) can be used with caution along with opioids.

8. Guidelines

The 2022 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary Hy-
pertension advocate for the principle of achieving and maintaining sinus rhythm in these
patients as an important treatment strategy; however, these do not make specific rec-
ommendations [2]. The 2023 AHA/ACC/ACCP/HRS Guideline for the Diagnosis and
Management of Atrial Fibrillation recommend a rhythm control strategy in patients with
PH and AF or AFL in order to improve their functional status and perhaps improve sur-
vival [43]. Professional society guidelines specifically on the management of arrhythmias
in PH are currently lacking.

9. Conclusions

Arrhythmias commonly complicate the clinical course of PH, frequently leading
to decompensation. Convincing pathophysiologic and clinical evidence points to the
restoration and maintenance of sinus rhythm as a critical goal in the management of this
condition. Judicious antiarrhythmic drug selection, device therapy, cardioversion, and
catheter ablation, in the context of expertise in PH management and anesthesia, can result
in successful sinus rhythm maintenance with improvements in function and prognosis.
Further data on the prevalence and consequences of arrhythmias are needed in groups
other than PAH and CTEPH. Comparative studies on the different anti-arrhythmic drugs
for patients who are not candidates for catheter ablation and on the different sedative and
anesthetic agents will further the care of this complex group.
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