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Abstract

Inhaled nitric oxide (iNO) is a potent and selective pulmonary vasodilator with

a safety concern due to rebound pulmonary hypertension (PH) associated with

its withdrawal. We report short‐term pulsed iNO in patients with severe

pulmonary arterial hypertension (PAH) and nonoperable chronic thrombo-

embolic PH (nCTEPH). This is a retrospective analysis of 33 patients: 22 with

PAH and 11 with nCTEPH. We assessed hemodynamic, echocardiographic,

and other noninvasive variables to evaluate safety and efficacy of iNO. We

performed an iNO withdrawal test during right heart catheterization and after

3 days of iNO treatment. iNO significantly improved all variables examined in

22 patients with PAH and 11 with nCTEPH. Two patterns of response were

observed after sudden iNO withdrawal. Twenty‐nine patients (88%) showed

minimal hemodynamic, oxygenation and clinical changes. Four patients (12%)

had a reduction in cardiac index ≥20% and PaO2 ≥ 5%, three patients did not

show clinical deterioration, and one patient developed hemodynamic collapse

that needed iNO administration. This retrospective study suggests that short‐
term iNO improves hemodynamics and clinical conditions in some patients

with PAH an nCTPEH. However, pulsed iNO withdrawal PH rebound could

be a serious concern in these patients. Given the lack of evidence, we do not

recommend the use of pulsed iNO in the treatment of patients with

chronic PH.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) and chronic
thromboembolic pulmonary hypertension (CTEPH) are
rare clinical condition characterized by the presence of
precapillary pulmonary hypertension (PH).1 Inhaled
nitric oxide (iNO), approved for the treatment of
persistent PH in newborns (PPHN),2 has been proposed
as a long‐term therapy for PAH and other types of PH.3–5

Moreover, iNO is occasionally used as a rescue therapy
for severely hypoxemic patients both with and without
an established diagnosis of PH.6 Currently, the use of
iNO in PAH and CTEPH is not supported by clinical
practice guidelines due to the lack of evidence regarding
its safety and effectiveness.

Although iNO is generally considered safe, there are
some safety concerns, such as rebound of PH. Abrupt
discontinuation of iNO can precipitate rapid worsening
of ventilation‐perfusion mismatching and/or PH, which
typically manifests as hypoxemia and/or hemodynamic
compromise.7 PH rebound has been observed in
PPHN,7,8 adult respiratory distress syndrome (ARDS),6

postoperative cardiac surgery9 and lung transplanta-
tion.10 However, information on PAH and nonoperable
CTEPH (nCTEPH) is scarce.5

We have examined the efficacy and safety of short‐
term iNO in a retrospective analysis of medical records of
patients with severe PAH who could not be treated with
parenteral prostacyclins. Despite absence of vasodilator
indications, patients with nCTEPH were included due to
the severe deterioration of their clinical condition and
the absence of a specific treatment at that time.

METHODS

Patients

This is a retrospective study, including 33 naive
patients (22 with PAH and 11 CTEPH) with high‐
risk status who had serious challenges in handling the
infusion pump, intravenous access, and medication,
due to joint problems in their hands, lack of dexterity,
absence of a capable caregiver, or simply a reluctance
to assume the responsibilities of epoprostenol treat-
ment at home (the only prostacyclin available in our
center at that time). For this reason, on a compas-
sionate basis, iNO safety was assessed for each of
these patients in the hospital setting during the main
diagnosis process, for possible domiciliary use. Dur-
ing this short (3 days) iNO evaluation, patients were
not on specific pulmonary vascular approved therapy.

After this initial diagnostic assessment, which
included hemodynamic and clinical iNO evaluation,
all patients started oral combination therapy (silden-
afil, bosentan, and tadalafil), according to clinical
practice guidelines. Inhaled NO remained as a
possible add on treatment after reevaluation in cases
of persistent high‐risk status. In relation to patients
with nCTEPH, no targeted therapy had been validated
when the study was performed.

Patients were diagnosed in the multidisciplinary
Pulmonary Vascular Unit at the University Hospital
Universitario Dr Negrín (Las Palmas de Gran Canaria,
Spain) between 2005 and 2012. Safety and short‐term
effectiveness of iNO were evaluated in each patient
according to a protocol approved by the ethics committee
(CEIC) of our hospital (#160003) before starting any
therapy. Informed consent was obtained from each
patient before onset of study and iNO treatment.

Enrolled patients had World Health Organization
functional class (WHO‐FC) III and IV, severe hemo-
dynamic impairment (mean pulmonary artery pressure
[mPAP] ≥ 40mmHg and/or pulmonary vascular resist-
ance [RVP] ≥ 400 dyne.s.cm−5) and a high‐risk status of
unfavorable outcome or death.1 All patients, except for
two with PAH associated with connective tissue disease,
had a negative acute vasodilator test with iNO. In
patients with CTEPH, pulmonary endarterectomy was
ruled out by a multidisciplinary team due to the presence
of vascular lesions not accessible to surgery, hemo-
dynamic disproportionate to vascular obstruction or the
presence of various comorbidities. Those patients who
met criteria for lung transplantation were included on
the corresponding waiting list. Patients receiving iNO did
not show pulmonary artery wedge pressure >15mmHg
during right heart catheterization (RHC) nor significant
left heart disease (systolic dysfunction defined as a left
ventricular ejection fraction <50%, diastolic dysfunction
greater than stage 1, cardiomyopathy, or pericarditis). In
addition, these patients did not have a significant
restrictive (total lung capacity or forced vital capacity
<70% of predicted value), or obstructive pulmonary
disease (forced expiratory volume in the first second
<60% of predicted value).

Inhaled NO protocol

Patients were evaluated according to the HP clinical practice
guidelines for PAH and CTEPH.1 The following variables
were collected: WHO‐FC, Borg dyspnea score, 6‐min
walking test (6MWT), arterial blood gases, methemoglobin,
pulmonary function tests (forced spirometry, whole‐body
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plethysmography, and diffusing capacity for carbon mon-
oxide), Doppler echocardiography and NT‐pro‐brain natri-
uretic peptide (NT‐proBNP). Every patient underwent RHC
for hemodynamic evaluation, iNO AVT, iNO optimal flow
rate, and iNO hemodynamic withdrawal test.

We considered the AVT to be positive when there was
a reduction in mPAP of at least 10mmHg, to achieve an
absolute value ≤40mmHg, with an increase or no change
in cardiac output.1 Inhaled NO flow rate for the
ambulatory device was established as causing the greatest
decrease in PVR without change in arterial partial
pressure of oxygen (PaO2). Hemodynamic iNO with-
drawal test was assessed to treat the patients with iNO
optimal flow rate for at least 2 h and then abruptly
withdrawing it to detect PH rebound. After RHC, patients
restarted iNO at the Intermediate Respiratory Care Unit
for 3 days. Inhaled NO withdrawal test was performed
again under medical supervision and echocardiographic
and noninvasive monitoring. Inhaled NO PH rebound was
defined in the catheterization lab according to the
following criteria: increase in mPAP ≥ 20%, decrease of
cardiac index (CI) and mean systemic arterial pressure
(mSAP) ≥ 20%, and severe clinical deterioration (dyspnea,
thoracic pain, dizziness, tachycardia, or hypoxemia)
needed immediate iNO to be restarted.

PH rebound was considered in the Intermediate
Respiratory Care Unit when noninvasive mSAP
decreased ≥ 20%, echocardiogram showed an increased
in systolic pulmonary arterial pressure (sPAP) ≥ 20% and
symptoms suddenly worsened, requiring immediate iNO
administration. The presence of PH rebound or other
side effects excluded ambulatory iNO use. Inhaled NO
device consisted of an NO demand valve connected with
a nasal cannula (Demand Flow‐62; Air Products and
Chemical) to 200 ppm of NO in N2 cylinder. The system
was activated on demand at −1.5 cm H2O inspiratory
pressure to deliver pulsed doses of gas at the beginning of
each inspiration. Environmental alarms for NO and NO2

(portable NO and NO2 environmental monitors; Micro
Medical) were installed in the hemodynamic lab and
hospital ward.

Statistical analysis

Data are reported as mean and standard deviations (SD).
Comparisons between groups of patients with PH and
nCTEPH were performed using Mann−Whitney non-
parametric test. Results of iNO abrupt withdrawal and
short‐term hospital treatment with iNO were carried out
using Wilcoxon nonparametric test. Statistical signifi-
cance was set at p< 0.05, using a SPSS version 20
software (SPSS Inc.).

RESULTS

Patients

A total of 33 patients (55% female) were evaluated for
initiation of compassionate use treatment with iNO.
Twenty‐two were diagnosed with PAH and 11 with
nCTEPH. Patients with PAH were included in following
clinical subgroups: idiopathic, drug‐toxic, connective
tissue disease and congenital heart disease (Table 1).
All patients had WHO‐FC III/IV (52% III/48% IV) and
severe deterioration in hemodynamics, exercise capacity
and biological markers (Table 1). Patients with nCTEPH
showed a significant higher age and lower CI than those
with PAH (Table 1).

Hemodynamics

Baseline hemodynamic data showed severe PH, negative
AVT and moderate hypoxemia (Tables 1 and 2). Inhaled
NO sudden withdrawal after >2 h of exposure during
RHC did not cause clinical deterioration suggestive of PH
rebound (Table 2). Most patients (29/33, 88%) showed
minimal changes in hemodynamic and oxygenation.
However, four patients (12%), three with PAH and one
with nCTEPH, exhibited a hemodynamic profile suggest-
ing PH rebound: decrease of at least 20% in CI and 5% in
PaO2 and, increase between 5 and 12% in mPAP and at
least 30% in PVR (Table 3). Of these four subjects, patient
# 33, showed 11% and 32% increase in mPAP and PVR
respectively, and 20%, 16%, and 10% decrease in CI,
mSAP, and PaO2, respectively. This patient stood up for
32% CI increase and, 26% and 43% decrease in mPAP and
PVR, respectively in the AVT (Table 3).

Short‐term iNO treatment

All 33 patients were treated with pulsed iNO during 24 h
per day, at least 3 days without adverse events or
complications. The alarms system did not signal high
levels of NO and/or environmental NO2 at any time.
Methemoglobin levels were within safety limits (Table 4)
and there were no significant variations in pulmonary
function tests. After 3 days of initiation of treatment, a
new evaluation revealed a significant improvement in
exercise dyspnea (Borg dyspnea score), 6MWT, baseline
PaO2 and NT‐proBNP (Figure 1 and Table 4). Pulsed iNO
sudden withdrawal was not followed by any clinical
deterioration in symptoms, heart rate, mSAP, sPAP or gas
exchange in 32 patients (Table 4). However, only the
patient # 33, with idiopathic PAH, experienced worsening
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TABLE 1 Demographic, clinical, hemodynamic, and inhaled nitric oxide data.

Parameters
PAH
(n= 22)

nCTEPH
(n= 11)

Total
(n= 33)

Age, years (mean ± SD) 53 ± 4 66 ± 5a 57 ± 18

Sex, female (%) 13 (59) 5 (45) 18 (55)

WHO Functional class IV, n (%) 10 (45) 6 (55) 16 (48)

Idiopathic PAH, n (%) 11 (50)

Anorexigenic/toxic PAH, n (%) 2 (9)

Connective tissue PAH, n (%) 5 (23)

Congenital heart disease PAH, n (%) 4 (18)

NT‐proBNP pgr/ml (mean ± SD) 1611 ± 1785 2920 ± 2517 2078 ± 2128

6MWT meters (mean ± SD) 255 ± 43 273 ± 36 267 ± 158

Hemodynamics (mean ± SD)

RAP mmHg 9 ± 1 11 ± 1 10 ± 5

mPAP mmHg 51 ± 3 45 ± 4 51 ± 13

CI L. min−1.m−2 2.7 ± 0.1 2.1 ± 0.3a 2.4 ± 0.7

PaO2 mmHg 69 ± 2 62 ± 4 67 ± 8

SVmO2 (%) 67 ± 2 61 ± 2 66 ± 8

Acute vasodilatation test (mPAP%) 18 ± 2 10 ± 4 14 ± 12

iNO titration (lpm) 0.8 (±0,2) 0.75 (±0,3) 0.8 (±2)

Abbreviations: 6MWT, 6‐min walking test; Acute vasodilatation test, % in relation to baseline mPAP; CI, cardiac index; HR, heart rate; iNO, inhaled nitric
oxide; mPAP, mean pulmonary arterial pressure; nCTEPH, nonoperable chronic thromboembolic pulmonary hypertension; PAH, pulmonary arterial
hypertension; PVR, pulmonary vascular resistance; RAP, right atrium pressure; SVmO2, mixed venous oxygen saturation; SVR, systemic vascular resistance.
aSignificant changes between PAH and nCTEPH, p< 0.01.

TABLE 2 Baseline hemodynamics, iNO acute vasodilatation test and iNO withdrawal in the 33 patients of the study.

Parameters Basal iNO (20 ppm) Post‐iNO (2 h) p

mPAP mmHg 51 ± 13 44 ± 13a 52 ± 14 <0.001

RAP mmHg 9 ± 1 9 ± 5 10 ± 8

PAWP mmHg 11 ± 2.6 11 ± 2.7 11 ± 3.8

CI L/min/m2 2.4 ± 0.7 2.6 ± 0.8a 2.5 ± 0.9 0.03

PVR dy.s/cm5 874 ± 484 671 ± 388a 889 ± 501 <0.001

SVmO2% 66 ± 8 67 ± 7a 64 ± 8 0.02

HR bpm 75 ± 11 73 ± 12 75 ± 13

mSAP mmHg 89 ± 14 91 ± 14 89 ± 16

SVR dy.s/cm−5 1557 ± 522 1458 ± 397 1598 ± 559

PaO2 mmHg 67 ± 8 71 ± 18 69 ± 13

PaCO2 mmHg 34 ± 6 35 ± 5 33 ± 5

Met‐hb % 0.5 ± 0.2 0.7 ± 0.2a 0.7 ± 2b 0.03/0.02

Note: Data are presented as mean ± SD.

Abbreviations: CI, cardiac index; HR, heart rate; iNO, inhaled NO; Met‐hb%, percentage of methemoglobin; Met‐hb, methemoglobin; mPAP, mean pulmonary
arterial pressure; mSAP, mean systemic arterial pressure; PAWP, pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrium
pressure; SVmO2, mixed venous oxygen saturation; SVR, systemic vascular resistance.
aSignificant changes between baseline and iNO acute vasodilatation test;
bSignificant changes between baseline and iNO withdrawal test.

4 of 8 | PÉREZ‐PEÑATE ET AL.



of dyspnea (Borg dyspnea score from 3 to 6), heart rate
(75 to 125 bpm), mSAP (84 to 57mmHg) and gas
exchange (PaO2 72 to 49mmHg, PaCO2 35 to 26mmHg)
2 min after abrupt iNO suppression, requiring immediate
iNO restart. Echocardiographic revealed increase in
systolic PAP (75mmHg up to 110mmHg) and right
ventricle (RV) dilatation and dysfunction (tricuspid
annular plane systolic excursion [TAPSE] from 16 to
10mm and eccentricity index from 1.3 to 1.6) (Figure 2).
At baseline clinical evaluation, this patient showed a high
risk of deterioration, WHO‐FC (IV), 6MWT (135m), NT‐
proBNP (4232 pgr/mL), and echocardiographic (TAPSE
14mm) and hemodynamic markers (CI 1.5 L/min/m2)
indicating RV deteriorated function. Coronary angiogra-
phy did not reveal any significant findings.

TABLE 3 Hemodynamic profile suggestive of rebound pulmonary hypertension after iNO withdrawal (2 h) in four patients.

Patients # 5 # 11 # 19 # 33

Gender/Age (years) M/72 M/56 M/73 M/65

Diagnosis nCTEPH IPAH IPAH IPAH

WHO‐FC IV III IV IV

mPAP (mmHg) pre/iNO/post (%) 45/44/48 (7) 79/62/83 (5) 45/42/49 (9) 57/42/64 (11)

CI (L/min/m2) pre/iNO/post (%) 1.5/1.6/1.2 (−20) 2.7/2.3/2.1 (−22) 2.9/3.2/2.3 (−21) 1.5/2.2/1.2 (−20)

PVR (dyn.s/cm5) pre/iNO/post (%) 1322/1169/1811 (37) 912/869/1188 (30) 478/386/680 (30) 1500/853/2189 (32)

mSAP (mmHg) pre/iNO/post (%) 74/67/70 (−5) 79/66/80 (1) 85/101/93 (9) 89/93/75 (−16)

PaO2 (mmHg) pre/iNO/post (%) 77/75/72 (−7) 66/75/63 (−5) 60/61/55 (−8) 61/85/55 (−10)

Note: Variables recorded during baseline hemodynamics (pre), acute vasodilation test with inhaled NO (iNO), and after sudden withdrawal of iNO (post).

Abbreviations: %, percentage of change between baseline and withdrawal iNO; CI, cardiac index; M, male; IPAH, idiopathic pulmonary arterial hypertension;
mPAP, mean pulmonary arterial pressure; mSAP, mean systemic arterial pressure; nCTEPH, nonoperable chronic thromboembolic pulmonary hypertension;
PVR, pulmonary vascular resistance; WHO‐FC, world health organization functional class.

TABLE 4 Data from 32 patients who did not present iNO pulmonary hypertensive rebound after three days of iNO treatment: At the
beginning of treatment (Pre‐iNO), 30 min before withdrawal (3 days iNO) and 5min after withdrawal (Post‐iNO).

Parameters Pre‐iNO 3 days iNO Post‐iNO p

Dyspnea Borg scale 3.7 ± 2 3.1 ± 2* 3.2 ± 2** 0.02/0.03

mSAP mmHg 82 ± 11 86 ± 11* 82 ± 18 0.03

sPAP mmHg 86 ± 22 83 ± 19 87 ± 18

HR bpm 76 ± 12 78 ± 12 75 ± 11

PaO2 mmHg 69 ± 10 72 ± 12* 70 ± 13 0.01

PaCO2 mmHg 36 ± 6 35 ± 5 33 ± 9

FVC L (%pred) 2.9 ± 1 (92 ± 13) 2.9 ± 1 (93 ± 12)

FEV1 L (%pred) 2.2 ± 0.9 (87 ± 16) 2.1 ± 0.8 (86 ± 15)

Met‐hb % 0.5 ± 0.2 0.8 ± 0.2* 0.7 ± 0.1** 0.002

Note: Data are presented as mean ± SD. * and **Statistical significance between pre‐iNO and 3 days iNO, and Pre‐iNO and Post‐iNO.
Abbreviations: %Pred, percentage of predicted value; FEV1, forced expiratory volume in the first second; FVC, force vital capacity; HR, heart rate; Met‐hb%:
percentage of methemoglobin; mSAP, mean systemic arterial pressure; sPAP: systolic pulmonary arterial pressure.

FIGURE 1 Relevant variables pre and after 3 days of treatment
with inhaled Nitric Oxide (meantSEM). *p< 0.001, **p< 0.02,
***p< 0.001. m, meters.
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DISCUSSION

This study retrospectively evaluates short‐term pulsed
iNO monotherapy in 33 patients with PAH and nCTPEH.
We found that short‐term iNO caused an improvement in
hemodinamycs and clinical conditions in our series,
however, some patients showed PH rebound. We
emphasized in our study the absence of other complica-
tion associated with iNO treatment. In fact, hospital use
of pulsed iNO with available systems has demonstrated
environmental safety,4,11–14 as well as the absence of
methemoglobinemia11,15–17 and cytotoxicity at concen-
trations <100 ppm.11,18

This is the first study to address PH rebound after pulsed
iNO withdrawal in adults with severe PAH and nCTEPH.
We described two hemodynamics patterns of response after
sudden iNO withdrawal. The vast majority showed minimal
changes in hemodynamic and oxygenation, and very few
patients had a reduction in CI and PaO2. Only one patient of
this last group suffered hemodynamic collapse that required
iNO reinstitution; this patient was characterized by a worse
RV function, large vasoreactivity, and greater decrease in CI
after iNO discontinuation. Therefore, hemodynamic profile
could be useful as screening of patients at risk of PH
rebound. We did not find any other differential characteristic
in this study probably due to the small number of patients
included in our series. A logistic regression analysis in
patients with ARDS found that advanced age, multisystem
organ failure, and increase in systemic blood pressure along
with an improvement in pulmonary pressure/flow ratio at
initiation of iNO were independent factors of PH rebound.6

To date, only a case of PH rebound has been
described in a patient with idiopathic PAH, in whom
iNO was used compassionately as a bridge for lung

transplantation.19 No case has been reported in patients
with nCTEPH.20 The percentage of patients with severe
PAH and nCTPEH experiencing rebound seems much
lower than PPHN (28%)7 and ARDS (37%).6 This
difference could be related to limited vasoreactivity in
patients with severe PAH and nCTEPH, due to remodel-
ing of the small pulmonary vessels.20,21 Although during
RHC we observed hemodynamic risk profiles, we did not
see PH rebound after 2 h of pulsed iNO. To date, we do
not know the doses and duration of treatment with iNO
that are at risk for PH rebound development. After iNO
withdrawal an increase in RVP greater than 10%, with
only 5min of iNO (80 ppm) exposition, was described in
28% of patients with PAH associated with congenital
heart disease.22 However, more than 10 h of iNO
treatment were necessary for the onset of PH rebound
in patients with ARDS and PPHN.6,23

This study represents a large series of PAH and
nCTEPH patients treated only with short‐term iNO
(3 days). Inhaled NO resulted in significant changes in
symptoms measured by the Borg dyspnea score, meters
walked in 6MWT, NT‐proBNP and PaO2 levels in a 3‐day
interval. We emphasize the short time to achieve these
findings, probably because careful dose titration is not
required. On the other hand, pulsed iNO causes
vasodilation in the pulmonary circulation mainly in the
well‐ventilated areas.24 The absence of deterioration in
gas exchange under iNO was expected. Recent reviews25

are reminders of the knowledge that VA/Q in PAH and
CTEPH is only mildly altered and that hypoxemia in
these patients is essentially related to a low cardiac
output. In addition, it does not usually require inotropic
support in cases with severe RV dysfunction due to its
pulmonary selectivity. We believe that those could be the

FIGURE 2 Left ventricle eccentricity index during inhaled Nitric Oxide treatment and 2min after sudden withdrawal in patient # 33.
iNO, inhaled NO; W. iNO, without inhaled NO.
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reasons why iNO has been successfully used in patients
with hemodynamic compromise due to severe acute PH
or exacerbation of chronic PH, although with limited
quality of data.24,26–28 However, pulsed iNO (Bellero-
phon, NCT02725372, phase 3 trial with iNO as add‐on
therapy) in PAH who remain symptomatic on approved
PAH monotherapy or combination approved therapy and
long‐term oxygen therapy, although it showed tolerabil-
ity, safety, and hemodynamic improvement, it was closed
prematurely (16 weeks) due to poor improvement in the
6‐min walk test. We therefore emphasize the lack of
evidence in favor of the use of iNO as a therapy to be
added to other treatments already accepted in the clinical
practice guidelines. On the other hand, in studies with
prevalent patients already treated, more cases, longer
evolution time and other outcomes such as time to death
or a complication related to PAH (selexipag trial) are
necessary.29 Another outcome useful in a clinical trial
with pulsed iNO in patients with pulmonary fibrosis on
oxygen therapy and at risk of PH was actigraphy. In a
recent trial, it was reported an improvement in moder-
ate/vigorous physical activity and remained stable in
overall activity.30

Among the limitations of our study, we acknowledge
its non‐randomized design, the scarce sample of patients
treated in the short‐term and the existence of two
different groups of patients with PH. Another concern
is the restriction that the delivery system imposes on
patient's mobility and quality of life. Specific question-
naires assessing quality of life would provide more
information on this topic.

In conclusion, this retrospective study suggests that
short‐term pulsed iNO monotherapy improves hemo-
dynamics and clinical conditions in some patients with
PAH an nCTPEH. However, this study warns us about
the risk of iNO PH rebound. 2 h of pulsed iNO treatment
during RHC could be hepful to identify patients at hazard
for this complication. It is important to stress that this
observational study involves a drug not included in PH
guidelines and used on a compassionate basis. Therefore,
at present, we do not recommend the use of iNO in the
treatment of patients with chronic PH.
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