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Abstract

Aims Right heart catheterization (RHC) is indicated in all candidates for heart transplantation (HT). An acute vasodilator chal-
lenge is recommended for those with pulmonary hypertension (PH) to assess its reversibility. The effects of inhaled nitric oxide
(iNO) on pulmonary and systemic haemodynamics have been reported only in small series. Our purpose was to describe the
response to iNO in a larger population and its potential clinical implications.
Methods and results From 210 RHC procedures performed between 2010 and 2019, vasodilator challenge with iNO was
used in 108 patients, of which 66 had advanced heart failure undergoing assessment for HT (55±11 years old; 74.2% male gen-
der; 43.9% ischaemic cardiomyopathy; left ventricular ejection fraction 28.4 ± 11,4%; and peak VO2 12.1 ± 3.0 mL/kg/min).
iNO was administered through a tight-fitting facial mask regardless of baseline pulmonary pressures. Clinical endpoints (all-
cause mortality and acute right heart failure) were assessed according to baseline haemodynamic findings over the available
follow-up period. There were no side effects from iNO administration. Typical response consisted of a reduction in pulmonary
vascular resistance, consequent to an increase in left ventricular filling pressures, no significant change in mean pulmonary ar-
tery pressure (resulting in a lower mean transpulmonary gradient) and a mild increase in cardiac ouput. Pulmonary arterial
compliance increased significantly, whereas systemic vascular resistance was only mildly affected. In five cases (7.6%), pulmo-
nary vascular resistance increased paradoxically. All-cause mortality and post-HT right heart failure events were overall low
and similar in patients without PH or reversible PH.
Conclusions Vasodilator challenge with iNO is safe in advanced heart failure patients undergoing RHC prior to HT listing. It
produces a reasonably predictable haemodynamic response, which occurs predominantly at the pulmonary circulation level.
Clinical implications of iNO-induced reversibility may be relevant, but further systematic validation is warranted in larger
cohorts.
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Introduction

Severe pulmonary hypertension (PH) and elevated pulmonary
vascular resistance (PVR) have been considered independent
risk factors for post-operative right heart failure (RHF) and

early death after heart transplantation (HT).1–5 Therefore,
right heart catheterization (RHC) should be performed on all
patients being considered for HT. Also, the extent of PVR re-
versibility with pulmonary vasodilators predicts better out-
comes in candidates for HT, provided that systemic
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hypotension is not induced.6 Thus an acute vasodilator chal-
lenge should be administered during RHC when the systolic
pulmonary artery pressure (sPAP) is ≥50 mmHg and either
the transpulmonary gradient (TPG) is ≥15 mmHg or the PVR
is >3 Wood units (WU), while maintaining a systolic arterial
pressure > 85 mmHg.7,8 PH can then be distinguished into
vasoreactive PH if the TPG can be reduced to ≤12 to 15mmHg
and the PVR to ≤2.5 to 3WU; or persistent PH if, despite med-
ical therapy, TPG and PVR fail to meet these targets.9 Several
drugs have been used to evaluate the reversibility of PH, and
none have shown superiority based on clinical outcomes.
The effect of inhaled nitric oxide (iNO) during RHC in this spe-
cific population has been described solely in small cohorts.

The main purpose of the present study was to evaluate the
haemodynamic response to iNO during RHC in a larger cohort
of patients with advanced HF under consideration for HT.
Also, as a secondary objective, we evaluated its potential im-
plications in hard clinical outcomes—all-cause mortality and
RHF after HT.

Methods

Patient selection and inclusion criteria

In this single-centre retrospective study, all patients referred
for haemodynamic assessment with RHC, as part of HT eval-
uation, and undergoing an acute vasodilator challenge with
iNO, between March 2010 and March 2019, were eligible.
In patients with more than one RHC procedure over the study
period, only the first study was included for the purpose of
the present analysis. Patients were considered potential can-
didates for HT on the basis of severe HF symptoms (New York
Heart Association functional class III or IV), episodes of fluid
retention requiring high-dose intravenous diuretics, and/or
low output requiring inotropes causing more than one un-
planned visit or hospitalization in the last 12 months, objec-
tive evidence of severe cardiac dysfunction by transthoracic
echocardiography, and severe impairment of functional ca-
pacity shown by cardiopulmonary exercise testing, despite
optimal guideline-directed medical treatment.10 All patients
provided written informed consent both for the procedure
and data collection. The study conforms with the principles
outlined in the Declaration of Helsinki, and approval by the in-
stitutional ethics committee was obtained.

Right heart catheterization protocol and
definition of haemodynamic parameters

Clinically stable patients underwent RHC and left heart cath-
eterization under local anaesthesia in a supine position, at
rest. No premedication was administered other than

intravenous heparin at a standard dose of 2500–5000 units.
According to patient-specific characteristics and operator
preference, venous access could be transfemoral or through
an upper limb large vein. An aterial puncture (transradial or
transfemoral) was obtained for measurement of central aor-
tic and left ventricular (LV) pressure, as well as collection of
a systemic arterial blood sample. Haemodynamic measure-
ments were made at baseline—while breathing room air—
and after breathing NO gas through a tight-fitting facial mask
at a concentration of 20–40 parts per million (ppm), for at
least 10 min. The iNO vasodilator challenge was performed
during RHC regardless of the presence of elevated PAPs in
the baseline study.

Heart rate, systemic arterial pressures, right atrial pressure
(RAP), PAPs, pulmonary capillary wedge pressure (PCWP),
and LV end diastolic pressure (LVEDP) were obtained. Mea-
surements were made using standard fluid-filled catheters
at end expiration, unless patients were unable to cooperate.
The mean of three to five valid measurements was calculated
for each parameter.

Cardiac output (CO) was calculated using the indirect Fick
method, with oxygen consumption estimated through a no-
mogram based upon age, sex, age, and height. Systemic arte-
rial and mixed venous oxygen saturations were measured at
baseline and during steady-state iNO administration; at least
two blood samples were collected at each site to minimize er-
ror. In all cases, an additional blood sample was colected to
determine the haemoglobin level.

Mean PCWP was used as a surrogate of left atrial pressure.
Systemic vascular resistance (SVR), mean TPG, PVR, pulmo-
nary arterial compliance (PAC), pulmonary artery pulsatility
index, and pulmonary arterial elastance were calculated using
standard formulas, which are further detailed in the
Supporting Information (Table S1).

Definition of study clinical endpoints

All-cause mortality was defined as death from any cause dur-
ing the observation period. RHF after HT caused by PH was
defined by haemodynamic variables (all of the following:
RAP > 15 mmHg, PCWP < 15 mmHg, cardiac index < 2
L/min/m2, TPG > 15 mmHg, and sPAP >50 mmHg) and need
for right ventricular assist device during the 72-h post-HT.

Statistical analysis

Continuous variables are presented as means and standard
deviations for data with normal distribution and as median
and interquartile range for non-normally distributed data.
Normal distribution of continuous data was assessed with
the Kolmogorov–Smirnov test. Categorical variables are
expressed as frequencies and percentages. Fisher’s exact test
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and paired t-test were used to compare categorical and nor-
mally distributed continuous data, respectively.

Survival curves were computed using the Kaplan–Meier
method, and comparisons between groups were perfomed
using the log-rank test.

All analyses were performed using IBM SPSS software ver-
sion 23. Two-tailed P values < 0.05 were considered statisti-
cally significant.

Results

Study population

From the 209 patients who underwent RHC during this 9-year
period, 66 fulfilled eligibility criteria for inclusion in the study
(Figure 1).

Baseline characteristics are presented in Table 1. Most pa-
tients were of male gender (74.2%), and all were on New York
Heart Association III/IV functional class. The most frequent
causes of advanced HF, comprising 88% of all cases, were
ischaemic, non-ischaemic dilated, and hypertrophic cardio-
myopathy. A high proportion of patients (84.3%) was under
optimal guideline-directed medical treatment, and most
(92.5%) had a defibrillator device implanted, either alone or
as part of ressincornization therapy. Only a small minority
of the study population had an LV ejection fraction > 40%,
and these were mainly patients with hypertrophic cardiomy-
opathy (70%). The mean values for the peak VO2 and
VE/VCO2 slope were compatible with a Weber class C and a
ventilatory class IV, respectively.

Procedural characteristics

The median duration of the RHC procedure was 59 [inter-
quartile range (IQR) 45–83] min. Venous access was obtained
through an antecubital vein in the majority of cases (64%),
most often with a 6 French introducer sheath (78.8%). The ar-
terial access was mostly transradial (71.2%), using a 4 French
introducer sheath in 57.5% of the patients. There were no sig-
nificant vascular, bleeding, arrhythmic, or embolic events
resulting from the RHC procedure.

Inhaled NO was administered at a mean dose of 35 ± 9
ppm for an average of 15 min. There were no complications
during the vasodilator challenge, namely acute pulmonary
oedema.

Haemodynamic profile and response to inhaled
Nitric Oxide

The haemodynamic profile of the study population at base-
line and after the acute vasodilator challenge with iNO is

Figure 1 Flowchart of the patients included in the study. iNO, inhaled ni-
tric oxide; HT, heart transplantation; RHC, right heart catheterization.

Table 1 Baseline characteristics of the patients included in the
study

Baseline characteristics (n = 66)

Male gender 49 (74.2%)
Age (years) 55.0 ± 11.0
Atrial fibrillation 49 (74.2%)
NYHA class
III 56 (84.8%)
IV 10 (15.2%)

Heart failure aetiology
Ischaemic 29 (43.9%)
Non-ischaemic dilated 16 (24.2%)
Hypertrophic 13 (19.7%)
Valvular 4 (6.1%)
Congenital 2 (3.0%)
Restrictive 1 (1.5%)
Other 1 (1.5%)

GDMT (maximum tolerated doses)
Beta-blocker 61 (92.4%)
ACEi/ARB or ARNi 59 (89.4%)
MRA 47 (71.2%)

Any diuretic 66 (100%)
Devices
ICD 43 (65.2%)
CRT-D 18 (27.3%)

TTE
HF-rEF (LVEF < 40%) 56 (84.8%)
EF (%) (2-D modified Simpson’s rule) 28.4 ± 11.4

CPET
Peak VO2 (mL/kg/min) 12.1 ± 3.0
VE/VCO2 slope 53.3 ± 17.9

ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; ARNi, angiotensin receptor-neprilysin inhibitor;
CPET, cardiopulmonary exercise testing; CRT-D, cardiac
resynchronization therapy defibrillator; EF, ejection fraction;
GDMT, guideline-directed medical therapy; HF-rEF, heart failure
with reduced ejection fraction; ICD, implantable cardioverter defi-
brillator; LVEF, left ventricular ejection fraction; MRA, mineralocor-
ticoid receptor antagonist; NYHA, New York Heart Association; TTE,
transthoracic echocardiography.
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presented in Table 2 and Figure 2. Using a mean PAP
(mPAP) cut-off of 20 mmHg, 98.5% of patients had PH at
baseline. Mean baseline PCWP and LVEDP were similarly el-
evated (26.4 ± 7.6 and 25.5 ± 7.4 mmHg, respectively),
PCWP being slightly higher. Baseline CO was low (2.9 ± 0.9
L/min), as expected in this population, and mean PVR was
4.9 ± 3.3 WU.

With the administration of iNO, the average haemody-
namic response at the level of the left heart and the sys-
temic circulation was characterized by a significant
increase in both PCWP and LVEDP, a small increase in sys-
tolic and mean arterial pressures, and an unchanged SVR;
altogether, these changes resulted in an mild increase in
CO. In the right heart and pulmonary circulation, the hae-
modynamic response consisted of small reductions in RAP
and sPAP and a largelly unchanged mPAP. The net result
was a significantly lower TPG, which, coupled with a margin-
ally higher CO, lead to a relevant 43% reduction in PVR and
an 18% increase in PAC (Table 2). In summary, the main
overall haemodynamic effect was observed on the pulmo-
nary vascular bed.

All but five patients displayed the haemodynamic response
described previously. These patients showed a paradoxical
response to the iNO vasodilator challenge, with an increase
in PVR from 3.0 ± 1.5 to 4.1 ± 1.2 WU (P = 0.07). No baseline

clinical features could reliably identify these patients. How-
ever, they had lower ejection fraction (23.6 ± 3.5% vs. 28.8
± 11.7%; P = 0.03) and numerically lower baseline PVR (3.0
± 1.5 vs. 5.0 ± 3.4 WU; P = 0.20). Interestingly, baseline PAC
was higher in patients with a paradoxical response to iNO
than in those with a standard response (1.9 ± 0.5 vs. 1.4 ±
0.7 mL/mmHg; P = 0.06), and the relative increase with iNO
was much lower (5% vs. 19%, respectively). Clinical and hae-
modynamic characteristics of patients with standard vs. para-
doxical response to iNO are represented in Table S2 in the
Supporting Information.

Using a cut-off value for PVR of 3WU, 68.2% (n = 45) of the
patients in our study would have been classified as having ele-
vated PVR (PVR of 6.2 ± 3.2 WU, TPG of 15.8 ± 6.9 mmHg,
mPAP of 42.4 ± 10.1 mmHg, and sPAP of 63.6 ± 16.7 mmHg).
Of these, 55.6% (n = 25) had significant residual vasoreactivity,
with PVR lowered to ≤3 WU (mean 1.8 ± 0.8 WU) under iNO
challenge, while maintaining a SAP > 85 mmHg. Patients
who were unresponsive to iNO had higher baseline TPG and
PVR. Haemodynamic and clinical features of patients with ele-
vated baseline PVR, with and without response to iNO, are
represented in Table S3.

Patients with hypertrophic cardiomyopathy (n = 13) had
higher baseline PVR than non-hypertrophic cardiomyopathy
patients (7.2 ± 5.4 vs. 4.3 ± 2.3 WU) but responded similarly
to iNO.

Relationship between haemodynamic findings,
inhaled NO response, and clinical outcomes

From the 66 patients included in our analysis, 21 underwent
HT. The median time between RHC and HT was 8.8 months
(IQR 2.7–15.4). Baseline characteristics of patients who
underwent HT vs. those who stayed listed are represented
in Table S4. PVR, TPG, and sPAP in patients undergoing HT
were 4.6 ± 3.4 WU, 11.4 ± 5.1 mmHg, and 60.3 ± 17.0
mmHg, respectively. Over a median follow-up of 25.9
months (IQR 16.1–42.4) after HT, all-cause mortality in pa-
tients with baseline PVR ≤ 3 WU or with baseline PVR >

3 WU but responsive to iNO (PVR < 3 WU under iNO chal-
lenge) was 13.3%, as compared with 33.3% in those without
reversibility (P = 0.29) (Figure 3). All-cause mortality in the
group with high baseline PVR (>3 WU) that responded
favourably to iNO challenge was 14.3%. Incidence of RHF af-
ter HT was numerically lower in those with reversible high
PVR (6.7% vs. 33.3%; P = NS)—further detailed in the
Supporting Information (Table S5). From all relevant base-
line haemodynamic parameters, we were unable to identify
independent predictors of all-cause mortality or RHF.

In the 45 patients who remained listed, all-cause mortality
was 42.2% (n = 19) at a median follow-up of 8.7 months (IQR
3.7–19.7).

Table 2 Haemodynamic profile at baseline and after inhaled Nitric
Oxide in the study population (n = 66)

Variable
(mean ± SD) (n = 66) Baseline iNO P value

SAP (mmHg) 100.5 ± 15.1 103.3 ± 14.4 <0.01
MAP (mmHg) 79.0 ± 10.6 80.9 ± 10.0 <0.01
RAP (mmHg) 14.7 ± 6.5 13.4 ± 6.7 <0.01
sPAP (mmHg) 58.5 ± 17.6 56.2 ± 16.0 <0.01
dPAP (mmHg) 26.5 ± 7.5 26.5 ± 7.4 0.97
mPAP (mmHg) 39.4 ± 10.7 38.5 ± 10.1 0.11
PApP (mmHg) 32.0 ± 12.7 29.9 ± 11.5 <0.01
PApi (mmHg) 2.6 ± 1.8 2.7 ± 1.8 0.49
PCWP (mmHg) 26.4 ± 7.3 30.7 ± 9.1 <0.01
LVEDP (mmHg) 25.4 ± 7.3 28.0 ± 8.3 <0.01
TPG (mmHg) 12.9 ± 7.2 8.0 ± 5.8 <0.01
CO (L/min)) 2.9 ± 0.9 3.1 ± 1.1 <0.01
SV (mL) 41.9 ± 15.0 45.4 ± 18.1 <0.01
CI (L/min/m2) 1.6 ± 0.4 1.7 ± 0.6 <0.01
PAC (mL/mmHg) 1.4 ± 0.7 1.7 ± 1.0 <0.01
PAE (mmHg/mL) 1.6 ± 0.7 1.5 ± 0.9 0.17
PVR (Wood units) 4.9 ± 3.3 2.8 ± 2.4 <0.01
Pulmonary R-C product 5.9 ± 2.6 4.0 ± 2.7 <0.01
SVR (dyn·seg·cm5) 1861.9 ± 800.3 1964.6 ± 812.5 0.07

CI, cardiac index; CO, cardiac output; dPAP, diastolic pulmonary ar-
terial pressure; LVEDP, left ventricular end-diastolic pressure; MAP,
mean arterial pressure; mPAP, mean pulmonary arterial pressure;
NO, nitric oxide; PAC, pulmonary arterial compliance; PAE, pulmo-
nary arterial elastance; PApi, pulmonary artery pulsatility index;
PApP, pulmonary arterial pulse pressure; PCWP, pulmonary capil-
lary wedge pressure; PVR, pulmonary vascular resistance; RAP, right
atrial pressure; SAP, systolic arterial pressure; sPAP, systolic pulmo-
nary arterial pressure; SVR, systemic vascular resistance; TPG,
transpulmonary gradient.
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Discussion

PH due to left heart disease (LHD) is believed to be the
most common cause of PH and is invariably associated with
greater disability and decreased survival in patients with
LHD.11–14 Its definition has been recently revised, combin-
ing an mPAP > 20 mmHg plus a PCWP > 15 mmHg. This
haemodynamic definition further distinguishes isolated

post-capillary PH and combined pre-capillary and post-
capillary PH.15

As previously stated, elevated PVR and TPG (i.e. combined
pre-capillary and post-capillary PH) prior to HT have been as-
sociated with marked increases in post-transplant mortality
rates.1–5 Previous studies, however, have shown that patients
with LHD and concomitant PH that can be reversed with pul-
monary vasodilators during RHC may have post-HT outcomes

Figure 2 Bipartite graphs representing the haemodynamic profile at baseline and after inhaled nitric oxide in the study population (n = 66). CO, cardiac
output; iNO, inhaled nitric oxide; mPAP, mean pulmonary arterial pressure; PAC, pulmonary arterial compliance; PApi, pulmonary artery pulsatility in-
dex; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance; TPG, transpulmonary gradient.
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similar to those without PH at baseline.6,16 Therefore, RHC is
recommended before HT, and a vasodilator challenge is gen-
erally recommended in patients with sPAP ≥ 50 mmHg and
TPG ≥ 15 mmHg or PVR > 3 WU. If the PVR can be reduced
to ≤2.5 WU during a vasodilator test but the systolic arterial
pressure (SAP) falls to ≤85mmHg, the patient remains at high
risk of RHF and mortality after HT.6

There is no consensus as to which is the pharmacologic
challenge of choice to assess vasoreactivity during the RHC
of HT candidates. Multiple drugs have been used in clinical
practice for this purpose, namely sodium nitroprusside, nitro-
glycerin, nitric oxide, iloprost, prostacyclin, prostaglandin E1,
sildenafil, milrinone, dobutamine, and niseritide.17 Also, both
the extent to which haemodynamic effects occur as well as
the most affected parameters actually differ between agents.
Published reports on this subject consist mainly of single cen-
tre studies, usually with a small number of patients. As such,
the choice of a specific agent will generally depend on local
experience, availability, and, sometimes, also its cost.

Broadly speaking, the basic purpose of any testing in this
setting is to obtain some type of assessment of the degree
of afterload to which the right ventricle will be subjected af-
ter HT, when normalization of left heart-dependent
haemodynamics is expected to occur. Conceptually, this
could be better simulated by an increase in CO and a de-
crease in left atrial pressure. This haemodynamic condition
can be theoretically simulated by systemic vasodilatation
and enhanced cardiac performance, such as that obtained
with dobutamine for example. However, the extent of the

response would necessarily be dependent on the residual
LV contractile reserve, which can be somewhat unpredict-
able, and thus render the estimation of the optimal response
of the pulmonary vascular bed less reliable.

To the best of our knowledge, the present study repre-
sents the largest report on the acute haemodynamic effects
of iNO in a cohort of HT candidates undergoing RHC. Further-
more, we provide information on clinical outcomes that may
be linked to the haemodynamic findings.

Overall, our results mirror the findings of prior studies
using iNO in this setting.18–30 During the vasodilator test, pa-
tients experienced significant reductions of the mean TPG
and PVR. Mean PCWP and LVEDP both increased significantly
with iNO, and no major effect was seen on SVR. These effects
can largelly be explained by a proeminent reduction in the re-
sistive component of right ventricular afterload, resulting in
an increased filling to a non-compliant LV and decompression
of the right atrium. The high selectivity of iNO for the pulmo-
nary vascular bed, with little effect on systemic arterial pres-
sure or SVR, might explain why LV filling pressures rise with
iNO as oposed to other agents. A previous meta-analysis that
included 20 studies addressing this issue compared the ef-
fects of the most commonly used drugs on pulmonary
haemodynamics.17 It was found that, when compared with
all other drugs (which decreased PCWP), iNO had an opposite
effect producing a very significant increase on PCWP. A previ-
ous report actually described the occurrence of acute pulmo-
nary oedema in three patients resulting from this effect.31 In
the present cohort, however, none of the patients developed
clinicaly apparent pulmonary congestion or any other rele-
vant side effects.

PVR only reflects the steady/fixed component of right ven-
tricular afterload. It has been shown that, in patients with
high filling pressures, the parabolic relationship of PVR and
PAC (the so called R-C product) is shifted downward and to
the left.32 Also, as shown in our data, PAC increased by a sig-
nificant 18% with iNO (from 1.4 ± 0.7 to 1.7 ± 1.0 mL/mmHg),
allowing mPAP to remain remarkably stable (Table 2 and Fig-
ure 2). The ability to increase compliance has important clin-
ical implications. First, it can explain (at least in part) why
these patients were able to accommodate a larger volume
of blood in the pulmonary vascular bed without clinical con-
gestion. Second, it may represent a haemodynamic correlate
of the severity of structural remodelling of the pulmonary
vasculature,33 and as such, this finding may be an important
reason why patients in whom PVR decreases (and PAC in-
creases) have a better clinical outcome. In fact, PAC has been
shown to be more strongly associated with outcome than
other traditional haemodynamic variables in a population
with HF, regardless of the degree of PH.34

Finally, considering baseline haemodynamics, 68.2% (n =
45) of our patients had a formal indication to perform a
vasoreactivity test. Of these, 56.5% showed reversibility
with iNO, achieving a PVR ≤ 3 WU (as per study definition)

Figure 3 Kaplan–Meier curve comparing survival after heart transplanta-
tion between patients with baseline pulmonary vascular resistance (PVR)
≤ 3 Wood units (WU), group A; those with reversible PVR (≤3 WU after
inhaled nitric oxide), group B; and those with irreversible PVR (>3WU af-
ter inhaled nitric oxide), group C. HT, heart transplantation. Event free
survival was similar in groups A and B (log rank p=0.91).
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while maintaining a SAP > 85 mmHg. These patients had a
long-term all-cause mortality rate that was lower than in
those without reversibility. Despite no definite conclusions
that can be safely drawn because of low statistical power,
these findings seem to suggest that iNO-induced
reversibilty of PVR can safely be integrated into decision al-
gorithms to further refine the elegibility for HT of patients
with PH and baseline PVR above the usual thresholds for
proceeding with HT.

Paradoxical response to inhaled NO

A paradoxical increase in PVR with iNO occurred in 7.3% (n
= 5) of our cases. This finding has been previously reported
in three published studies, in up to 31% of patients, but the
mechanisms ultimately responsible for this unforeseen ef-
fect as well as its potential clinical implications remain un-
clear.23,35,36 The authors speculate that the paradoxical
increase in PVR may actually provide a protective mecha-
nism against very high filling pressures and overfilling of
the pulmonary circulation, which result from the combina-
tion of extensive pulmonary bed vasodilatation and a failing
LV working on the upper limit of the Frank–Starling curve.
This would mean that, as preload increases during pulmo-
nary vasodilation, the LV would be unable to further in-
crease contractility and CO (as SVR stays remarkably stable
with iNO), and PVR would then paradoxically increase at
steady state to prevent pulmonary congestion. The fact that
these patients had significantly lower LV ejection fraction,
lower PVR, and higher PAC at baseline may support these
observations (Table S2). Concomitantly, reduced left atrial
compliance, mitral regurgitation, and pulmonary endotelial
dysfunction could also play a role. As none of the patients
with paradoxical iNO response underwent HT, we are un-
able to assess its potential clinical impact.

Study strenghts and limitations

Our study was conducted in a single centre and despite in-
cluding a larger cohort than prior reports, it specifically re-
flects our experience and patient selection criteria both for
HT listing and for performance of RHC. As such, our results
may not be directly applicable to other populations.

In most cases, a high dose of iNO was used, and our data
cannot inform on the effects of lower doses (10–20 ppm, as
recommended in the guidelines12), as well as shorter dura-
tion of administration protocols.

Only the indirect Fick method was used for CO calculation,
with the inherent limitations of using a nomogram to esti-
mate oxygen consumption and not real-time measurements
of O2 consumption.

Finally, the fact the we provide clinical outcomes as a
function of invasive haemodynamics may be considered

an important upside of our study. However, estimates
should be interpreted with caution, as the small sample
size and low number of events hinder definitive conclusions
because of lack of statistical power. Still, numerical differ-
ences are consistent and may at least be regarded as
reassuring.

Conclusions

Inhaled NO is a selective pulmonary vasodilator, which
yields a reasonably predictable haemodynamic response in
patients undergoing acute vasodilator challenge prior to
HT listing. It can be used safely to identify those with resid-
ual pulmonary vascular reactivity (and reversible PH) who
may still be elegible for HT with an acceptable clinical
outcome.

Conflict of interest

None declared.

Funding

No funding was provided.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Correlation between pulmonary capillary wedge
pressure and left ventricular end-diastolic pressure at base-
line and after inhaled nitric oxide.
Table S1. Formulas used for calculation of haemodynamic
variables.
Table S2. Comparison of baseline clinical characteristics be-
tween patients with a standard and those with a paradoxical
response to inhaled nitric oxide.
Table S3. Comparison of baseline clinical characteristics be-
tween patients with reversible pulmonary hypertension (pul-
monary vascular resistance ≤3Wood units after inhaled nitric
oxide) versus those with irreversible pulmonary hypertension
(pulmonary vascular resistance >3 Wood units after inhaled
nitric oxide).
Table S4. Comparison of baseline clinical characteristics be-
tween transplanted patients and those on the waiting list.
Table S5. Relationship between haemodynamic findings and
clinical outcomes.

Inhaled Nitric Oxide in heart transplant candidates undergoing right heart catheterisation 679

DOI: 10.1002/ehf2.12639
ESC Heart Failure 2020; : 673–6817



References

1. Griepp RB, Stinson EB, Doug E Jr, Clark
DA, Shumway NE. Determinants of oper-
ative risk in human heart transplanta-
tion. Am J Surg 1971; 22: 192–197.

2. Addonizio LJ, Gersony WM, Robbins RC,
Drusin RE, Smith CR, Reison DS,
Reemtsma K, Rose EA. Elevated pulmo-
nary vascular resistance and cardiac
transplantation. Circulation 1987; 76:
V52–V55.

3. Kirklin JK, Naftel DC, Kirklin JW, Black-
stone EH, White-Williams C, Bourge
RC. Pulmonary vascular resistance and
the risk of heart transplantation. J Heart
Transplant 1988; 7: 331–336.

4. Erickson KW, Constanzo-Nordin MR,
O’Sullivan EJ, Johnson MR, Zucker MJ,
Pifarré R, Lawless CE, Robinson JA,
Scanion PJ. Influence of preoperative
transpulmonary gradient on late mortal-
ity after orthotopic heart transplanta-
tion. J Heart Transplant 1990; 24:
982–988.

5. Bourge RC, Naftel DC, Constanza-Norzin
MR, Kirklin JK, Young JB, Kubo SH,
Olivari MT, Kasper EK.
Pretransplantation risk factors for death
after heart transplantation: a multi-
institutional study. J Heart Transplant
1993; 12: 549–562.

6. Costard-Jackle A, Fowler MB. Influence
of preoperative pulmonary artery pres-
sure on mortality after heart transplan-
tation: testing of potential reversibility
of pulmonary hypertension with nitro-
prusside is useful in defining a high risk
group. J Am Coll Cardiol 1992; 19:
48–54.

7. Costard-Jackle A, Hill I, Schroeder JS,
Fowler MB. The influence of preopera-
tive patient characteristics on early and
late survival following cardiac transplan-
tation. Circulation 1991; 76: 819–826.

8. Mehra MR, Kobashigawa J, Starling R,
Russell S, Uber PA, Parameshwar J,
Mohacsi P, Augustine S, Aaronson K,
Barr M. Listing criteria for heart trans-
plantation: International Society of
Heart and Lung Transplantation Guide-
lines for the care of cardiac transplant
candidates–2006. J Heart Lung Trans-
plant 2006; 25: 1024–1042.

9. Mehra MR, Canter CE, Hannan MM,
Semigran MJ, Uber PA, Baran A,
Danziger-Isakov L, Kirklin JK, Kirk R,
Kushwaha SS, Lund LH, Potena L, Ross
HJ, Taylor DO, Verschuuren EA,
Zuckermann A. The 2016 International
Society of Heart and Lung Transplanta-
tion listing criteria for heart transplanta-
tion: a 10-year update. J Heart Lung
Transplant 2016; 35: 1–23.

10. Crespo-Leiro MG, Metra M, Lund LH,
Milicic D, Costanzo MR, Filippatos G,
Gustafsson F, Tsui B-CE, De Jonge N,
Frigerio M, Hamdan R, Hasin T,
Hulsmann M, Nalbantgil S, Potena L,
Bauersachs J, Gkouziouta A, Ruhparwar
A, Ristic AD, Straburzynska-Migaj E,

McDonagh T, Seferovic P, Ruschitzka F.
Advanced heart failure: a position state-
ment of the Heart Failure Association of
the European Society of Cardiology. Eur
J Heart Fail 2018; 20: 1505–1535.

11. Fang JC, DeMarco T, Givertz MM,
Borlaug BA, Lewis GD, Rame JE,
Gomberg-Maitland M, Murali S, Frantz
RP, McGlothlin D, Horn EM, Benza RL.
World Health Organization pulmonary
hypertension group 2: pulmonary hyper-
tension due to left heart disease in the
adult-a summary statement from the
Pulmonary Hypertension Council of the
International Society for Heart and Lung
Transplantation. J Heart Lung Transplant
2012; 31: 913–933.

12. Galié N, Humbert M, Vachiery JL, Gibbs
S, Lang I, Torbicki A, Simonneau G, Pea-
cock A, Vonk Noordegraaf A, Beghetti
M, Ghofrani A, Gomez Sanchez MA,
Hansmann G, Klepetko W, Lancellotti P,
Matucci M, McDonagh T, Pierard LA,
Trindade PT, Zompatori M, Hoeper M.
2015 ESC/ERS guidelines for the diag-
nosis and treatment of pulmonar hyper-
tension: the Joint Task Force for the
Diagnosis and Treatment of Pulmonary
Hypertension of the European Society
of Cardiology (ESC) and the European
Respiratory Society (ERS); Endorsed
by: Association for European Paediatric
and Congenital Cardiology (AEPC), In-
ternational Society for Heart and Lung
Transplantation (ISHLT). Eur Heart J
2016; 37: 67–119.

13. Butler J, Chomsky DB, Wilson JR. Pul-
monary hypertension and exercise toler-
ance in patients with heart failure. J Am
Coll Cardiol 1999; 34: 1802–1816.

14. Guazzi M, Borlaug BA. Pulmonary hy-
pertension due to left heart disease. Cir-
culation 2012; 126: 975–990.

15. Simonneau G, Montani D, Celermajer
DS, Denton CP, Gatzoulis MA, Krowka
M, Williams PG, Souza R. Haemody-
namic definitions and updated clinical
classification of pulmonar hypertension.
Eur Respir J 2019; 53: pii: 1801913.

16. Klotz S, Deng MC, Hanafy D, Schmid C,
Stypmann J, Schmidt C, Hammel D,
Scheld HH. Reversible pulmonary hy-
pertension in heart transplant
candidates–pretransplant evaluation
and outcome after orthotopic heart
transplantation. Eur J Heart Fail 2003;
5: 645–653.

17. Guglin M, Mehra S, Mason TJ. Compari-
son of drugs for pulmonary hypertension
reversibility testing: a meta-analysis.
Pulm Circ 2013; 3: 406–413.

18. Loh E, Stamler JS, Hare JM, Loscalzo J,
Colucci WS. Cardiovascular effects of in-
haled nitric oxide in patients with left
ventricular dysfunction. Circulation
1994; 90: 2780–2785.

19. Kieler-Jensen N, Ricksten SE,
Stenqvist O, Bergh CH, Lindelov B,
Wennmalm A, Waagstein F, Lundin

S. Inhaled nitric oxide in the evalua-
tion of heart transplant candidates
with elevated pulmonary vascular re-
sistance. J Heart Lung Transplant
1994; 13: 366–375.

20. Semigran MJ, Cockrill BA, Kacmarek R,
Thompson BT, Zapol WM, Dec GW, Fifer
MA. Hemodynamic effects of inhaled ni-
tric oxide in heart failure. J Am Coll
Cardiol 1994; 24: 982–988.

21. Pagano D, Towned JN, Horton R, Smith
C, Clutton-Brock T, Bonser RS. A com-
parison of inhaled nitric oxide with in-
travenous vasodilators in the
assessment of pulmonary hemodynam-
ics prior to cardiac transplantation. Eur
J Cardiothorac Surg 1996; 10:
1120–1126.

22. Haraldsson A, Kieler-Jensen N, Nathorst-
Westfelt U, Bergh CH, Ricksten SE. Com-
parison of inhaled nitric oxide and in-
haled prostacyclin in the evaluation of
heart transplant candidates with ele-
vated pulmonary vascular resistance.
Chest 1998; 114: 780–786.

23. Sablotzki A, Hentschel T, Gruenig E,
Schubert S, Friedrich I, Muhling J,
DehneMG, Czeslick E. Hemodynamic ef-
fects of inhaled aerosolized iloprost and
inhaled nitric oxide in heart transplant
candidates with elevated pulmonary vas-
cular resistance. Eur J Cardiothorac Surg
2002; 22: 746–752.

24. Radovancevic B, Vrtovec B, Thomas CD,
Croitoru M, Myers TJ, Radovancevic R,
Khan T, Massin EK, Frazier OH. Nitric
oxide versus prostaglandin E1 for reduc-
tion of pulmonary hypertension in heart
transplant candidates. J Heart Lung
Transplant 2005; 24: 690–695.

25. Fojon S, Fernandez-Gonzalez C,
Sanchez-Andrade J, Lopez-Perez JM,
Hermida LF, Rodriguez JA, Juffe A. In-
haled nitric oxide through a noninvasive
ventilation device to assess reversibility
of pulmonary hypertension in selecting
recipients for heart transplant. Trans-
plant Proc 2005; 37: 4028–4030.

26. Lepore JJ, Maroo A, Bigatello LM, Dec
GW, Zapol WM, Bloch KD, Semigran
MJ. Hemodynamic effects of sildenafil
in patients with congestive heart failure
and pulmonary hypertension: combined
administration with inhaled nitric oxide.
Chest 2005; 127: 1647–1653.

27. Lepore JJ, Dec GW, Zapol WM, Bloch
KD, Semigran MJ. Combined adminis-
tration of intravenous dipyridamole and
inhaled nitric oxide to assess reversibility
of pulmonary arterial hypertension in
potential cardiac transplant recipients. J
Heart Lung Transplant 2005; 24:
1950–1956.

28. Mahajan A, Shabanie A, Varshney SM,
Marijic J, Sopher MJ. Inhaled nitric ox-
ide in the preoperative evaluation of
pulmonary hypertension in heart trans-
plant candidates. J Cardiothorac Vasc
Anesth 2007; 21: 51–56.

680 C. Strong et al.

DOI: 10.1002/ehf2.12639
ESC Heart Failure 2020; : 673–6817



29. Pasero D, Rana NK, Bonato R, Ribezzo
M, Ivaldi F, Ricci D, Grosso Marra W,
Checco L, Lupo M, Boffini M, Rinaldi
M. Inhaled nitric oxide versus sodium
nitroprusside for preoperative evalua-
tion of pulmonary hypertension in heart
transplant candidates. Transplant Proc
2013; 45: 2746–2749.

30. Jachec W, Wojciechowska C, Tomasik
A, Kawecki D, Nowalany-Kozielska E,
Wodniecki J. Response to inhaled nitric
oxide, but neither sodium nitroprusside
nor sildenafil, predicts survival in pa-
tients with dilated cardiomyopathy
complicated with pulmonary hyperten-
sion. J Clin Exp Cardiolog 2015; 6:
376–383.

31. Bocchi EA, Bacal F, Auler Junior JO,
Carmone MJ, Bellotti G, Pileggi F.

Inhaled nitric oxide leading to pulmo-
nary edema in stable severe heart fail-
ure. Am J Cardiol 1994; 74: 70–72.

32. Ghio S, Schirinzi S, Pica S. Pulmonary
arterial compliance: how and why
should we measure it? Glob Cardiol Sci
Pract 2015; 2015: 58.

33. Delgado JF, Conde E, Sanchez V, Lopez-
Rios F, Gomez-Sanchez MA, Escribano P,
SoteloT, Gomez de la Camara A, Cortina
J, de la Calzada CS. Pulmonary vascular
remodeling in pulmonary hypertension
due to chronic heart failure. Eur J Heart
Fail 2005; 7: 1011–1016.

34. Pellegrini P, Rossi A, Pasotti M, Raineri
C, Cicoira M, Bonapace S, Dini FL,
Temporelli PL, Vassanelli C, Vanderpool
R, Naeije R, Ghio S. Prognostic rele-
vance of pulmonary arterial compliance

in patients with chronic heart failure.
Chest 2014; 145: 1064–1070.

35. Sitbon O, Brenot F, Denjean A,
Bergeron A, Parent F, Azarian R, Herve
P, Raffestin B, Simmonneau G. Inhaled
nitric oxide as a screening vasodilator
agent in primary pulmonary hyperten-
sion. A dose-response study and com-
parison with prostacyclin. Am J Respir
Crit Care Med 1995; 151: 384–389.

36. Hoeper MM, Olschewski H, Ghofrani
HA, Wilkens H, Winkler J, Niedermeyer
J, Fabel H, Seeger W. A comparison of
the acute hemodynamic effects of in-
haled nitric oxide and aerosolized
iloprost in primary pulmonary hyperten-
sion. German PPH study group. J Am
Coll Cardiol 2000; 35: 176–182.

Inhaled Nitric Oxide in heart transplant candidates undergoing right heart catheterisation 681

DOI: 10.1002/ehf2.12639
ESC Heart Failure 2020; : 673–6817



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


