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Inhaled Nitric Oxide in the Preoperative Evaluation of Pulmonary
Hypertension in Heart Transplant Candidates
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Objective: The goal of this study was to evaluate the

fficacy of 100% oxygen and inhaled nitric oxide (iNO) in

ecreasing pulmonary vascular resistance (PVR) and

ranspulmonary gradient (TPG) in dilated cardiomyopathy

atients being evaluated for orthotopic heart transplanta-

ion (OHT); who, despite maximal intravenous (IV) dilator

herapy, had persistent moderate-to-severe pulmonary hy-

ertension.

Design: A prospective nonrandomized clinical study.

Setting: University hospital, major transplant center.

Participants: Twenty-one adult patients undergoing OHT

valuation.

Interventions: One hundred percent oxygen and iNO at 20

nd 40 ppm were sequentially administered to the patients

nce they were optimized with IV vasodilators and ino-

ropes.
ive care unit (ICU) patients with dilated cardiomyopathy and persis-
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ournal of Cardiothoracic and Vascular Anesthesia, Vol 21, No 1 (February
hange was noted with oxygen, iNO 20 ppm reduced the

ean pulmonary artery pressure (44.1 � 1.7 to 38.6 � 1.8

mHg, p < 0.05), PVR index (823 � 47 to 621 � 55 dyne/s/
2/cm5, p < 0.05), TPG (22.4 � 1.4 to 17.0 � 1.5 mmHg, p <

.05), and right ventricular stroke work index (14.7 � 1.2 to

1.1 � 1.2 g · m/m2/beat, p < 0.05). In 13 of 21 patients, PVR

ecreased by greater than 25% after iNO therapy. Nine of

hese patients had PVR and TPG decrease to levels consid-

red acceptable for OHT listing.

Conclusions: iNO can further improve right ventricular

emodynamics even after presumed optimization with IV

asodilators and serves as a test of PVR reversibility during

he preoperative assessment of OHT candidates.

2007 Elsevier Inc. All rights reserved.

EY WORDS: inhaled nitric oxide, heart transplantation, pul-

onary hypertension, preoperative, pulmonary vascular
Measurements and Main Results: Although no significant resistance
N IMPORTANT SOURCE of morbidity and mortality
after orthotopic heart transplantation (OHT) is right ven-

ricular (RV) failure because of the unaccustomed donor RV
orking against the recipient’s high pulmonary vascular resis-

ance (PVR).1-3 In patients with dilated cardiomyopathy who
ave pulmonary hypertension secondary to chronic heart fail-
re, both PVR �320 dyne/s/cm5 or 4 Wood units (pulmonary
ascular resistance index [PVRI] �500-650 dyne/s/m2/cm5)
nd a transpulmonary gradient (TPG) �15 mmHg adversely
ffect outcomes after OHT.4-6 Irreversible pulmonary hyperten-
ion above these levels generally precludes such patients as
andidates for OHT.

Dilated cardiomyopathy patients undergoing preoperative as-
essment for OHT candidacy are initially treated with intravenous
IV) vasodilators, which serve to optimize hemodynamics and test
he degree of reversibility of PVR and TPG.7-10 However, accom-
anying systemic hypotension limits maximal lowering of PVR
nd TPG in clinical settings. In contrast, inhaled nitric oxide (iNO)
nd oxygen act selectively on the pulmonary vasculature.11-15

lthough iNO and oxygen have been used as tests of PVR
eversibility,16-18 it is unclear if they can lead to further significant
eductions in PVR and TPG after a maximally tolerated clinical
esponse with IV therapy. Such a strategy can provide an addi-
ional test of true reversibility of pulmonary hypertension and,
ore importantly, identify additional patients who meet the above

emodynamic criteria for OHT.
The aim of the present study was to see if 100% oxygen and

NO (20 and 40 ppm) can serve as tests of reversibility of pulmo-
ary hypertension in dilated cardiomyopathy patients who have
ersistent moderate-to-severe pulmonary hypertension despite
linical optimization with IV vasodilators. Additionally, the study
ought to determine if iNO can lower PVR and TPG to levels
onsidered acceptable for OHT.

MATERIALS AND METHODS

After institutional review board approval, 21 consenting adult inten-
ent moderate-to-severe pulmonary hypertension (mean pulmonary ar-
erial pressure [MPAP] �35 mmHg and PVRI �500-650 dynes/s/m2/cm5

nd TPG �15 mmHg) despite intravenous medical therapy were pro-
pectively enrolled in the study. These patients were admitted to the
CU for optimization of heart failure and assessment of their candidacy
or OHT.

All patients were monitored by using a thermodilution pulmonary
rtery catheter. Cardiac output (CO) was measured using cold saline
njections (average of 2-3 closely performed injections per dataset) that
ere made at end-expiration. Only values that were �15% of each
ther from within each dataset were averaged and used in the final
nalysis. Other hemodynamic parameters recorded include pulmonary
rtery pressures, pulmonary artery occlusion pressure (PAOP), central
enous pressure (CVP), and systemic blood pressure. Derived hemo-
ynamic variables were calculated as follows: cardiac index (CI) �
O/body surface area; PVRI � (MPAP � PAOP) � 80/CI; TPG �

MPAP � PAOP); and right ventricular stroke work index (RVSWI) �
.0136 (MPAP � CVP) � CI/heart rate.
After admission to the ICU, all cardiomyopathy patients received

etween 1 to 3 days of IV cardiac drug therapy with vasodilators,
notropes, and diuretcs as part of their medical management of heart
ailure and assessment of PVR reversibility. The goal was to optimize
emodynamics using maximally tolerated doses of IV vasodilators and
dditional inotropes. The following steps were used toward optimizing
emodynamics and selecting patients for the study: all patients received
V diuretics and maximal titration of IV vasodilators in each patient
as attempted, with the goal to reduce the systemic vascular resistance

SVR) �1,200 dynes/s/cm5 while maintaining a systolic blood pressure
80 to 85 mmHg. All patients received IV vasodilator therapy con-

isting of 1 or more drugs (nitroglycerin, 0.5-3 �g/kg/min, nitroprus-
ide, 0.5-3 �g/kg/min, and/or prostaglandin E1, 0.01-0.1 �g/kg/min); if

From the Department of Anesthesiology, David Geffen School of
edicine at UCLA, Los Angeles, CA.
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52 MAHAJAN ET AL
he cardiac index remained low or did not improve after the IV
asodilator therapy, inotropes (dopamine, 2-7 �g/kg/min, dobutamine,
-7 �g/kg/min, and/or milrinone, 0.2-0.5 �g/kg/min) were added to the
egimen to further improve hemodynamics so that PVR and TPG could
e studied in the presence of a normal CI. Fifteen of 21 patients
eceived inotropic therapy in addition to IV vasodilators. “Baseline”
emodynamic data were recorded after the initial “optimal” IV therapy
chieved the target SVR (�1,200 dynes/s/m2/cm5) while keeping the
lood pressure �80 to 85 mmHg and the CI �2.2 L/min/m2. Only
atients who had persistent moderate to severe pulmonary hypertension
MPAP �35 mmHg, PVRI �500-650 dynes/s/m2/cm5, and TPG �15
mHg) despite initial IV therapy were included as test subjects for

00% oxygen and iNO study. ICU patients, in whom IV therapy
mproved MPAP and PVRI to lower levels, were not included in the
tudy.

The administration of 100% oxygen and iNO was performed to test
or further improvement in RV afterload indices; 4 of 21 patients were
eceiving oxygen therapy (FIO2 �30%) via nasal cannula before the
tart of the study to keep SaO2 �95%. All hemodynamic parameters
ere recorded after IV therapy (baseline) and after 15 to 20 minutes of

equential administration of each of the following: first intervention,
00% oxygen; second intervention, iNO at 20 ppm in 100% oxygen;
nd third intervention, iNO at 40 ppm in 100% oxygen. Patients were
onsidered responders if their PVRI decreased by 25% from baseline
hemodynamics after IV therapy). iNO was delivered by using an
hmeda/iNOvent delivery system (INO Therapeutics, Clinton, NJ).
he system was calibrated by the respiratory therapy team to deliver
xygen and iNO at concentrations very close to the programmed doses.
he delivery setup used in the study is shown in Figure 1. With the

Fig 1. Inhaled nitr
atients breathing spontaneously, a nitric oxide and oxygen mixture a
flow rate � 25 L/min) was injected into the inspiratory limb of the
ircuit and delivered to the patient via a tight-fitting nonrebreathing
acemask. An electrochemical analyzer built into the system measured
he concentration of delivered iNO. An oxygen analyzer was used to
onfirm the delivered oxygen concentration. Sampling of gases was
erformed from the facemask and close to the patient’s mouth. Scav-
nging of all waste gases was performed. Other investigators have also
reviously described the use of comparable iNO delivery systems.16,18

All data were expressed as mean � standard error of the mean.
tatistical analysis of the data was performed by a repeated-measures
nalysis of variance test; p � 0.05 was accepted as significant.

RESULTS

The mean age of the patients was 52 years (range 24-67
ears). There were 13 men and 8 women in the study group.
ody surface area ranged from 1.54 to 2.15 m2 (mean 1.84,
edian 1.8). Twelve of twenty-one patients had ischemic di-

ated cardiomyopathy, whereas 9 of 21 had idiopathic dilated
ardiomyopathy. Hemodynamics at the time of ICU admission
nd before the start of IV drug therapy (pre-IV therapy) are
resented in Table 1. “Baseline” hemodynamic indices after IV
herapy show overall improvement of the right- and left-sided
unction (Table 1). However, the study patients had persistent
oderate-severe pulmonary hypertension after optimal IV ther-

py.
Hemodynamics after administration of 100% oxygen and

NO at 20 and 40 ppm in 100% oxygen are given in Figure 2

de delivery setup.
nd Table 1. No statistically significant change from baseline
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53HEART TRANSPLANT CANDIDATES
as noted in any of the measured hemodynamic parameters
fter administration of 100% oxygen. iNO, 20 ppm, therapy (in
xygen), however, improved all indices of RV hemodynamics
rom baseline (p � 0.05) (Fig 2 and Table 1). Individual
esponses to iNO, 20 ppm, are depicted in Figure 3 as changes
rom baseline in PVRI and TPG. In the entire group, increasing
he dose of iNO from 20 to 40 ppm did not further improve any
easure of RV hemodynamics (p � 0.05), although in 3 of 21

atients another �10% decrease in PVRI was noted.

Table 1. Effect of iNO and High FIO2

Right-Sided Hemodynamic

MPAP PVRI TPG

Pre-IV therapy 47 � 2.2 937 � 75 22 � 1.9
Baseline (after IV therapy) 44 � 1.7 823 � 47 22 � 1.3
100% O2 44 � 1.8 809 � 51 22 � 1.4
iNO 20 ppm 39 � 1.8 621 � 55 16 � 1.5
iNO 40 ppm 38 � 1.5 605 � 48 16 � 1.6

NOTE. Numerical values in the table are mean � SE.
Abbreviations: MPAP, mean pulmonary arterial pressure (mmHg); P
onary gradient (mmHg); RVSWI, right ventricular stroke work index

mmHg); SVRI, systemic vascular resistance index (dynes/s/cm5); PAO
Fig 2. Effect of iNO (20 and 40 ppm) and hig
Twenty of twenty-one patients showed a �25% decrement
n PVRI when compared with baseline (responders). In 9 of 13
f these iNO responders, PVR was reduced to �4 Woods units
r PVRI �500 to 650 dyne/s/m2/cm5 and TPG decreased to less
han 15 mmHg; levels considered acceptable for OHT. Of
hese, 7 patients underwent successful OHT; the remaining 2
atients died as a result of comorbid conditions while on the
ransplant list. Four of 13 patients who were responders but in
hom PVR and TPG remained above the OHT criteria after

Various Hemodynamic Parameters

CI

Left-Sided Hemodynamics

RVSWI MAP SVRI PAOP

17 � 1.4 1.7 � 0.2 71 � 31 2571 � 64 26 � 1.2
15 � 1.2 2.2 � 0.05 64 � 1.3 1996 � 51 22 � 0.6
14 � 1.1 2.2 � 0.03 65 � 0.9 2003 � 41 22 � 0.5
11 � 1.2 2.2 � 0.03 63 � 1.2 2007 � 39 22 � 0.4
11 � 1.0 2.2 � 0.04 66 � 1.4 2026 � 48 21 � 0.3

ulmonary vascular resistance index (dynes/s/cm5/m2); TPG, transpul-
/m2/beat); CI, cardiac index (L/min/m2); MAP, mean arterial pressure
lmonary artery occlusion pressure (mmHg).
on the

s

VRI, p
(g · m
h FIO2 on RV hemodynamics; *p < 0.05.
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54 MAHAJAN ET AL
NO test were continued on long-term vasodilator therapy to
urther improve right-sided hemodynamics to levels where
HT would be possible. The nonresponders were not consid-

red suitable candidates for OHT and remained on standard
edical management with persistent moderate-severe pulmo-

ary hypertension.
Baseline CVP and PAOP in the patient group were 11 � 0.4

nd 22 � 1.4 mmHg. Neither O2 nor iNO altered right ven-
ricular (RV) and left ventricular (LV) preload because CVP
nd PAOP remained unchanged after these maneuvers (p �
.05). Heart rates after the 100% O2 and iNO tests were not
ignificantly different when compared with baseline (iNO 20
pm, 84 � 7 beats/min; baseline, 86 � 5 beats/min) (p � 0.05).
easures of LV afterload, including systemic vascular resis-

ance index, mean arterial pressure (MAP), and CI, remained
nchanged between baseline and after 100% O2, or iNO at 20
r 40 ppm (p � 0.05) (Table 1).
No adverse effects of oxygen or iNO therapy were noted

ith the short-term administration of these drugs in any of the
atients in this study. After the iNO test, all patients were
ontinued on their standard IV vasodilator and inotropic ther-
py to maintain optimal hemodynamics.

DISCUSSION

Recipients’ pulmonary hypertension adversely affects out-
ome after OHT. Therefore, careful preoperative evaluation
nd patient selection are important for the success of this

Fig 3. Individual responses to iNO, 20 ppm, are depicted as

hanges in (A) PVRI and (B) TPG (compared with baseline).
urgery.1-5,19,20 In this study, it was shown that iNO adminis- u
ration is a good preoperative test for determining the revers-
bility of PVR and TPG in OHT candidates.

The criteria for acceptable PVR and TPG limits that apply to
atient selection for OHT vary in different centers. Patients
ith irreversibly high PVR or TPG (�4 Wood units and �15
mHg, respectively) are excluded as candidates for this oper-

tion.4,5 A major constraint in testing reversibility of PVR using
he conventional intravenous vasodilators is the accompanying
ystemic hypotension. A few studies that report the use of iNO
n reducing PVR describe its effect when it was administered
y itself or in comparison with other vasodilators administered
eparately.16,18,21 However, it is unclear from these studies if
NO can further reduce PVR in OHT candidates who have been
linically “optimized” by IV vasodilators and inotropes. Study
f this response is extremely relevant because it may identify
ore patients with reversible PVR who meet the hemodynamic

riteria for OHT. Any further reduction in PVR would also be
direct measure of the benefit of iNO. Adatia et al21 adminis-

ered iNO to 11 OHT candidates, of whom 6 had dilated
ardiomyopathy, and showed that iNO (80 ppm) effectively
ecreased the PVR by about 40% and MPAP by 15%. iNO
esponses were not compared with any other conventional
asodilator. Kieler-Jensen et al16 in their study of 12 cardio-
yopathy patients compared the lowering of the PVR/SVR

atio as an index of pulmonary vascular selectivity between
NO and the IV vasodilators. PVR/SVR ratio was reduced by
NO but remained unchanged with the IV vasodilators. How-
ver, the response to iNO was not studied in the presence of
asodilators such as nitroglycerin, nitroprusside, or prostaglan-
ins, drugs that are still the first line of treatment in these
atients. Baseline optimization of hemodynamics (CO, MPAP,
VR, and PAOP) also allows for a more accurate assessment of

he RV afterload indices because both PVR and TPG are
ffected by several of these hemodynamic parameters.

The present study results show that iNO, 20 ppm, in oxygen
an further reduce PVR and TPG. Increasing the dose of iNO
o 40 ppm had only a limited benefit in a few patients (3/21). Of
he 13 patients who responded to iNO (PVR decrease �25%),

patients achieved PVR and TPG criteria considered accept-
ble for OHT listing. Seven of them have successfully under-
one OHT. This implies that OHT can be considered in a
ubgroup of patients who are responsive to iNO but have only
limited response to IV vasodilators. iNO therapy not only

ecreased RV afterload but also improved RVSWI (a measure
f RV work and function). The pharmacokinetics of iNO makes
t an ideal drug for selective pulmonary vasodilation. Its ultra-
hort half-life in the circulation because of rapid inactivation by
inding to heme (3,000 times higher affinity for nitric oxide
han for oxygen)22 prevents iNO from having any systemic
emodynamic effects. These data support this theory because
here were no changes in MAP, systemic vascular resistance
ndex, and CI. Methemoglobinemia and nitrogen dioxide tox-
city, 2 side effects that can be seen with long-term therapy or
ith use of much higher doses of the drug, were not seen in the

tudy.
It was also observed that in the cardiomyopathy group, 100%

xygen therapy alone was ineffective in improving RV hemo-
ynamics. This result is in contrast to the previously reported

se of 100% oxygen therapy in determining reversibility of
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55HEART TRANSPLANT CANDIDATES
VR in patients with congenital heart and primary pulmonary
iseases.13,14 In these studies, high inspired oxygen therapy
ccounted for a 6% to 13% reduction in MPAP and a 20% to
0% lowering of PVR. Presumably, a different etiology of
ulmonary hypertension in these patients may have accounted
or the beneficial effect of oxygen observed in these studies.

Ideally, OHT candidates should have a reduction in PVR that
s sustained until the time of their surgery. This study design
id not allow for assessment of this long-term decrease but
howed the potential for reversibility of PVR with iNO use in
he preoperative period. Reversibility of PVR in response to
NO has been suggested to be a good predictor of postoperative
utcomes after cardiac surgery in patients with pulmonary
ypertension.23 The results of the trial (INOP Test I) show that
preoperative reduction in PVR/SVR ratio by 20% from the

aseline after iNO therapy along with a PVR/SVR ratio that
as �0.33 was associated with less morbidity and mortality in

hese patients.23

A concern regarding iNO therapy in OHT candidates is the
ossibility of further elevation in left-sided filling pressures result-
ng from enhanced pulmonary venous return. This phenomenon
as been reported in cardiomyopathy patients who had inadequate
emodynamic optimization before iNO therapy.16,24 Kieler-Jensen
t al16 in their series of 12 patients (baseline CO 3.1 L/min, SVR
,000 dynes/s/cm5, and MAP 81 mmHg) reported increasing of
he PAOP from 28 to 33 mmHg after iNO (20 ppm). In contrast
o these findings, other investigators (Sablotzki et al25) have re-
orted a lowering of PAOP with iNO in patients with cardiomy-
pathy. Patients in their group, however, had better baseline he-
odynamics (C.I 2.5 L/min/m2 and PAOP 18 mmHg).25 The

resent study group did not manifest any worsening of PAOP. In

hese dilated cardiomyopathy patients, IV vasodilator and inotro- e
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ic therapy might have contributed to better ventricular compli-
nce. Additionally, decreases in the RV afterload and RV systolic
ressures with iNO in these patients with moderate-severe pulmo-
ary hypertension might have also improved LV compliance as a
esult of diminished LV compression effect imposed by the RV.
hese interesting results from this study have important clinical

mplications in suggesting that iNO might be safe to use in
emodynamically optimized heart-failure patients.

This study has a few limitations. The authors did not ran-
omize the initial IV therapy but instead chose the attainment
f hemodynamic endpoints as indicators of maximal optimiza-
ion with the combination intravenous therapy used as part of
he clinical care of these patients. The goal was to study the
fficacy of iNO therapy in a clinical setting. Additionally, it
as chosen not to randomize the order of iNO (20 and 40 ppm)
r oxygen therapy among these patients but allowed each
atient to receive all 3 inhaled therapies sequentially in a
redetermined order. Although previous investigators have
uggested other doses (2-80 ppm) of iNO to be efficacious in
reating pulmonary hypertension, only 2 of the more commonly
sed iNO concentrations were studied. Despite these limita-
ions, the results of this study highlight the role of iNO in
reoperative OHT evaluation.
In conclusion, the preoperative administration of iNO by a

acemask is a simple procedure that is well tolerated by pa-
ients. The iNO trial provides important clinical information
egarding the degree of reversibility of PVR. In these patients,
dministration of 100% oxygen alone did not result in a sig-
ificant reduction in RV afterload. The addition of iNO (20
pm) was sufficient to show a substantial reduction in RV
fterload and should be considered as a preoperative test during

valuation of OHT candidacy.
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