Intensive Care Med (1996) 22:728 —734
© Springer-Verlag 1996

S. Lundin

U. Nathorst Westfelt
O. Stenqvist

H. Blomqvist

A. Lindh

L. Berggren

S. Arvidsson

U. Rudberg

C.G. Frostell

Received: 15 February 1995
Accepted: 19 April 1996

S. Lundin (<) - U. Nathorst Westfelt
O. Stengvist

Department of Anaesthesia

and Intensive Care,

Sahlgrenska University Hospital,
S-41345 Goteborg, Sweden

H. Blomgvist - C.G. Frostell
Department of Anaesthesia

and Intensive Care, Danderyd Hospital,
Danderyd, Sweden

A. Lindh

Department of Anaesthesia

and Intensive Care, Huddinge Hospital,
Stockholm, Sweden

A. Berggren
Department of Anaesthesia,
Orebro Hospital, Orebro, Sweden

S. Arvidsson
Department of Anaesthesia,
Ostra Hospital, Gé6teborg, Sweden

U. Rudberg
Department of Radiology,
Danderyd Hospital, Danderyd, Sweden

ORIGINAL

Response to nitric oxide inhalation
in early acute lung injury

Abstract Objective: To evaluate the
dose response of inhaled nitric ox-
ide (NO) on gas exchange and cen-
tral haemodynamics in patients
with early acute lung injury (ALI).
Design: Prospective, multicentre
clinical study.

Setting: General ICUs in university
and regional hospitals.

Patients: 18 patients with early ALI
according to specified criteria.
Interventions: During controlled
ventilation an inhalation system was
used to deliver NO (1000 ppm in
N,) and O,/air to the low pressure
fresh gas inlet of a Siemens 900C
ventilator. Haemodynamics and
pulmonary gas exchange variables
were measured at baseline and at
stepwise increased inspiratory NO
concentrations of 0.1, 0.3, 1, 3, 10,
30 and 100 ppm, each dose being
maintained for 15 min. Dose testing
was repeated the next day, and the
response to prolonged (2 h) NO in-
halation at 1 and 10 ppm was also
tested.

Measurements and results: Inhala-
tion of NO produced a significant

increase in PaO, (P<0.0025). The
degree of response, as well as the
optimal NO dose varied in individ-
ual patients and between different
days. Venous admixture (Qy,/Qr)
was reduced (£<0.02) from 38%
(31 —46%) to 33% (26—41%). In
our patients with early acute lung
injury and only a moderate eleva-
tion in pulmonary arterial pressure
NO inhalation did not reduce mean
pulmonary artery pressure signifi-
cantly, being 27.0 (21 —-30) mmHg
at baseline and 26.0 (21 -30)

mm Hg at 100 ppm.

Conclusions; This study shows that
improvements in arterial oxygen-
ation in response to inhaled NO
may show great inter- as well as in-
traindividual variability, and that
improvements in arterial oxygen-
ation occur without any measurable
lowering of the pulmonary artery
pressure.

Key words Acute respiratory failure
- Mechanical ventilation - Nitric
oxide - Inhaled - Pulmonary artery
pressure

Introduction

Acute lung injury (ALI) is characterised by an increase in
venous admixture resulting in arterial hypoxaemia.[1] Ni-
tric oxide (NO) is a mediator produced by vascular endo-
thelium, macrophages and nerve cells, and is believed to
be identical with the endothelium-derived relaxing factor

[2, 3]. NO has marked vasodilator properties [3]. Previous
experience in animals and humans has shown that inhala-
tion of NO in concentrations of 5—80 parts per million
(ppm) can induce a selective dilation of the pulmonary
vascular bed, without effects on the systemic vasculature
[4]. In adults with severe acute lung injury, for example
acute respiratory distress syndrome (ARDS), studies have
shown that inhalation of NO can selectively improve per-
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fusion of ventilated regions, thus reducing intrapulmo-
nary shunt and improving arterial oxygenation [5—8].
Rossaint et al. [5] reported positive effects on gas ex-
change and a reduction in pulmonary arterial pressure in
ARDS patients who inhaled 5-20 ppm NO for 3-53
days.

The present study evaluated the dose-response effect
of inhaled NO (0.1 —100 ppm) on gas exchange and pul-
monary haemodynamics in patients with early ALI of
varied aetiology, less severely ill than those previously
studied [3, 6, 9]. The consistency of response to inhalat-
ing NO was also confirmed by repeated dose testing on
consecutive days and by evaluating the response to pro-
longed inhalation of NO for up to 2 h at 1 and 10 ppm.

Materials and methods

The study was approved by the Human Ethics Committees of the
five participating hospitals in Sweden. Eighteen patients with early
ALI were included after informed consent from each patient’s next
of kin. Inclusion criteria were: (a) acute respiratory insufficiency
requiring intubation and mechanical ventilation with an inspired
oxygen fraction (FIO,) of at least 0.5; (b) an arterial oxygen ten-
sion (PaO,) to FIO, ratio (PaO,/FIO, of less than 20 kPa
(< 150 mmHg) for at least 24 h but not more than 72 h with posi-
tive end-expiratory pressure at or above 5 cm H,0; and (c) uni- or
bilateral lung infiltrates. Exclusion criteria were: (a) mechanical
ventilation more than 7 days before the study; (b) left ventricular
dysfunction and/or fluid overload, defined as a pulmonary capil-
lary wedge pressure (PCWP) greater than 18 mmHg; and (c) inhala-
tion of NO. The presence of organ failure was recorded using crite-
ria modified from Knaus et al. [11] and Bernard et al. [12] as: (a)
hepatic failure (serum bilirubin > 100 umol/1); (b) kidney failure
(serum creatinine > 300 pmol/1). The patients received pressure- or
volume-controlled ventilation according to each patient’s attending
physician. Ventilatory settings were unchanged during each dose re-
sponse testing.

Patients (Table 1)

The median age of the 18 patients was 56 (44—73) years (Table 1).
Acute lung injury was secondary to sepsis[16] (4 patients), infec-
tious pneumonia (diagnosed on patient’s history, sputum Gram
stain and culture, and chest radiograph; 7 patients), trauma and/or
pulmonary contusion (3 patients), aspiration (2 patients). Time on
ventilator before inclusion was 1 — 5 days. Thirteen patients received
intravenous infusions of vasoactive drugs at the start of study. Ad-
ditional organ failures were noted in four patients. Thirty days after
inclusion nine patients had died (50% mortality). At inclusion the
average PaO,/FI0, ratio was 15.2 (10.8—18.4) kPa, calculated in-
trapulmonary shunt (Qv,/Qrp) 38% (31—-46%) and compliance 32
(18 —38) ml/cm H,O. The severity of lung injury according to the
schema of Murray et al. [10] was 2.8 (2.5—-3.0) .

NO administration and monitoring

A system for delivering NO [13] to the breathing gas was used, con-
sisting of two mass flow regulators (Bronkhorst Hightech, Ruurlo,

Netherlands) controlling the flow of NO (50 or 1000 ppm in N,;
AGA Gas, Solna, Sweden), and oxygen/air mixture, respectively, to
the low pressure fresh gas inlet to the ventilator. NO dosages were
set using mass flow regulators, (deviation from set flow <0.5%). A
soda lime absorber placed on the inspiratory tubing was used for
scavenging of nitrogen dioxide (NO,) at NO doses =10 ppm. NO
concentration was measured on-line by electrochemical cells (City
Technology, London, UK). The bias and precision of the elec-
trochemical fuel cells have been evaluated previously [14].The NO
cell underestimates the true value by 10% in the interval from
2—50 ppm and overestimates the true value by 0.25 ppm at concen-
trations below 2 ppm, thus at a set level of 0.1 ppm NO readings
were around 0.35 ppm. The error in NO, measurements was an un-
derestimate of 0.1 ppm at all levels. The fuel cells were calibrated
prior to the dose response tests with a gas containing 75.6 ppm NO
and 6.2 ppm NO, (AGA Gas).

In evaluating the delivety system [13], NO, levels were less than
2 ppm in gas sampled downstream the absorber with a minute ven-
tilation of 9 I/min, FIO, 0.9 and a NO dose of 100 ppm. In five
patients NO, levels after the absorber were checked during the
dose-response tests, NO, being 0.2 (0.17—0.23) ppm at 10 ppm
NO, 0.4 (0.3-0.6) ppm at 30 ppm and 1.7 (1.5—1.9) ppm at
100 ppm NO.

Dose-response trials

All 18 patients were subjected to short-term dose testing (15 min of
each dose). Short-term testing was repeated in 15 of the patients the
next day. Fourteen of the patients were also subjected to prolonged
dose testing (120 min on 1 and 10 ppm) on the second or third day.

Short-term dose testing

The experimental procedure started with a control period when
baseline haemodynamics and blood sampling were obtained. Step-
wise increased concentrations of NO (0.1, 0.3, 1, 3, 10, 30 and
100 ppm) were administered during subsequent 15-min periods fol-
lowed by a last control period at the end. FIO, was measured by
side-stream spirometry and kept constant during the test. Haemo-
dynamic measurements and blood samples were obtained at the end
of each 15-min period. The following variables were measured both
at baseline and at each inspired NO concentration: heart rate, sys-
tolic and diastolic systemic and pulmonary artery pressure, central
venous pressure (CVP), PCWP, cardiac output (CO). Measure-
ments of intravascular pressures were performed at end expiration.
CO was measured in triplicate by thermodilution at random during
the respiratory cycle. Mean systemic (MAP) and pulmonary artery
pressure (MPAP) were calculated by standard formulas. Systemic
vascular resistance was calculated as (MAP-CVP)/CO, and pulmo-
nary vascular resistance (PVR) was calculated as MPAP-PCWP)/
CO. Transpulmonary pressure gradient in the pulmonary circu-
lation (TPG) was calculated from the difference between MPAP
and PCWP. Pulmonary compliance (C) was calculated as
V/(IPP-EEP). Arterial and mixed venous oxygen saturation
(Sa0, and SVO,) and arterial and mixed venous oxygen tension
(PaO, and PVO,) were measured. Intrapulmonary shunt-fraction
was calculated using standard formulas [15].

Prolonged dose testing

Measurements of central haemodynamics and gas-exchange were
obtained prior to and after 15 and 120 min at 1 and 10 ppm. Thirty
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minutes after cessation of NO the measurements were again per-
formed. Methemoglobin concentration were measured in an
ABI-520 oxygen saturation analyser (Radiometer, Copenhagen,
Denmark) prior to and after 2 h exposure to NO 10 ppm.

Statistical analysis

Data are presented as median and interquartile range and evaluated
using one-way analysis of variance for repeated measurements. The
relation between the PaO,/FI1O, ratio at baseline and the maxi-
mum improvement in PaO, (%) during NO inhalation on day 1
was evaluated using Spearman‘s rank order analysis. A P value
<0.05 was considered to indicate statistical significance.

Results
Short-term dose testing

Changes in central haemodynamics during short-term in-
halation of NO at 100 ppm, are shown in Table 2. Pa-
tients studied had moderately elevated MPAP, TPG and
PVR at baseline. There was no significant decrease in
MPAP or TPG even at the highest dose of inhaled NO
(100 ppm). No change in MAP or CO was observed.
There was no significant correlation between the initial
level of PVR and the change in PVR at 100 ppm NO
either on day 1 or 2.

Figure 1 shows changes in arterial oxygenation (PaO,)
at constant FIO, during short-term NO inhalation on
two consecutive days. NO inhalation produced a signifi-
cant increase in PaO, (analysis of variance; P<0.0025).
Similar response curves were obtained in the 15 patients
tested on day 2. Fig. 2 shows the changes in PaO,,
MPAP and PVR in the responding group (patients with
increased PaO, above 25% on the optimal dose). NO in-
halation also produced a significant (P < 0.02) decrease in
venous admixture (Qya,Q; Fig 3).

Figure 4 presents the change in PaO, at the “optimal”
dose (the dose producing the greatest increase in PaO,)
of NO for each patient on days 1 and 2. There was a large
variation in the optimal dose of NO and in the effect on
arterial oxygenation on two consecutive days in the same
patient. There was no significant correlation (R=0.10)
between the PaO,/FIO, ratio at baseline and the maxi-
mal degree of improvement in PaO, during NO.

%
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F [A Day 2
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120 4
%

110 4 ﬂ

1004 — — ﬂ d

o — . . . . T T T .
0 01 03 1 3 10 30 100 0O ppm NO

Fig.1 Inhalation of NO produced a significant increase in arterial
oxygen tension PaQO, (P<0.0025). Values are percentages of
baseline median and interquartile range for patients on day 1
(; n=18) and day 2 (I4; n=15)

Tidal volume, peak airway pressure, PaCO, 5.0
(4.6-5.7) to 4.9 (4.6—5.9) and PVO, 4.7 (4.5-5.3) to 5.0
(4.5—-5.7) at baseline and at 100 ppm respectively, did not
change significantly during NO administration.

Prolonged dose testing

The effect of prolonged (2 h) of inhalation of NO at 1
and 10 ppm, on arterial oxygenation is shown in Fig 5.
The improvement in arterial oxygenation observed after
15 min of NO was sustained throughout the 120 min pe-
riod, at both 1 and 10 ppm of NO, with a return towards
control values after cessation of NO.

There was no significant change in methemoglobin
concentration, which was 0.9% (0.5—1.0%) during con-
trol measurements and 1.0% (0.7—1.3%) after 2 h inha-
lation of 10 ppm NO.

Discussion

The major findings of this study are that (a) inhaled nitric
oxide may improve oxygen exchange in patients with early
ALI, the average optimum response being obtained at
about 10 ppm; and (b) in the individual patient both the
magnitude of the response and the optimum dose varied
on two consecutive days. In addition, we observed that

Table2 Central

haemodynamic during NO in- 0 ppm 100 ppm 0 ppm
halation (day 1)
MAP (mmHg) 68 (61—280) 68 (58—280) 68 (58—81)
MPAP (mmHg) 27 (21-31) 26 (21-30) 27 (21-30)
PCWP (mmHg) 13 (11— 14) 12 (10— 16) 12 (10— 16)
TPG (mmHg) 14 (9—21) 12 (8—16) 12 (7-16)
CO (I/min) 6.9 (5.7-9.4) 6.4 (5.1—8.2) 6.5 (5.0~9.1)

PVR (dynescm™?)

144 (102 —198)

157 (82-218)

143 (94— 209)
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Fig.2 The effect of inhalation of NO on PaO,, MPAP and PVR
in the responder group, i.e., patients with improved PaO, > 25%
on the optimum dose of inhaled NO. Values are median and intet-

quartile range for patients on day 1 ((; #=9) and day 2 (J; n=7)
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Fig.3 Reduction (P<0.02) in calculated venous admixture

(Qua/Qr) on day 1. Values are median and interquartile range
(n=18)

0 ppm NO

%
+100
+ 80
+ 60
e Day 1
© Day 2
+ 40
[e)
+20
0
-20
T g T
0 0.1 03 1 3 10 30 100 O pepm

Fig.4 Fig. 4 Changes in arterial oxygen tension (PaO,) at the
“optimum dose” compared to NO baseline level with inhaled NO
for each patient on days 1 (®; n=18) and 2 (O; n=15), respective-
ly. Note the variability in the optimum dose of NO and magnitude
of the response at two consecutive days. The optimum dose was de-
fined as the NO dose giving the highest PaO, value in percentage
of baseline value of PaO, prior to NO
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Fig. 5 The effect of prolonged (2 h) exposure to NO, 1 and 10

ppm, on arterial oxygen tension (PaQ,). Values are given as medi-
an and interquartile range (n=14)
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the response to inhaled NO established within the first
15 min of exposure was sustained for at least 2 h. The im-
provement in oxygen exchange was not accompanied by a
significant reduction in MPAP or PVR. This is in contrast
to previous studies [9] in which improvement in oxygen-
ation was generally accompanied by a decrease in MPAP
and PVR. In other studies in ARDS patients it does ap-
pear that improvement in oxygenation can be obtained at
low doses of NO (around 0.1 ppm) with only small
changes in PVR [6]. Our patients had normal or only
modestly elevated MPAP and PVR in combination with
an increased venous admixture. This probably reflects an
early stage of the disease. It was possible to improve the
perfusion/ventilation mismatch without lowering MAP
and PVR to any measurable extent.

Dose response studies of short-term inhalation of NO
have previously been performed in patients with severe
ALJ, ie in ARDS [6]. Patients in that study had a lung
injury severity score according to Murray et al [10] of
3 —4 compared to 1.75—3.25 in the patients of the present
study. In agreement with the present study, the maximum
effect in severe ARDS was obtained at a dose around
10 ppm, aithough the improvement in arterial oxygen-
ation response was more pronounced than in our study.
Most patients in that study were, however, treated with
veno-venous extracorporeal membrane oxygenation,
which might affect the response to inhaled NO. The dose-
response of inhaled NO has also been evaluated in a
group of ARDS patients selected on the basis of a docu-
mented clear improvement in oxygenation as a result of
inhaling NO [9]. In that study the maximum effect of in-
haled NO on arterial oxygenation was observed even at
doses of less than 1 ppm, with no further improvement at
5 ppm. It was also reported there that the dose of inhaled
NO was measured in the trachea actually giving values of
mixed inspiratory and expiratory NO concentrations. In
reality, the true inspiratory NO levels given to these pa-
tients may have been higher than the values presented,
since measurements were performed both during inspira-
tion and expiration and much of the inspired NO is taken
up by the lungs [17].

In the present study the individual response to inhaled
NO was variable. If a responder is defined as a patient
with improved PaO, above 25% from baseline level on
an optimum dose of inhaled NO, 12 patients (67 %) were
responders on one of the two days tested, two patients on
both days, and four were nonresponders on both days. In
severe ARDS Bigatello et al. {8] reported individual re-
sponses to a dose of 20 ppm inhaled NO and showed that
only 38% of the patients improved in terms of oxygen-
ation more than 25%. A similarly variable effect of inha-
lation of NO was observed in another study of patients
with severe ARDS, in which only a subgroup responded
to NO with a clinically significant improvement in oxy-
genation [18].

It is interesting that the response to inhaled NO can
differ in the same patient on two consecutive days. In our
patients there did not appear to be a relationship between
a change in vasopressor and other pharmacological thera-
py on different study days and altered response to NO in
terms of oxygenation. Instead, it appears that an altered
response to inhalation of NO reflects changes in the
course of the disease. The variable response to inhaled
NO suggests that a dose-response test should be perform-
ed in each individual patient on at least two consecutive
days to determine whether a patient is a responder or
nonresponder and to define the optimum dose of NO for
that patient prior to the start of prolonged inhalation of
NO in clinical trials. The optimum dose for improving ox-
ygenation and reduction in pulmonary arterial pressure
may also differ widely between patients because of differ-
ent diagnoses, the degree of increase in pulmonary vascu-
lar resistance, concomitant therapy such as veno-venous
extracorporeal carbon dioxide removal, and the presence
of vasoactive drugs such as almitrine [18, 19].

It is beyond the scope of this paper to discuss the legal
and safety issues of inhaled NO. The toxicity of nitrogen
oxides has recently been reviewed [20]. Among known
side effects of inhaled NO are methemoglobinemia, expo-
sure to NO, and other higher oxides of nitrogen, reports
of increased bleeding time, increased pulmonary vasocon-
striction and hypoxaemia when NO is suddenly with-
drawn, and reports of mutagenicity.

We conclude that remaining issues concerning the
safety and efficacy of inhaled NO make it difficult to
state what should be an optimum dose during therapy in
ALIL The danger of significant NO, formation in in-
spired gas even with scavenging makes it difficult to justi-
fy prolonged therapy with inhaled NO at high doses, i.c.,
above 30 ppm. However, if the purpose of NO therapy is
only a maximum improvement in O, exchange, then our
data confirm (a) that much lower doses are often suffi-
cient, and (b) that the optimum dose varies over time dur-
ing the ALI process and between individuals. It is our
opinion that a future randomised trial of inhaled NO in
early ALI should first identify individual benefits in
terms of an improvement in oxygen exchange and then al-
low treatment at the dose of NO found to be the best
compromise between reduction of the lung vascular con-
striction and improved gas exchange.

In conclusion, this study shows that inhalation of NO
improves oxygenation even in early ALI In the individual
patient, however, both the degree of response and the op-
timal NO dose may, however, vary. This indicates that
careful evaluation of the acute effect of different doses of
inhaled NO on gas exchange should be performed in the
individual patient prior to the start of long-term NO in-
halation therapy in clinical trials.
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