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Background: Nitric oxide inhibits platelet adhesion and ag-
gregation in vitro. The aim of this prospective study was to
assess the platelet antiaggregating activity of nitric oxide ad-
ministered to patients with acute respiratory distress syn-
drome (ARDS) at increasing concentrations.

Methods: In six critically ill patients (mean age 37 + 16 yr)
with ARDS (lung injury severity score = 2.2), the lungs were
mechanically ventilated with inhaled nitric oxide (1, 3, 10,
30, and 100 ppm) randomly administered. Patients with car-
diac dysrhythmias, septic shock, an underlying hemostasis
disorder (constitutive or acquired), a platelet count less than
100 Giga/l, or a decreased platelet aggregation and those
treated with antiplatelet or anticoagulant agents were ex-
cluded. Platelet aggregation was measured without nitric oxide
and at each nitric oxide concentration in platelet-rich plasma
issued from radial artery. Ivy bleeding time using a horizontal
incision was simultaneously performed.

Results: After nitric oxide, a non-dose-dependent but statis-
tically significant decrease in ex vivo platelet aggregation in-
duced by three aggregating agents was observed: adenosine
diphosphate = —56 + 18%, collagen = —37 + 18%, and ristocetin
= —45 *+ 18% (P < 0.05). In each individual, Ivy bleeding time
remained within normal values measured in healthy volun-
teers, and variations after nitric oxide did not correlate with
changes in platelet aggregation. Simultaneously, arterial ox-
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ygenation improved significantly and pulmonary artery pres-
sure decreased significantly.

Conclusions: In patients with ARDS and without preexisting
coagulation disorders, the beneficial effects of inhaled nitric
oxide on arterial oxygenation and pulmonary circulation are
associated with a significant inhibition of platelet aggregation.
This antithrombotic effect is not associated with a significant
prolongation of the bleeding time. (Key words: Anesthetic
techniques: mechanical ventilation. Blood: Ivy bleeding time;
platelet aggregation. Gases: nitric oxide. Lung: acute respira-
tory distress syndrome.)

ACUTE respiratory distress syndrome (ARDS) is char-
acterized by a combination of nonspecific alveolar
damage and extensive pulmonary vascular disease.’
Pulmonary arterial hypertension and increased pul-
monary vascular resistance have been identified as
markers of the severity of ARDS and are related to vas-
cular thrombosis® and pulmonary vasoconstriction. A
local and general activation of the coagulation process
involving platelets has been described in ARDS.* In-
haled nitric oxide is a selective pulmonary vasodilator’
that decreases pulmonary artery pressure via a reduc-
tion in pulmonary vascular resistance. When inhaled,
nitric oxide acts as a selective pulmonary vasodilator
in ventilated lung areas and increases arterial oxygen-
ation by diverting pulmonary blood flow from nonven-
tilated to ventilated lung regions.’™’

In vitro studies have shown that nitric oxide causes
antiplatelet effects by activating intraplatelet guanylate
cyclase and thereby increasing platelet cyclic guanosine
monophosphate (¢cGMP). In turn, ¢cGMP-dependent
protein kinase is stimulated, resulting in a reduction
in fibrinogen binding to glycoprotein GP Ilb/Illa, in-
ducing partial inhibition of platelet aggregation, in-
hibition of phosphorylation of myosin light chains and
of protein kinase C, stimulation of phosphorylation of
the subunit of glycoprotein I, and modulation of phos-
pholipase A2- and C-mediated responses.” cGMP-reg-
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INHALED NITRIC OXIDE AND PLATELET AGGREGATION IN ARDS

ulated responses decreases intracellular Ca*' by inhi-
bition of agonist-mediated calcium flux.” Until the cur-
rent study, no ex vivo study has been performed in
patients treated with inhaled nitric oxide regarding its
antiplatelet activity. An antithrombotic effect and/or
an increase in the bleeding risk might be expected in
patients with ARDS receiving inhaled nitric oxide if the
antiplatelet effect is of sufficient magnitude. This pro-
spective study was conducted to measure the effect of
increasing concentrations of inhaled nitric oxide on
platelet aggregation ex vivo and lvy bleeding time in
vivo in critically ill patients with severe ARDS.

Materials and Methods

Patients

This study was approved by the Comité Consultatif
de Protection des Personnes dans la Recherche
Biomédicale of La Piti¢-Salpétriere Hospital and sup-
ported by I'Assistance Publique-Hopitaux de Paris.
Written informed consent was obtained from each pa-
tient’s next of kin. Consecutive patients diagnosed with
ARDS on or after admission to the surgical intensive
care unit of La Pitié Hospital in Paris (Department of
Anesthesiology) were included in this prospective
study during an 8-month period. Only patients with
severe ARDS responding to inhaled nitric oxide in terms
of decreased pulmonary artery pressure and increased
arterial oxygenation were enrolled in the study. Inclu-
sion criteria were (1) lung injury severity score greater
or equal to 2.2 and (2) positive response to inhaled
nitric oxide defined as a decrease in mean pulmonary
artery pressure of at least 2 mmHg and an increase in
Pa,. (Fi,, 1) of at least 40 mmHg after nitric oxide
inhalation at a concentration of 10 ppm. Exclusion cri-
teria were (1) circulatory shock, defined as a systolic
arterial pressure < 90 mmHg or dependence on €x-
ogenous catecholamines; ( 2) documented cardiac dys-
rhythmias; (3) treatment with antiplatelet or antico-
agulant agents (aspirin, nonsteroidal antiinflammatory
agents, heparin, oral anticoagulants) or drugs interfer-
ing with hemostasis; (4) underlying hemostasis disor-
der (constitutive or acquired); (5) a platelet count <
100 Giga/l; and (6) a decreased platelet aggregation
defined as a maximal intensity of platelet aggregation
less than the lowest value observed in healthy volun-
teers (<20% for adenosine diphosphate (ADP), <75%
for collagen, and <70% for ristocetin).

The trachea of each patient had been intubated with
an endotracheal tube that incorporates two side ports,
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one that runs to the distal tip of the endotracheal tube
and one more proximal that ends 6 cm from the tip
(Hi-Lo Jet Tracheal Tube no. 8, Mallinckrodt, Argyle,
NY). These additional channels were used for contin-
uous monitoring of tracheal pressure and tracheal con-
centrations of inhaled nitric oxide.

Once identified, all patients were sedated and para-
lyzed with a continuous intravenous infusion of 250
ug/h fentanyl, 1 mg/h flunitrazepam, and 4 mg/h ve-
curonium, and their lungs were ventilated using con-
tinuous positive pressure in a conventional volume-
controlled mode (César ventilator, Taema, Antony,
France). Minute ventilation was adjusted to maintain
Pa.,, between 35 and 45 mmHg. The fraction of in-
spired oxygen (F1,,) was continuously monitored using
an oxygen analyzer (Séres 2000, precision = 0.5%)
and maintained at 0.85 for the duration of the study.
Positive end-expiratory pressure was maintained at 10
c¢mH,O0 and the inspiratory time at 30% to provide op-
timal alveolar recruitment. In all patients, hemody-
namic monitoring included the use of a fiberoptic ther-
modilution pulmonary artery catheter (Oximetrix Op-
ticath catheter, Abbott Critical Care System-France,
Rungis, France) and a radial or femoral arterial catheter.

Nitric Oxide Administration

Nitric oxide was administered to all patients as fol-
lows: Nitric oxide was released from three tanks of ni-
trogen with nitric oxide concentrations of 25, 900,
and 2,235 ppm measured using chemiluminescence
(Air Liquide, Paris-LaDéfense, France). Nitric oxide was
continuously delivered within the inspiratory limb of
the ventilator before the Y piece by using a nitrogen
flowmeter calibrated in the range 0.250 — 1 1/min.
Three intratracheal concentrations of inhaled nitric
oxide were administered in a randomized order: 1, 3,
10, 30, and 100 ppm. Nitric oxide concentrations of
1 and 3 ppm were obtained using the 25-ppm tank,
nitric oxide concentrations of 10 and 30 ppm were
obtained using the 900-ppm tank, and the concentra-
tion of 100 ppm was obtained using the 2.235-ppm
tank. In each condition, the nitric oxide flow was ad-
justed to obtain the desired intratracheal nitric oxide
concentration, and tidal volume and Fi,, were adjusted
to compensate for the added volume of nitric oxide
gas. Thus, by keeping respiratory frequency constant,
minute ventilation and Fi,, delivered to the patient re-
mained unchanged regardless whether nitric oxide was
administered. Control measurements were systemati-
cally performed before nitric oxide administration (C,)
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and after the last nitric oxide concentration (C;). En-
dotracheal concentrations of nitric oxide and nitrogen
dioxide were continuously measured using a chemi-
luminescence apparatus (NOX 2000 Séres, Aix-en-
Provence, France, precision = 0.005 ppm). An oper-
ating range of 0-5 ppm was selected for measuring
intratracheal nitric oxide concentrations of 1 and 3 ppm
and the NOX 2000 was calibrated using a tank of ni-
trogen containing 0.9 ppm of nitric oxide (Air Liq-
uide). An operating range of 0—100 ppm was selected
for measuring intratracheal nitric oxide concentrations
of 10, 30, and 100 ppm, and the NOX 2000 was cal-
ibrated using a tank of nitrogen containing 25 ppm of
nitric oxide (Air Liquide). When a different operating
range of measurement was used, systematic recalibra-
tion of the NOX 2000 was performed to increase the
precision of measurement. Intratracheal gas was con-
tinuously sampled using a continuous aspiration of 150
ml/min through the proximal side port of the Mal-
linckrodt endotracheal tube. At this aspiration flow rate,
the time response of the NOX 2000 was about 40 s.
Therefore, only mean intratracheal concentrations of
nitric oxide were measured, and fluctuations between
inspiratory and expiratory concentrations were not
evaluated. The NOX 2000 also was used for continuous
monitoring of oxygen concentration to ensure that
F1,, was maintained close to 0.85 during nitric oxide
administration. This technique of nitric oxide admin-
istration (high nitric oxide concentration tank and low
flow of nitric oxide) was intended to avoid any signif-
icant decrease in Fi,,, during nitric oxide inhalation.

Hemodynamic Measurements

In each patient, systolic and diastolic arterial pres-
sures and systolic and diastolic pulmonary arterial
pressures were measured simultaneously using the ar-
terial cannula and the fiberoptic pulmonary artery
catheter connected to two calibrated pressure trans-
ducers (91 DPT-308 Mallinckrodt) positioned at the
midaxillary line. Systemic and pulmonary arterial pres-
sures, electrocardiogram, and tracheal pressure (Paw),
measured through the distal port of the endotracheal
tube, were recorded simultaneously on a Gould ES
1000 recorder (Cleveland, OH) for two different con-
ditions: control (without nitric oxide) and during ad-
ministration of nitric oxide at a concentration of 3 ppm.

In each phase, when a steady-state was obtained—
defined as a relatively constant pulmonary arterial
pressure—systolic and diastolic arterial pressures, sys-
tolic and diastolic pulmonary arterial pressures, pul-
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monary capillary wedge pressurc, right atrial pressure,
and Paw were recorded at a speed of 50 mm/s. Mean
arterial pressure was calculated as one-third systolic
arterial pressure plus two-thirds diastolic arterial pres-
sure. Mean pulmonary artery pressure was measured
by planimetry as the mean of four measurements per-
formed at end-expiration. Systolic and diastolic arterial
pressures, systolic and diastolic pulmonary arterial
pressurcs, pulmonary capillary wedge pressure, and
right atrial pressurc also were measured at end-expi-
ration. Cardiac output was measured using the ther-
modilution technique and a bedside computer allowing
the recording of each thermodilution curve (Oximetrix
3 SO2/CO computer). Four serial injections of 10 ml
of saline at room temperature performed at random
during the respiratory cycle were used to average the
variations in cardiac output related to the inspiratory
and expiratory phases of continuous positive-pressure
ventilation. Heart rate was measured from the recorded
electrocardiogram. Systemic and pulmonary arterial
blood samples were simultancously withdrawn within
1 min after the measurements of cardiac output (after
discarding an initial 10-ml heparin-contaminated ali-
quot). Arterial pH, Pag,, Pvo,, and Pac,, were measured
using a BGE blood gas analyzer (Instrumentation Lab-
oratory-France, Paris, France). Hemoglobin concentra-
tion, methemoglobin concentration, and hemoglobin
oxygen saturations (Sa, and Sv,,) were measured using
a calibrated OSM3 hemoximeter (Radiometer Copen-
hagen-France, Neuilly-Plaisance, France). We used
standard formula to calculate cardiac index, pulmonary
vascular resistance index, systemic vascular resistance
index, intrapulmonary shunt, and oxygen delivery.

Hemostasis Study

Method of Sampling. Arterial blood samples were
collected in 3.8% trisodium citrated tubes (9:1 vol/
vol, Becton Dickinson-France, Le Pont de Claix, France)
for platelet aggregation measurements and in EDTA
tubes (Becton Dickinson) for platelet count and he-
matocrit. To prevent platelet activation inside the ar-
terial line, 20 ml of arterial blood was first slowly and
smoothly sampled and discarded; then, a 20-ml arterial
blood sample was collected for platelet aggregation
analysis. Blood samples were collected before admin-
istration of nitric oxide (control 1), after each con-
centration of nitric oxide when a 30-min steady-state
was obtained, and after nitric oxide cessation (con-
trol 2).
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Fig. 1. Maximal intensity and velocity of platelet aggregation induced by 5 um adenosine diphosphate (ADP; line A), 2.5 um ADP
(line B), and collagen (COLL; line C) and maximal intensity and velocity of platelet agglutination induced by ristocetin (RIST;
line D) in patient 4 at control (/eff) and 30 min after 3 ppm of nitric oxide exposure (right). CH NO = channel corresponding
to each agonist; CONC = concentration of the agonist; MAX % = maximal intensity of platelet aggregation and agglutination;
MAX TIME = time necessary to reach maximal intensity; PPP = optical density of the platelet poor plasma; PRP = optical density
of the platelet rich plasma; REAG = agonist; SLP1 = velocity of platelet aggregation and agglutination.

Platelet Aggregation. In a previous study, we were
unable to detect any nitric oxide-induced inhibition of
platelet aggregation and agglutination in patients with
acute respiratory failure receiving 2 ppm of inhaled
nitric oxide.'” In fact, this ‘“‘negative’ result was due
to a methodologic artifact: any delay between arterial
sampling and platelet aggregation analysis may result
in a false “‘normalization’ of nitric oxide-induced in-
hibition of platelet aggregation. This effect is likely
related to an in vitro loss of nitric oxide. In the current
study, the following technique was used for measuring
platelet aggregation and agglutination. After arterial
sampling, the tubes were centrifuged and platelet ag-
gregation analysis was performed immediately. Platelet-
rich plasma (PRP) was obtained by centrifugation of
whole blood at 1,500 g for 1 min. Platelet-poor plasma
was prepared from the same blood sample by centri-
fuging blood at 1,500 g for 15 min. The platelet count
in PRP was adjusted between 250 and 350 Giga/l by
addition of autologous platelet-poor plasma. Aggrega-
tion and agglutination tests werce performed according
to the turbidimetric method of Born.'" The PRP was
incubated under continuous stirring (900 rounds per
minute) at 37°C. Platelet aggregation was induced by
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2.5 and 5 um ADP and 10 upg/ml collagen (type I;
Helena-France, St. Leu, France). Platelet agglutina-
tion was induced by 1.5 mg/ml ristocetin (Helena-
France). These automated tests were performed on a
Helena Packs 4 aggregometer (Helena-France). The
increase in light transmission was recorded for 4 min
after addition of the different aggregating agents (ag-
onists). Aggregation and agglutination induced by the
different agonists in PRP were evaluated by measuring
light transmission in stimulated PRP, assuming that
light transmission was 100% in platelet-poor plasma
and 0% in nonstimulated PRP. As shown in figure 1,
maximal intensity of platelet aggregation was defined
as the maximal increase in light transmission and ve-
locity of platelet aggregation as the speed of the in-
crease in light transmission increase, after cach ag-
gregating agent, as computed by the software. The
software and the aggregometer/computer interface
for this operation and the generation of printed
platelet aggregations reports were designed and de-
veloped by Helena. This technique was first tested
in ten healthy volunteers who had not taken any an-
tiplatelet agent for the preceding 10 days. Normal
values and ranges for maximal intensity and velocity
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Table 1. Normal Values of Platelet Aggregation (ADP and Collagen) and Plate

let Agglutination (Ristocetin)

ADP 2.5 uM

ADP 5 um

37.2 + 17.8 (20-65)
547 + 24.9 (29-90)

Maximal intensity (%)
Velocity (% -min~")

55.2 + 22.4 (19-85)
74.9 + 25.8 (28-109)

Values are mean + SD in 10 healthy volunteers. Ranges are given in parentheses

of platelet aggregation for cach agonist are shown in
table 1.

Platelet Count and Hematocrit. Whole blood
platelet count and hematocrit were measured with an
Argos monitor (Roche, Hoffman La Roche Diagnostic
Systems, Basel, Switzerland).

Ivy Incision Bleeding Time. A sphygmomanometer
was installed on the arm and inflated to maintain a con-
stant pressure of 40 mmHg. One minute after, a stan-
dardized horizontal incision (5 mm long and 1 mm
deep) was performed on the forearm with an automated
device (Simplate, Organon Teknika, Durham, NC). The
incision was blotted every 30 s by a filter paper until
the bleeding stopped. Normal values of the bleeding
time have been reported to be in the range 4-8 min'®.
Ivy bleeding time was measured immediately after cach
arterial sampling corresponding to C1, C2, and the dif-
ferent nitric oxide concentrations.

Statistical Analysis

The effects of increasing concentrations of inhaled
nitric oxide on platelet aggregation and agglutination
were measured using a one-way analysis of variance for
repeated measures followed by Fisher’s exact test. Ni-
tric oxide 3 ppm-induced inhibition of platelet aggre-
gation was compared for the three agonists (ADP, col-
lagen, and ristocetin) using a one-way analysis of vari-
ance for repeated measures followed by a Fisher’s exact
test. Hemodynamic and respiratory effects induced by

Collagen 10 ug-mi™' Ristocetin 1.5 mg - m|-!

e e B

90.4 + 8.1 (75-104)
113.7 + 17.5 (84-147)

90.7 + 9.8 (70-104)
88.4 + 25.9 (58-147)

nitric oxide 3 ppm were analyzed using a nonpara-
metric Wilcoxon’s paired test. All data are presented
as mean + SD. A P value of less than 0.05 was consid-
ered statistically significant.

Results

Patients

During the study period, 18 consccutive surgical
critically ill patients who met the diagnostic criteria
for severe ARDS (inclusion criteria 1) and who re-
sponded to inhaled nitric oxide (inclusion criteria 2)
were screened for inclusion into the study. Among these
patients, one was excluded because he was receiving
aspirin, four because they had a baseline platelet count
< 100 Giga/l, and seven because they had a baseline
decreased platelet aggregating activity, when compared
to the healthy volunteers group. Thus, six male patients
(age 37 £ 16 yr) were included in the study: Four were
admitted after trauma and two after surgical procedures
(orthopedic and gastrointestinal surgery). The initial
clinical data for the patients, recorded on the day of
inclusion into the study, just before initiation of the
protocol and during intermittent positive-pressure
ventilation (Fi,, 1.0, inspiratory time 30%, and 0 pos-
itive end-expiratory pressure) are presented in table 2.

Hemodynamic and Respiratory Changes
Hemodynamic and respiratory data measured with
and without nitric oxide are summarized in table 3.

Table 2. Initial Clinical Data of the Six Patients Collected on the Day of Inclusion in the Study

Patient Age Cause of P Qs/Qt MP i
No. (yr) Sex ARDS (mrﬁﬁg) (°//u) (mmAHZ) (dyne - SPV(E:TI] °.m? LISS Herr(\::)ocm Platz;e.‘| C‘)ount QOutcome
1 35 M MT 256 33.2 31 393 2.25 21.6 206 Survived
2 25 M MT 154 33.1 19 311 2.25 25.4 270 Survived
3 64 M SC 126 341 18 322 2 271 292 Survived
4 26 M SC 99 35.2 22 255 23 24 398 Survived
5 48 M MT 164 30.2 28 266 27 19.5 300 Survived
6 26 M MT 67 52 39 474 3.7 24.4 232 Survived

MT = multiple trauma; SC = surgical complications following major surgical procedures; ARDS -

resistance index; LISS = lung injury severity score.
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= adult respiratory distress syndrome; PVRI = pulmonary vascular
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Table 3. Hemodynamic and Respiratory Effects of Inhaled
NO at a Concentration of 3 ppm

Control NO 3 ppm
MPAP (mmHg) 26 +8 21 = 8*
PVRI (dyne-s-cm °.-m?) 337 + 83 262 + 75*
Pao,/Flo, (MmHQ) 151 + 70 244 + 83*
MAP (mmHg) 83 + 17 81 =9
Cl(I-min~'-m7 47 +0.9 44+13
Svo, (%) 65+ 8 69 + 7
Qs/Qt (%) 36 + 8 30 + 4*
Do, (ml-min~"-m~2) 477 + 82 446 + 129
Paco, (mmHg) 46 + 11 45 + 11

MPAP = mean pulmonary artery pressure; PVRI = pulmonary vascular resistance
index; MAP = mean arterial pressure; Cl = cardiac index; Svp, = mixed venous
oxygen saturation; Qs/Qt = pulmonary shunt; Do, = oxygen delivery.

* P < 0.05 versus control.

The administration of inhaled nitric oxide resulted in
a significant reduction in mean pulmonary artery pres-
sure and pulmonary vascular resistance index (P <
0.05), whereas heart rate, cardiac index, mean arterial
pressure, right atrial pressure, pulmonary capillary
wedge pressure, systemic vascular resistance index,
oxygen consumption, oxygen delivery, and oxygen ex-
traction ratio remained unchanged. There was a sig-
nificant increase in Pa,, and Svo, (P < 0.05), with a
concomitant reduction in intrapulmonary shunt (P <
0.05) after nitric oxide administration. After the ces-
sation of inhaled nitric oxide, pulmonary artery pres-
sure and Pa, returned to control values in all patients
(data not shown).

Blood Methemoglobin Concentrations and

Tracheal Concentrations of Nitrogen Dioxide

After nitric oxide administration at a concentration
of 3 ppm, there was no significant increase in methe-

moglobin plasma concentrations. Mean endotracheal
nitrogen dioxide concentration measured using che-
miluminescence was found to be 0.05 = 0.003 ppm

after inhalation of 3 ppm of nitric oxide at a Fi,, of
0.85.

Platelet Aggregation and Agglutination

Platelet aggregation and agglutination (maximal in-
tensity and velocity) were significantly decreased after
nitric oxide administration (fig. 1, tables 4 and 5). The
effect was maximal at 3 ppm of nitric oxide, reaching
50% of the control value but was not dose-dependent
in the range 1-100 ppm (figs. 2 and 3). The effects of
the three aggregating agents were inhibited by inhaled
nitric oxide. At a nitric oxide concentration of 3 ppm,
ADP-induced platelet aggregation and ristocetin-in-
duced platelet agglutination were significantly more
inhibited than collagen-induced platelet aggregation
(P < 0.05, maximal intensity only). In four patients,
platelet aggregation was measured in duplicate either
immediately after blood sampling or after a 20-min de-
lay; although a significant decrease in maximal intensity
and velocity was evidenced when platelet aggregation
was measured immediately after sampling, no inhibi-
tion could be found when platelet aggregation was
measured after a 20-min delay.

Bleeding Time

No lengthening of Ivy bleeding time was observed
after nitric oxide administration as compared to the
control value. Furthermore, bleeding time remained in
the normal range in all patients (fig. 4).

Discussion

This study demonstrates that platelet aggregation and
agglutination induced ex vivo by three agonists—ADP,

Table 4. Effects of Increasing Concentrations of Inhaled NO on Maximal Intensity of Platelet Aggregation and Agglutination
Induced by Three Different Agonists: ADP at Two Different Concentrations (2.5 um and 5 um), Collagen, and Ristocetin

— ADP 2.5 uM (%) ADP 5 um (%) Collagen 10 ug-ml~" (%) Ristocetin 1.5 mg-ml ™" (%)

Outcome Control 1 447 +18.7 56.7 + 16.5 81.8 + 145 848 +129
NO 1 ppm 26.3 £ 19:8 33.3 + 20.3 54.5 +16.2 51.5+13.2

Survives NO 3 ppm 21,5+ 13.9 278+ 11.6 51.0 + 13.5 46.3 + 152
Surviv NO 10 ppm 229+ 107 30.8 + 10.9 58.2 + 8.8 511+ 129
Survived NO 30 ppm 31.3+18.3 38.6 + 20.7 59.6 + 13.9 59.8 + 18.9
Surviv NO 100 ppm 29.7 + 16.1 37.4 + 147 60.1 + 15.3 52.6 + 12.2
Survives Control 2 411 +15.9 52.7 + 17.4 87.1+ 7.1 86.4 + 10.9
Surviv Statistical significance (P) 0.0001 0.0001 0.002 0.0001

_’/
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Changes in maximal intensity are expressed in absolute values (%)
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Table 5. Effects of Increasing Concentrations of Inh

SAMAMA ETAL

aled NO on Velocity of Platelet Aggregation

Three Different Agonists: ADP at Two Different Concentrations (2.5 um and 5 um), Collagen, and Ristocetin

and Agglutination Induced by

Statistical significance (P)

Changes in velocity are expressed in absolute values (% -min ).

collagen, and ristocetin—is significantly inhibited in
patients with ARDS receiving low doses of inhaled nitric
oxide. This effect is obtained without any apparent
prolongation of the bleeding time, in contrast to what
has been reported in healthy volunteers.'* Platelet ag-
gregation inhibition by nitric oxide was first demon-
strated in vitro by Mellion et al."" and then confirmed
by Radomski et al."> The incubation of human PRP with
nitric oxide resulted in a concentration-dependent in-
hibition of platelet aggregation induced by ADP, col-
lagen, and thrombin. Nitric oxide was two- to threefold

% CHANGES IN MAXIMAL INTENSITY
OF PLATELET AGGREGATION
—= ADP S5

=== //SIOCE!/N = CO//8GEN

-15 71

-30 T
45T
-60 T

i " 4 3
T t + + + +

Coamalan 3 10 #3806 00 G,
NO TRACHEAL CONCENTRATION (ppm)

Fig. 2. Changes in maximal intensity of platelet aggregation
induced by five randomized incremental concentrations of
nitric oxide administered to six patients with acute respiratory
distress syndrome. Changes are expressed in percentage of
variation from the first control value (C1), which is by defi-
nition equal to 0%. Inhaled nitric oxide induced a significant
and non-dose-dependent decrease in maximal intensity of
platelet aggregation induced by three aggregating agents: 5
pMOa(c)ie)nosine diphosphate (ADP), ristocetin, and collagen (P
< 0.01).
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ADP 5 um

Collagen 10 pg-ml™" Ristocetin 1.5 mg-m| !

i’ (o-min-) e o ke Sl 4 Bl
Control 1 60.3 + 25.7 69.8 + 23.0 86.4 + 16.3 738 +88
NO 1 ppm 353+ 257 425+ 222 56.6 + 23.9 42.8 +13.4
NO 3 ppm 29.1 + 201 36.0 + 16.1 50.1 + 14.3 378 +154
NO 10 ppm 315+ 16.1 382+ 126 58.3 + 10.8 400 + 9.2
NO 30 ppm 36.9 + 239 466 +21.5 60.1 + 18.5 48.7 +19.7
NO 100 ppm 37.8 +20.0 41.3 + 152 62.2 + 23.7 416 +143
Control 2 54.5 + 19.5 649 + 18.8 86.0 + 18.1 745 + 109
0.0001 0.0001 0.0125 0.0001

more potent in human washed platelets than in PRP.
However, inhibition of aggregation of human washed
platelets decayed (half-life approximately 2 min) and
disappeared after 4 min. Furthermore. preincubation
of platelets with hemoglobin or Fe*' reduced the an-
tiaggregating activity of nitric oxide. When comparing
nitric oxide and prostacyclin-induced inhibition of
platelet aggregation, the same authors found that nitric
oxide was less potent than prostacyclin. Salvemini et
al. also demonstrated that in vitro nitric oxide com-
pletely inhibited thrombin-induced platelet aggrega-
tion.'® However, this inhibition was reversed by oxy-

% CHANGES IN VELOCITY
OF PLATELET AGGREGATION

——ADP S5 —=V/SIOCE!/N wmmmmmCO0//8G6/
p<0.01
0 e
30+ :
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Fig. 3. Changes in velocity of platelet aggregation induced by
five randomized incremental concentrations of nitric oxide
administered to six patients with acute respiratory distress
syndrome. Changes are expressed in percentage of variation
from the first control value (C1), which is by definition equal
to 0%. Inhaled nitric oxide induced a significant and non-dose-
dependent decrease in velocity of platelet aggregation induced
by three aggregating agents: 5 um adenosine diphosphate
(ADP), ristocetin, and collagen (P < 0.01).
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IVY BLEEDING TIME (min)
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Fig. 4. Changes in Ivy incision bleeding time induced by five
randomized concentrations of nitric oxide administered to
six patients with acute respiratory distress syndrome.

hemoglobin administered 7n vitro 30 s to 10 min after
thrombin-induced platelet aggregation, according to a
time-dependent profile.'® Nitric oxide is unstable, es-
pecially when stirred in solution,'” as in the aggrego-
meter cuvette. The current study confirms the in vitro
findings that the inhibitory effect of inhaled nitric oxide
on platelet aggregation disappears with time. After 20
min of prolonged centrifugation or conservation of the
blood sample at room temperature, no platelet aggre-
gation inhibition could be evidenced. Additional stud-
ies are required to elucidate the mechanisms by which
inhaled nitric oxide-induced inhibition of platelet ag-
gregation vanishes with time.

Despite the fact that, in the current study, inhaled
nitric oxide was administered at increasing concentra-
tions ranging between 1 and 100 ppm, nitric oxide-
induced inhibition of platelet aggregation did not ap-
pear to be dose-dependent, the maximal inhibition
being observed at 3 ppm. Further studies are needed
to determine whether nitric oxide-induced inhibition
of platelet aggregation is, like nitric oxide-induced de-
crease in pulmonary vascular resistance index,” dose-
dependent in the range 0.1-3 ppm. The inhibition of
platelet aggregation was less pronounced when colla-
gen was used as the agonist as compared to ADP. It may
be assumed that this difference was related to the dose
of collagen used in the current study. Tt is likely that,
if smaller concentrations of collagen had been chosen,
nitric oxide-induced inhibition of platelet aggregation
would have been the same with ADP and collagen. Be-
cause ristocetin-induced platelet agglutination was in-
hibited by inhaled nitric oxide to the same extent as

Anesthesiology, V 83, No 1. Jul 1995

was ADP-induced platelet aggregation, it is highly likely
that inhaled nitric oxide inhibited both platelet adhe-
sion and aggregation. However, these effects could be
measured only ex vivo. The effect of inhaled nitric ox-
ide on platelet function could be direct or indirect.
Exogenous nitric oxide might increase platelet cGMP
or induce the production of a substance that could
modulate platelet function. Because nitric oxide-in-
duced effects on platelet functions vanish with time,
the true antiplatelet effect of inhaled nitric oxide in
vivo cannot be assessed with certainty. Golino and Yao
have shown that nitric oxide, either endogenous or ex-
ogenous, is able to inhibit intravascular platelet aggre-
gation in the Folts model of carotid thrombosis in the
rabbit.'® " After placing an external constrictor around
endothelially injured arteries, cyclic flow reductions
due to recurrent platelet aggregation were measured
at the site of stenosis using a Doppler probe directly
inserted on the artery. Soluble nitric oxide infused in
the carotid completely abolished cyclic flow reductions
in all animals. These effects were transient, and cyclic
flow reductions were restored spontaneously within 10
min after cessation of nitric oxide infusion. Therefore,
in the rabbit, nitric oxide was considered as an anti-
thrombotic agent inhibiting platelet aggregation in vivo
to an extent similar to aspirin and thromboxane syn-
thase inhibitors. Because the antiaggregating potency
of nitric oxide on washed platelets was found to be
three- to fourfold lower in the rabbit than in humans, '’
it may be assumed that nitric oxide is a potent anti-
thrombotic agent in humans.

Patients with ARDS often experience pulmonary ar-
terial microthrombosis, which may increase pulmonary
artery pressure, compromise right ventricular function,
promote lung ischemia, and result in the development
of severe fibrosis.>?' Platelet activation is involved in
such a process,”*?* and antiplatelet agents have been
proposed as a prevention of these deleterious effects.”
However, most of antiplatelet agents, such as prosta-
cyclin and nitroprusside, are associated with important
hemodynamic side effects that limit their routine use
in patients with ARDS. In addition, most of these agents
are nonselective pulmonary vasodilators and worsen
gas exchange when administered to patients with acute
respiratory failure.’ In contrast, inhaled nitric oxide,
which inhibits platelet adhesion and aggregation, is a
selective pulmonary vasodilator and offers the possi-
bility of combining a potent antithrombotic effect with
an increase in arterial oxygenation and a reduction of
pulmonary hypertension. Platelets are involved in the
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early pulmonary hypertensive responsc observed in
ARDS. 22 Infusion of ADP into sheep promotes platelet
aggregation and generates pulmonary hypertension.
The increase in pulmonary artery pressurc is not ob-
served if the animals are platelet-depleted.”* Therefore,
it can be hypothesized that an early usc of inhaled nitric
oxide, by preventing thrombi formation in the pul-
monary circulation, could prevent, in part, the increase
in pulmonary artery pressure characterizing late stages
of ARDS. Inhaled nitric oxide could contribute indi-
rectly to limiting the fixed part of pulmonary hyper-
tension in addition to its well recognized ability to re-
verse pulmonary artery constriction.

Regarding the bleeding risk, nitric oxide plays a role
in primary hemostasis. Remuzzi et al. showed that N-
monomethyl-L-arginine, a specific inhibitor of nitric
oxide formation, normalized bleeding when given to
uremic rats.”> This correction was reversed by giving
the animals the nitric oxide precursor L-arginine. The
authors have emphasized the role of nitric oxide as a
mediator of the bleeding tendency of uremia. However,
with respect to the potential effect of nitric oxide on
primary hemostasis, in the current study performed in
patients with ARDS and without preexisting coagulation
disorders, no increase in the bleeding risk could be
demonstrated because bleeding time was not pro-
longed. Several mechanisms might induce a discrep-
ancy between inhaled nitric oxide-induced inhibition
of platelet aggregation and its lack of effect on bleeding
time. Low hematocrit and platelet count and edema,
factors frequently encountered in critically ill patients,
may interfere with primary hemostasis and induce a
lengthening of Ivy bleeding time. It should be empha-
sized that, despite the fact that the patients of the cur-
rent study had a decreased hematocrit (table 2), no
prolongation of the bleeding time was observed. Con-
firming a previous study,*® we recently found that the
level of von Willebrand factor (antigen and activity)
frequently is increased in critically ill patients with
ARDS.'’ It could interfere with primary hemostasis?’
and contribute to a decrease in the bleeding time. Our
results contrast with Hogman’s showing a 33% prolon-
gation of the bleeding time 15 min after administration
of 30 ppm of nitric oxide in the rabbit*® and in six
healthy volunteers.'* Reasons for these opposite results
are not clear, but it may be assumed that factors influ-
encing primary hemostasis might be different in rabbits,
in healthy volunteers, and in patients with ARDS. Fur-
thermore, there is a general agreement for considering
that bleeding time is neither sensitive nor specific

Anesthesiology, V 83, No 1, Jul 1995

for predicting the bleeding risk in many clinical set-
tings.”’

In conclusion, the beneficial effects of inhaled ni-
tric oxide on arterial oxygenation and pulmonary
circulation in patients with ARDS are associated wi[f]
a significant inhibition of platelet aggregation and
agglutination. This antithrombotic effect is not as-
sociated with a significant lengthening of the bleed-
ing time in the absence of preexisting coagulation

disorders.

References

1. Ashbaugh D, Bigelow D, Peuty T, Levine B: Acute respiratory
distress in adults. Lancet 2:31 9-323 1967

2. Malik AB: Pulmonary microecmbolism and lung vascular injury.
Eur Respir ) 3:499s5-500s, 1990

3. Heffner JE, Sahn SA, Repine JE: The role of platelets in the adult
respiratory distress sy ndrome: Culprits or bystanders? Am Rev Respir
Dis 135:482-492, 1987

4. Frostell C, Fratacci MD, Wain JC, Jones R, Zapol WM: Inhaled
nitric oxide: A selective pulmonary vasodilator reversing hypoxic
pulmonary vasoconstriction. Circulation 83:2038-2047, 1991

5. Rossaint R, Falke KJ. Lopez F, Slama K Zapol WM:
Inhaled nitric oxide for the adult respiratory distress syndrom. N
Engl ] Med 328:399-405, 1993

6. Puybasset L, Rouby JJ, Mourgeon E, Stewart TE, Cluzel P, Arthaud

Pison [

M. Pocte P, Bodin L, Korinek A, Viars P: Inhaled nitric oxide in acute
respiratory failure: Dose-response curves. Intensive Care Med 20:
319-327, 1994

7. Puybasset L, Stewart T, Rouby JJ, Cluzel P, Mourgeon E, Belin
MF, Arthaud M, Landault C, Viars P: Inhaled nitric oxide reverses the
increase in pulmonary vascular resistance induced by permissive hy-
percapnia in patients with acute respiratory distress syndrome. ANEs-
THESIOLOGY 80:1254-1267, 1994

8. Radomski MW, Moncada S: Regulation of vascular homeostasis
by nitric oxide. Thromb Haemost 70:36-41, 1993

9. Loscalzo J: Antiplatelet and antithrombotic effect of organic
nitrates. Am ] Cardiol 70:18B-22B, 1992

10. Samama CM, Dreux S, Eyraud D, Bourlier R, Arock M, Lecompte
T, Caussinus JF, Puybasset L, Rouby JJ, Viars P: Platelet aggregation,
von Willebrand factor antigen and activity, and inhaled nitric oxide
(NO) in ARDS patients (abstract). Br ] Anaesth 72:110, 1994

11. Born GVR: Aggregation of blood platelets by adenosine di-
phosphate and its reversal. Nature (Lond) 194:927-929, 1962

12. Harker LA, Slichter §J: The bleeding time as a screening test
for evaluation of platelet function. N Engl ] Med 287:155-159, 1972

13. Hogman M, Frostell C, Arnberg H, Hedenstierna G: Bleed-
ing time prolongation and NO inhalation. Lancet 341: 1664-16065,
1993

14. Mellion BT, Ignarro LJ, Ohlstein EH, Pontecorvo EG, Hyman
AL, Kadowitz PJ: Evidence for the inhibitory role of guanosine 315!
monophosphate in ADP induced human pl;l'[clct aggregation in the
presence of nitric oxide and related vasodilators. Blood 57:940-
955, 1981

15. Radomski MW, Palmer RMJ, Moncada $: Comparative phar-
macology of endothelium-derived relaxing factor, nitric oxide and
prostacyclin in platelets. Br J Pharmacol 92:181-187, 1987

DE AND |

y HALED NITR|C oxl
|

dziszew ki W, ko

on relaxatio!

, t
for the propwl tha
ractor penis 1S 1
ved relaxing factor is ni
\(4 ,

-5, Auton
e, Peprides
ooth Musc

dited bY vanhoutte PM. New Yo
[jum. -

il

basis
yine ret

o
o
: lino P Capelli-Bigazz! VS Ambr
i .\11 Chiariello M }néuhch‘
gation ugan i
podulares platclet fggrq,..: e
felet sctivation. Circ Res &)
PIQ ya0 5K. Ober JC, Krishnaswgmi \
llerson JT F“l”,ﬂ(

f L'undorrlll

0P, Buja M, Wi

(ol B
3 wclhic !

ginst platelet aggregation and €y
A‘ul rndothcliumlmmrcd arterigy. Ci

(o]

1992 s

D
)0, Folts JD: An in vivo modelf exp
; - thi@mbaos
imal damage, and periodic r%

14,1991 2
1. Hasegawa N, Husari AW Hagt W
(fhe coagulation system in \Rl)~§—( hest

20z Iudy 60 uo 3senb Aq jpd°20000-000£0566 1-Z¥S0000/878E8E/9G/ L /£8/4Pd-8oRIE/Al



linical g,

inhaled ni-
pulmomlry
iated wigy
gation apg

is not g
the bleeg.
Oagulatiog

te respiratory
iscular injury,

ts in the adult
\m Rev Respir

WM: Inhaled
sing hypoxic
47, 1991

I, Zapol WM:
s syndrom. N

zel P, Arthaud
yxide in acute
Care Med 20:

geon E, Belin
¢ reverses the
yermissive hy:
ndrome. ANES

r homeostasis
.ct of organic

< M, Lecompt¢
 aggregation
d nitric oxide
), 1994
adenosine di
)29, 1962
screening €
55-159, 1972
ma G: Blt‘c‘_j'
- 1664-1060%

vo EG. Hymd!
guanosine )
-cgation in the

lood 57:946°

) r
\parative pha

ric oxide a8

7. 1987

65

INHALED NITRIC OXIDE AND PLATELET AGGREGATION IN ARDS

16. Salvemini D, Radziszewski W. Korbut R. Vane J: The use of
oxyhaemoglobin to explore the events underlying inhibition of
platelet aggregation induced by NO or NO-donors. Br ] Pharmacol
101:991-995, 1990

17. Furchgott RF: Studies on relaxation of rabbit aorta by sodium
nitrite: The basis for the proposal that acid-activatable inhibitory
factor from bovine retractor penis is inorganic nitrite and the en-
dothelium-derived relaxing factor is nitric oxide, Vasodilatation:
Vascular Smooth Muscle, Peptides, Autonomic Nerves and Endothe-
lium. Edited by Vanhoutte PM. New York, Raven, 1988, pp 401-
414

18. Golino P, Capelli-Bigazzi M, Ambrosio G, Ragni M, Russolillo
E, Condorelli M, Chiariello M: Endothelium-derived relaxing factor
modulates platelet aggregation in an /n vivo model of recurrent
platelet activation. Circ Res 71:1447-1456, 1992

19. Yao SK, Ober JC, Krishnaswami A, Ferguson JJ, Anderson HV,
Golino P, Buja LM, Willerson JT: Endogenous nitric oxide protects
against platelet aggregation and cyclic flow variations in stenosed
and endothelium-injured arteries. Circulation 86:1302-1309,
1992

20. Folts JD: An 7in vivo model of experimental arterial stenosis,
intimal damage, and periodic thrombosis. Circulation 83(SIV):3—
14, 1991

21. Hasegawa N, Husari AW, Hart WT, Kandra TG, Raffin TA: Role
of the coagulation system in ARDS. Chest 105:268-277, 1994

Anesthesiology, V 83, No 1, Jul 1995

22. Rivkind I, Siegel JH, Guadalupi P, Littleton M: Sequential pat-
terns of eicosanoid, platelet and neutrophil interactions in the evo-
lution of the fulminant post-traumatic adult respiratory distress syn-
drom. Ann Surg 210:355-373, 1989

23. George N, Pickett EB, Saucerman S, McEver RP, Kunicki TJ, Kieffer
N, Newman PJ: Platclet surface glycoproteins: Studies on resting and
activated platelets and platelet membrane microparticle in normal sub-
jects, and observation in patients during adult respiratory distress syn-
drome and cardiac surgery. J Clin Invest 78:340-348, 1986

24. Malik AB, Johnson A, Tahamont MV: Mechanism of lung vas-
cular injury after intravascular coagulation. Ann NY Acad Sci 384:
213-234, 1982

25. Remuzzi G, Perico N, Zoja C, Corna D, Macconi D, Vigano G:
Role of endothelium-derived nitric oxide in the bleeding tendency
of uremia. J Clin Invest 86:1768-1771, 1990

26. Carvalho ACA, Bellman SM, Saullo V], Quinn D, Zapol WM:
Altered factor VIII in acute respiratory failure. N Engl ] Med 307:
1113-1119, 1982

27. Ruggeri ZM, Zimmerman TS: Von Willebrand factor and von
Willebrand disease. Blood 70:895-904, 1987

28. Hogman M, Frostell C, Arnberg H, Sandhagen B, Hedenstierna
G: Prolonged bleeding time during NO inhalation in the rabbit. Acta
Physiol Scand 151:125-129, 1994

29. Rodgers C, Levin J: A critical reappraisal of the bleeding time.
Semin Thromb Hemost 16:1-20, 1990




