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Introduction

ARDS is characterized by refractory hypoxemia
to the usual oxygen therapy due to intra-pulmo-
nary shunting, increased dead space ventilation
and pulmonary hypertension resulting in sus-
tained decreases in tissue oxygen delivery lead-
ing to multiple organ failure. Conventional sup-
portive therapy to correct hypoxemia consists of
oxygen supplementation and positive pressure
ventilation with moderate to high positive end-
expiratory pressure {(PEEP) aimed at recruit-
ment of functional gas exchange areas that have
collapsed due to closing of airways and alveoli.
However, the increment of PEEP can enhance
pex"'ipheral organ dysfunction by depressing
cardiocirculatory performance and borderline
systemic tissue oxygenation. Therefore, various
therapeutic modalities to improve gas exchange
with protection from ventilator induced lung
damage have been pursued. Among these, there
has been intense clinical interest in the applica-
tion of inhaled nitric oxide (NO) therapy and po-
sition change from supine to prone because of
their potential efficacy on gas exchange and low
cost related to the application in patients with
ARDS. Although prone positioning and NO inha-

lation have been reported v improve ventilation
/perfusion{V/Q) matching, some patients with
ARDS still fail to respond to prone position-
ing'™* or NO inhalation®*®. In addition, there
seems to be no hemodynamic improvement with
prone positioning alone in patients with acute
lung injury™®.

We can expect that the combination of inhaled
nitric oxide and prone positioning may have an
additive effect on oxygenation in patients with
ARDS, because each intervention has a different
mechanism to improve arterial oxygenation. In
addition, the combined therapy of nitric oxide in-
halation and prone positioning could increase tis-
sue oxygen transport because of the effect of ni-
tric oxide on hemodynamics®'?. The aim of this
study was to evaluate the combined effect of in-
haled nitric oxide and prone positioning on oxy-
genation in patients with ARDS.

Methods

Patients Selection and Characteristics

From March 1997 to August 1997, we studied
12 consecutive patients without a history of pre-

vious lung disease who met the diagnostic crite-
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ria for ARDS as defined by the American-Euro-
pean Consensus Conference'” on ARDS. Their
clinical characteristics at the time of the study
and outcome are shown in Table 1. This study

was Review

approved by the Institutional
Boards and informed consent was obtained from
each patients next of kin. The severity of illness
was described as acute physiology and chronic
health evaluation [ (APACHE III) score'®. The
ratio of partial pressure of arterial oxygen to the
fraction of inspired oxygen (PaQ,/Fi0,) was
used as an index of arterial oxygenation. During
the study, all patients were intubated, sedated,
paralyzed and mechanically ventilated in the vol-
ume controlled pressure limited mode with 8 ml
per kg of body weight of tidal volume and 35 cm
H:O of plateau pressure limit. Positive end-expir-

atory pressure (PEEP) was increased up to 15

Table 1. Clinical characteristics of the patients

cm H,O depending on arterial oxygenation start-
ing from 5 cm H,0 without trying to find an in-
flection point in the lung. Except one patient
who had an intractable hypotension, ranges of
applied PEEP level for all patients were from 10
cm H,O to 15 cm H;O (table 1). The tidal vol-
umes, Fi0, and PEEP were kept constant dur-
ing the period of study. Vasoactive drugs were
given as necessary before the study, but neither
the drugs nor the doses were changed during the

investigation.

Measurments

A peripheral arterial catheter and pulmonary
arterial catheter (Baxter Healthcare, Irvine,
CA., USA) were inserted in the patients for clin-

ical monitoring. Heart rate was determined by

Patient = Age(yr)/ ) APACHE 11 .
PaQ,/Fi0,* Cause of ARDS PEEP  Survival
No. Sex Score
1 71/M 155 Pneumonia 90 14 Yes
2 61/F 159 Pneumonia/Sepsis 101 15 Yes
3 66/M 76 Sepsis 102 13 Yes
4 80/M 187 Aspiration pneumonia 102 12 No
5 68/M 159 Sepsis 86 4 No
6 55/M 103 Sepsis 90 12 Yes
7 35/F 158 Pneumonia/Sepsis 45 10 Yes
8 63/M 63 Aspiration pneumonia 95 11 Yes
9 59/F 76 Aspiration pneumonia 61 10 Yes
10 64/M 163 Sepsis 94 10 No
11 50/M 118 Malaria 123 10 Yes
12 75/M 117 Pneumonia 89 10 No

* Pa0,/Fio, at the base-line value, PEEP ; Positive End Expiratory Pressure (cm H,0),
ARDS ; acute respiratory distress syndrome, APACHE ; Acute physiology and chronic health

evaluation.
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electrocardiograph. Systemic arterial pressure,
mean pulmonary arterial pressure (MPAP) and
pulmonary artery occlusion pressure (PAQP)
were measured with the transducers. Cardiac
output (CO) was measured using the thermodilu-
tion method (Edwards Cardiac Output Computer
COM-2, Baxter Healthcare, Irvine, CA., USA),
and given as mean value of the three measure-
ments. Pulmonary vascular resistance (PVR),
stroke volume (8V), alveolar-arterial oxygen
difference (AaDQ,;) and oxygen delivery (DO,)
were calculated using standard formulas'®. For
monitoring of lung compliance, esophageal bal-
loon pressure sensors were inserted. The sensor
was connected to the pulmonary mechanics mon-
itor (Bicore CP-100 ; Allied Health Care Prod-
ucts ; Riverside, CA, USA). Dynamic and static
compliance of the total respiratory system were
calculated by dividing total volume by pressure
amplitude determined at the peak inspiratory,
end-inspiratory plateau and end-expiratory zero
~flow phase.

Protocol

Gas exchange, respiratory mechanics and hemo-

dynamic data were collected with the patients
lying supine at first (baseline). Following the
baseline measurements, the patients were then
turned to prone position and the measurements
were made after 30 minutes (prone 30 min) and
120 minutes {prone 120 min) respectively. After
measuring the blood gas, hemodynamic and
respiratory mechanics in prone positioning, nitric
oxide was delivered from a tank of nitrogen
with a nitric oxide concentration of 400 or 800
parts per million {(ppm) to the high pressure air
port of a Servo Ventilator 900C or 300 (Siemens
~-Elema AB, Solna, Sweden) or Puritan Bennett
7200 ae Ventilator (Nellcor Puritan Bennett,
CA, USA). NO was blended with medical air
using a high pressure blender before delivery to
the ventilator'?. The arterial blood gas and he-
modynamic measurements were repeated consec-
utively at 30 minutes (prone+NO 30 min) and
120 minutes (prone+NO 120 min) after NO in-
halation (Fig. 1). Inhaled nitric oxide and nitric
dioxide concentration were continuously moni-
tored at the distal tip of endotracheal tube by
electrochemical analysis (TMX-100, Taiyo Toyo
Sanso CO., Osaka, Japan). Inspired oxygen con-

centration was also continuously monitored.

Supine Prone position
—
+ NO inhalation
f 3 r ¢ )
' ! I | |
30 min. 120 min. 30 min. 120 min, 10 min.
( Baseline) (Prone 30) (Prone 120) (Prone + NO 30) (Prone +NO 120) (Post NO 10)

Fig. 1. Protocol outline. The blood gases, hemodynamics and respiratory mechanic measure-
ments were performed at the time shown in figure.
Prone positioning and nitric oxide (NO) inhalation are indicated by above line.
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Table 2. Individual change in Pa0,/Fi0, during the study

Patient Supine Prone Prone Prone+No Prone+NO  Post NO

baseline 30 min 120 min 30 min 120 min 10 min
1 155 104 167 189 190 174
2 159 239 239 236 298 226
3 76 114 105 160 145 108
4 187 199 231 255 236 213
5 159 357 230 320 369 226
6 103 254 218 267 322 254
7 158 152 98 105 96 103
8 63 93 108 300 345 405
9 76 147 211 334 289 302
10 163 283 180 254 237 231
11 110 97 107 114 129 106
12 117 105 129 133 121 109

Arterial oxygenation was improved after the combination of prone positioning and NO inhala-
tion in patient 1 and 11. All values are PaQ,/Fi0,

Administered concentration of nitric oxide was 5
to 10 ppm. To determine the effect of withdraw-
al of NO, the measurements were repeated at 10
minute (post NO 10 min) after the discon-
tinuation of NO administration. The responders
were remained under combined treatment of
prone positioning and NO inhalation until their
FiO; reduced to 40%. If Pa0O,/Fi0, increased
more than 20 mm Hg after prone positioning
compared to supine position, the patient was con-
sidered a responder to prone positioning. The
same criteria were applied to nitric oxide during
nitric oxide inhalation in comparison with prone
120 min measurements,

Statistical analysis

All data were expressed as means +SD. Statisti-

cal analysis were performed, with software

(SPSS 7.5 for windows, SPSS Inc; Chicago,
USA). The Wilcoxon test for paired samples
was used 1o compare values obtained during
treatment. Differences between the responders
and the non-responders were evaluated by un-
paired t-test. A p value < (.05 was assumed to

indicate significance.

Results

Response to Prone Positioning and Addi-
tional NO Inhalation

There were no complications related to prone po-
sitioning and NO inhalation during the study.
Eight patients (66.6% ) responded to prone posi-
patients (83.3%)
responded to the addition of NO inhalation in-

tioning and two more

cluding the eight patients who responded to
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Fig. 2. Individual change in PaQ,/Fi0, during the study period.
Eight patients (66.6%) responded to prone positioning and two more patients (83.3% )
responded to addition of NO inhalation TO : supine position ; T1 : prone 30 min; T2 :
prone 120 min ; T3 : Prone+NO 30 min ; T4 : Prone+NO 120 min ; T5 : Post-NO 10
min. Values are expressed as the percent of change compared with TO. Each line repre-

sents one patient. Bold dashed line represents the mean value of percent change in PaQ,/
Fi0, in all patients compared with TO.

Table 3. Gas exchange of the patients during the study

Patient Supine Prone Prone Prone+No Prone+NO Post NO
Baseline 30 min 120 min 30 min 120 min 10 min

Pa0,/Fi0, 127+41 179+87* 169+57*  222+80** 231+94** 213+113
AaDO.(mmHg) 3774150 327+149 256+137* 191+109** 184+109** 202+112

PaCO(mmHg) 40.8+9.7 387+9.1 40.0+82 385+87 38.3+£81 37.0x10.2

pH 7.38+0.07 740+0.09 7.40+0.08 7.39+0.06 7.411+0.08 7.42%0.09
HCOxmEqg/L.)  24.14£6.0 24.9+49 253453 253%5.3 25.4+4.8 24955

Pa0,/Fi0, and AaDO, are significantly different (p*<0.05) comparing the supine positioning
with the prone positioning at 120 min. The values are also significantly different (p**<0.05)
compared to those of the prone positioning at 120 min. Values are mean+ SD.

*P<0.05 compared with the base-line value ; **p<(0.05 compared with the prone 120 min.
The wilcoxon test for paired samples was used to compare values obtained during treatment.
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Fig. 3. Serial changes of gas exchange.

TO : supine ; T1 : prone 30 min ; T2 : prone 120 min ; T3 : prone+NO 30 min ; T4 :
prone+NO 120 min ; T5 : Post-NO 10 min, *P<0.05 compared with the base-line
value, **<0.05 compared with the prone 120 min.

prone positioning (Table 2, Fig. 2). At baseline,
none of the parameters was significantly differ-
ent between responders and non-responders in

prone positioning or addition of NO inhalation.
Gas exchange

The prone positioning increased PaO,/FiO, ratio
and decreased AaDO, compared to supine base-
line (Table 3). The addition of nitric oxide inha-
lation to prone positioning further increased PaQ
o/Fi0, ratio and decreased AaDO, compared to
prone 120 min. But PaCQ,, pH and HCO; were
not changed by prone positioning or NO inhala-
tion (Table 3). Ten minutes after disconti-
nuation of nitric oxide inhalation, Pa0,/FiO,

ratio decreased and AaDO, rose, but the results

did not reach statistical significance (P=0.099).

Hemodynamics and Oxygen Delivery

Hemodynamic parameters were not changed sig-
nificantly during prone positioning only (Table
4). Following the addition of NO inhalation to
prone positioning, both MPAP and PAOP de-
creased compared with prone 120 min (P<0.
05). PVR showed a decreasing tendency during
the combined therapy of prone positioning and
NO inhalation compared to supine position. Car-
diac output, stroke volume and oxygen delivery
increased after the combined therapy of prone
positioning and NO inhalation compared to prone
120 min (P<0.05) (Table 4).
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Table 4. Hemodynamic values and oxygen delivery

Patient Supine Prone Prone Prone+No Prone+NO  Post NO
baseline 30 min 120 min 30 min 120 min 10 min
MAP (mmHg) 96.6+9.6 921+21.0 97.8+174 90.8x14.2  99.7%7.2  105.6+275
MPAP (mmHg) 25.9+4.8 263.£4.9 26.8%4.) 23.9+£6.0*  229%63** 233%45
PAOP (mmHg) 152+24 165+22 154%13 14.0£3.8 128+£34* 113139
PVR 2424141 2244132 210+£116 178+118 172+115 198+63
{dyne - sec/cm®)
CO (L/min) 393+1.54 383+143 4.22+1.69 4.81+1.79  4.8411.73** 4.59+£1.52
SV (mL/beat) 33.9+155 32.7+150 33.3+143 389+15.6  39.3+£13.0%* 39.0%129
DO, (mL/min) 599+217 593+201 619+205 719236 720+204** 674171

MPAP is significantly decreased (p**<0.05) at 30 min and 120 min of combined therapy with prone
positioning and NO inhalation compared with prone 120 min. Cardiac output, stroke volume and oxy-
gen delivery are significantly increased (p**<0.05) at 120 min of combined therapy with prone posi-
tioning and NO inhalation compared with prone 120 min. Value are mean+S.D,, ; **p<0.05 com-

pared with the prone 120 min.

The Wilcoxon test for paired samples was used to compare values obtained during treatment.
MAP, mean systemic artery pressure ; MPAP, mean pulmonary artery pressure ; PAOP, pulmonary
artery occlusion pressure ; PVR, pulmonary vascular resistance ; CO, cardiac output ; SV, stroke vol-

ume ; DO, oxygen delivery.
Respiratory Mechanics

During the study, dynamic compliance and static
compliance of the total respiratory system were
not changed substantially. Lung compliance was

also not changed during prone positioning
(Table 5).

Discussion

Our data showed that the combination of prone
positioning and low dose NO inhalation resulted
in better arterial oxygenation and systemic oxy-
gen transport than did prone positioning alone in
twelve mostly sepsis-induced ARDS patients.
These results were expected because the main
factor influencing oxygenation is different be-
tween two modalities; ventilation redistribution

in the prone positioning"'® and the decrease in
shunt in the NO inhalation®*!%, Since the non-ho-
mogeneous distribution of interstitial edema has
been recognized in ARDS!®, prone positioning
has been advocated to improve overall ventila-
tion/perfusion (V/Q) matching in clinical inves-
tigations'~*'". But, the effect on systemic oxyge-
nation was found to be 50-78% of all patients
undergoing position change from supine to prone
=4 In addition, there seems to be no hemody-
namic improvement with prone positioning alone
in patients with acute lung injury®”. Inhaled NO
improves blood flow selectively to ventilated
alveoli, resulting in improvement of gas ex-
change. NO also has some positive effect on he-
modynamics®. Because the result of the studies
showed that beneficial effect on oxygenation
was lower than 5 ppm of inhaled NO and the
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Fig. 4. Serial changes of hemddynamics and oxygen delivery.
TO  supine ; T1 : prone 30 min; T2 : prone 120 min T3 : prone+NO 30 min, T4 :

prone-+NO 120 min, T5 : post-NO 10 min

** <0.05 compared with the prone 120 min.

Table 5. The values of respiratory mechanics

Patient Supine Prone Prone Prone+NO Prone+NO
(mL/em H,0) baseline 30 min 120 min 30 min 120 min
Lung compliance 30.8+154 27.9+115 27.9+10.1
Dynamic compliance* 21.9+4.8 22.1+7.9 24.8+9.0 25.1+9.5 25.2+8.8
Static compliance* 304+127 32.0+11.0 33.0%x10.1 334+145 353+144

There are no significant changes of respiratory mechanics during the study. Lung compliance
was not measured at the combined therapy of prone positioning and NO inhalation. The
wilcoxon test for paired samples was used to compare values obtained during treatment.
Value are mean +SD. ; *Dynamic and static compliance of total respiratory system.

maximum effect was about 10 ppm in patients
with ARDS®'®, we initiated and maintained in-
haled NO therapy at a dose between 5 and 10

ppm: In our study protocol, NO inhalation was
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and no further significant improvement was
demonstrated between 30 and 120 min in ARDS"

After recruitment of collapsed alveoli by prone
positioning for 2 hours, the addition of NO inha-
lation might be improved V/Q match further in
our ARDS patients. It could be speculated by the
previous data that NO-induced improvement in
arterial oxygenation and pulmonary vascular ef-
fects was positively influenced by the degree of
PEEP-induced alveolar recruitment'®®, In fact,
all eight patients who responded to prone posi-
tiqning also responded to the addition of NO in-
halation in this study. In addition, two patients
among the non-responders to prone positioning
responded to the addition of NO inhalation.

One important aspect observed in our study is
the possible role of NO in the improvement of
CO. Although inhaled NO decreases pulmonary
arterial pressure (PAP) and pulmonary vascu-
lar resistance (PVR) without affecting systemic
blood pressure'®, the effect of NO on CO re-
mains unclear. The results of the present investi-
gation indicate that NO seems to exert beneficial
effects on left ventricular performance and
systemic oxygen delivery when it is combined
with prone positioning in ARDS. This finding is
in accordance with Kraffts data, demonstrating
that responders to NO inhalation showed an in-
crease in the right ventricular ejection fraction
(RVEF) accompanied by higher cardiac index
and DO, compared with non-responder in septic
ARDS®. An explanation for the increase in CO
in the association of NO inhalation with prone
positioning is not readily apparent in this study.
Possible RVEF improvement induced by the de-

crease in PAP might lead to the improvement of

left ventricular performance when considering
the interventricular interaction®’, although we
can not provide a definite answer to this possible
mechanism since RVEF was not measured in the
patients in our study. In cases with severe acute
right heart failure, inhalation of NO was report-
ed to increase cardiac output in a dose-depen-
dent manner in the patients with ARDS®, while
other investigation demonstrated that an in-
crease in RVEF by NO inhalation was not neces-
sarily associated with a rise in cardiac index®.
However, due to the protocol of our study, we
are unable to verify that observed improvement
in oxygen transport with the combination of two
modalities is caused by NO alone. Recently, com-
bined therapy including prone positioning, NO in-
halation, and almitrine bismesylate injection
were reported in severe ARDS patients”. An as-
sociation of NO inhalation with intravenous
almitrine has been shown to improve oxygena-
tion significantly in ARDS*#%),

The mortality rate of patients was 33%. How-
ever, the small sample size and the limitation of
study protocol did not enable us to make precise
estimates of survival benefits of the combination
therapy in the ARDS patients.

In summary, combined therapy with NO inha-
lation and prone positioning may have a great
advantage in terms of tissue oxygenation in pa-
tients with ARDS according to our data. In
addition, a combination of NO inhalation and
prone positioning would be acceptable as a
rescue therapy in patients with severe ARDS
without serious complications related to the ap-

plication.
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Summary

Background and Objective : Although prone
positioning has been reported to improve gas ex-
change, prone positioning alone does not seem to
be sufficient to increase systemic oxygen trans-
port in an acute lung injury. The objective of
this study was to investigate whether the com-
bined therapy of low dose nitric oxide (NO) in-
halation and prone positioning has an additive ef-
fect on the oxygenation and hemodynamics in
patients with severe ARDS.

Patients and Methods : Twelve patients with
ARDS were included. Prone positioning alone,
later combined with nitric oxide inhalation (5~
10 ppm) from the supine position (baseline)
were performed with serial measurement of gas
exchange, respiratory mechanics and hemody-
namic at sequential time points. The patient was
regarded as a responder to prone positioning if
an increase in Pa0,/Fi0, of more than 20 mm
Hg at 30 min or 120 min intervals after prone
positioning was observed compared to that of
the baseline. The same criterion was applied dur-
ing nitric oxide inhalation.

Results : Eight patients (66.5%) responded to
prone positioning and ten patients (83.3%) in-
cluding the eight just mentioned responded to
the addition of NO inhalation. The AaDQ, level
also decreased promptly with the combination of
prone positioning and NO inhalation compared to
that of prone positioning alone (191+109 mm
Hg vs. 2566+137 mm Hg, P<0.05). Hemody-
namic parameters and lung compliance did not
change significantly during prone positioning
only. Following the addition of NO inhalation to

prone positioning, the mean pulmonary artery

pressure and pulmonary artery occlusion pres-
sure decreased and cardiac output, stroke vol-
ume and oxygen delivery increased (P<0.05)
compared to those of prone 120 min.

Conclusion : These findings indicate that NO in-
halation would provide additional improvement
in oxygenation and oxygen transport to mechani-
cally ventilated patients with ARDS who are in

a prone position.
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