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Abstract: Hypoxemia can occur during one-lung ventilation (OLV) in thoracic surgery, leading to
perioperative complications. Inhaled iloprost is a selective pulmonary vasodilator with efficacy in
patients with pulmonary hypertension. The purpose of this study was to evaluate the effects of off-label
inhaled iloprost on oxygenation during OLV in patients undergoing lung surgery. Seventy-two
patients who were scheduled for elective video-assisted thoracoscopic lobectomy were assigned to
receive an inhaled nebulizer of distilled water (control group), 10 ng iloprost (IL10 group), or 20 pg
iloprost (IL20 group). Arterial and venous blood gas and hemodynamic analyses were obtained.
Changes in partial pressure of oxygen in arterial blood (PaO,), after the initiation of OLV and the
resumption two-lung ventilation (TLV), were similar in all three groups. However, PaO; in the IL10
group was comparable to that in the control group, whereas PaO, in the IL20 group was significantly
higher than that in the control group at 10, 20, and 30 min after administration of iloprost (275.1 + 50.8
vs. 179.3 + 38.9, p < 0.0001; 233.9 + 39.7 vs. 155.1 + 26.5, p < 0.0001; and 224.6 + 36.4 vs. 144.0 + 22.9,
p < 0.0001, respectively). The shunt fraction in the IL20 group was significantly higher than that in
the control group after administration of iloprost (26.8 + 3.1 vs. 32.2 + 3.4, p < 0.0001; 24.6 +£ 2.2 vs.
29.9 +£3.4,p <0.0001; and 25.3 + 2.0 vs. 30.8 + 3.1, p < 0.0001, respectively). Administration of inhaled
iloprost during OLV improves oxygenation and decreases intrapulmonary shunt.
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1. Introduction

One-lung ventilation (OLV) (i.e., intentional collapse of the lung on the operative side) facilitates
surgical exposure in thoracic surgery [1,2]. During OLV, hypoxemia can occur due to an intrapulmonary
shunt, in turn resulting from the mixing of unoxygenated blood from the collapsed non-dependent
lung with oxygenated blood from the still-ventilated dependent lung [1,2]. Hypoxemia during
OLYV has an incidence of approximately 5-10% and is associated with perioperative complications,
such as myocardial ischemia, cognitive dysfunction, atrial fibrillation, renal failure, and pulmonary
hypertension [1,3]. Therefore, it is important to prevent hypoxemia by reducing the shunt fraction
during OLV to improve postoperative outcomes.

Iloprost, a stable prostacyclin analogue, dilates systemic and pulmonary arterial vascular beds.
When iloprost is used as an inhalant for treating pulmonary hypertension, it preferentially acts
on pulmonary vessels, lowering pulmonary vascular resistance (PVR) [4]. Previous studies have
shown that inhaled iloprost was effective as a selective pulmonary vasodilator not only in cases of
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chronic obstructive pulmonary disease (COPD) and acute respiratory distress syndrome (ARDS) with
pulmonary hypertension but even in normal healthy volunteers without pulmonary hypertension [4-6].
In addition, inhaled iloprost was better-distributed in the well-ventilated region and gravity-dependent
area, which affected the shunt fraction by redistributing pulmonary blood flow [5]. The same principle
can be applied during OLV; iloprost inhaled during OLV may result in selective pulmonary vasodilation
on the ventilated side.

Therefore, we hypothesized that iloprost inhaled during OLV would improve oxygenation and
decrease intrapulmonary shunt by redirecting pulmonary blood flow to the well-oxygenated dependent
lung. The purpose of the present study was to evaluate the effects of inhaled iloprost on oxygenation
during OLV in patients undergoing lung surgery.

2. Materials and Methods

This study was approved by the Institutional Review Board of Seoul St. Mary’s Hospital,
The Catholic University of Korea, Seoul, Korea (KC14MISI0880). Written informed consent was
obtained from all patients participating in the study. The study was retrospectively registered at
ClinicalTrials.gov (NCT03936140). From January 4, 2018, to October 24, 2018, we enrolled non-small cell
lung cancer (stage I) patients, aged 20-75 years and with American Society of Anesthesiologists physical
status I-III, who were scheduled for elective video-assisted thoracoscopic lobectomy. Exclusion criteria
were heart failure (New York Heart Association III-1V), clinically significant arrhythmia, pulmonary
hypertension (mean pulmonary artery pressure >25 mmHg), end-stage organ disease (i.e., hepatic/renal
failure), severe obstructive or restrictive patterns in preoperative pulmonary function tests, history of
previous thoracic surgery, and inability to provide informed consent.

This study was a prospective, double-blind, balanced (1:1), randomized controlled parallel-group
trial. No changes were made to the design or protocol during the course of the study. The patients
were randomly assigned to one of three groups: control group (distilled water), IL10 group (iloprost
10 pg), or IL20 group (iloprost 20 pg). Randomization was performed using a computer-generated
randomization sequence, by an investigator who was not involved in patient care. Allocation results
were concealed in sealed opaque envelopes, which were given to an anesthesia nurse not involved
in patient care or assessment. The nurse prepared the solution for inhaled nebulizers in identical
2 mL syringes according to the group allocation. Test (2 mL) solutions were prepared, containing only
distilled water in the control group, 10 ug iloprost in the IL10 group, and 20 ug iloprost in the IL20
group. Patients, surgeons, attending anesthesiologists, and nursing staff were all blinded to the group
assignment during the entire study.

On the evening before surgery, pulmonary function tests and arterial blood gas analysis (breathing
room air) were performed in all patients. A central venous catheter was inserted into the right
subclavian vein, and the location of tip of the catheter at the junction of the superior vena cava and the
right atrium was confirmed by fluoroscopy:.

Patients did not receive any premedication. Upon arrival to the operating room, routine monitoring,
including electrocardiography, pulse oximetry, non-invasive blood pressure, and end-tidal carbon dioxide,
were conducted, with data recorded every 5 min. Anesthesia was induced with target-controlled infusion
of propofol and remifentanil. After loss of consciousness, rocuronium 0.8 mg/kg was administered
to facilitate tracheal intubation with a left-sided double-lumen endobronchial tube (Broncho-cath;
Mallinckrodt, Dublin, Ireland: 37F for males and 35F for females). Correct positioning of the tube
was confirmed by flexible fiberoptic bronchoscopy in both the supine and lateral decubitus positions.
Mechanical ventilation was initiated with 100% oxygen, a tidal volume of 6 mL/kg predicted body
weight, I.E ratio of 1:2, and a respiratory rate sufficient to maintain partial pressure of carbon dioxide
in the arterial blood (PaCO,) to within 35-45 mmHg. The same mechanical ventilation was used
for OLV. If the airway pressure exceeded 25 cmH,O, the tidal volume was adjusted. The fraction of
inspired oxygen (FiO,) was maintained at 1.0 throughout the surgery. Anesthesia was maintained
by target-controlled infusion of propofol and remifentanil, with the bispectral index (A-2000TM SP;
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Aspect Medical Systems, Norwood, MA, USA) values held between 40-60 and the systolic blood
pressure within 15% of baseline; neuromuscular block was maintained with atracurium 0.3 pg/kg/min.
After the induction of anesthesia, an arterial catheter was inserted into the radial artery for arterial
pressure monitoring and blood sampling.

After patient positioning and initiation of OLV, the test solution was administered for 5 min via
a jet nebulizer (Aerotech II; Pharmalucence Inc., Bedford, MA, USA) connected to the Y-piece of the
ventilator’s inspiratory line with an oxygen flow of 6 L/min. Based on previous data, we expected that
this method of iloprost administration would result in a dose to the lung of 2.5 pg in the IL10 group
and 5.0 ug in the IL20 group [7].

Arterial and venous blood gas analysis and hemodynamic variables were obtained at five time
points: 15 min after changing the patient’s position to the lateral decubitus position with two-lung
ventilation (TLV) (T1); 10, 20, and 30 min after administration of iloprost in the lateral decubitus
position with OLV (T2, T3, and T4, respectively); and 15 min after resuming TLV in the lateral decubitus
position (T5). We calculated the cardiac output and converted it to the cardiac index according to the
Fick’s method. Occlusion of the pulmonary artery for the surgical procedure was done after T4.

The primary outcome of the study was the partial pressure of oxygen in arterial blood (PaO,) 30 min
after administration of iloprost. The secondary outcomes included the shunt fraction, hemodynamic
variables and arterial blood gas analysis parameters. Shunt fraction (Qs/Qt) was calculated using the
following formula:

Qs/Qt = (CcO2-Ca0,)/(CcO2—CvOy), 1

whereby:
CaO; = (PaO; x 0.0031) + (Hemoglobin x 1.36 x SaOy), 2)
CvO, = (PvO, x 0.0031) + (Hemoglobin X 1.36 x SvO,), 3)

CcO, = ([FiOy X (Pp — PH2o) — PaCO,/Respiratory quotient] x 0.0031) + (Hemoglobin x 1.36), (4)

where Pp is the barometric pressure (760 mmHg), the Ppp0 is 47 mmHg, the respiratory quotient is 0.8,
CcO;, is the pulmonary capillary blood oxygen content, CaO; is the arterial oxygen content, CvO; is the
mixed venous oxygen content (in which right atrial blood sample was used instead of the conventional
pulmonary arterial blood sample), PvO; is the partial pressure of oxygen in the central vein, SaO, is
the arterial oxygen saturation, and SvO; is the central venous oxygen saturation.

Based on our preliminary data, the expected difference in the PaO; at T3 was 40 mmHg, with an
expected standard deviation of 45 mmHg. A sample size of 20 participants per group was needed to
achieve a power of 0.8 and an « level of 0.05. Assuming a 20% dropout rate, we enrolled 24 patients in
each group.

All values are expressed as means + standard deviation, medians (interquartile range), or numbers
(proportion), as appropriate. The Shapiro-Wilk test was used to check the normality of the data
distribution; normally distributed data were analyzed using one-way ANOVA. Non-normally
distributed or nonparametric data were analyzed using the Kruskal-Wallis test. Continuous variables
were analyzed using ANOVA for repeated measures, and by one-way ANOVA if a significant difference
was found among the groups. Paired t-tests with Bonferroni correction for multiple comparisons were
performed to identify any significant changes from baseline values. Pearson’s chi-squared test was
used for analyzing categorical data. No interim analyses were performed. A p-value of <0.05 was
considered statistically significant. The statistical analysis was done using SPSS for Windows software
(ver. 24.0; SPSS Inc., Chicago, IL, USA).

3. Results

In total, 82 patients were assessed for eligibility, and 72 were enrolled in the study. All patients
completed the study, and there were no missing or lost data. The study flow chart is presented
in Figure 1.
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Assessed for eligibility (n = 82)

=
E Excluded (i = 10)
= + Declined to participate (1 = 10)
&
5 Allocated to control group (n = 24) Allocated to IL10 group (1 = 24) Allocated to IL20 group (n = 24)
= + Received allocated intervention (i1 = 24) * Received allocated intervention (1 = 24) * Received allocated intervention (n = 24)
=
5]
2 Lost to follow-up (n=0) Lost to follow-up (1 =0) Lost to follow-up (1 =0)
= Discontinued intervention (n = 0) Discontinued intervention (r = 0) Discontinued intervention (n = 0)
£
2]
ES Analyzed (n=24) Analyzed (n=24) Analyzed (1 =24)
g * Excluded from the analysis (1 =0) = Excluded from the analysis (n = 0) * Excluded from the analysis (n = 0)
<

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) flowchart of the study.

Patient characteristics and preoperative test results, including the pulmonary function test and
arterial blood gas analysis, were comparable among all three groups (Table 1). Intraoperative data,
including total propofol and remifentanil consumption and the duration of surgery and anesthesia,

were also comparable among all three groups (Table 2).

Table 1. Preoperative characteristics.

Control Grou IL10 Grou IL20 Grou

(n =24) b (n =24) b (n =24) b p Value

Age (year) 60+9 57+7 58 +8 0.504

Sex (Male/Female) 15/9 13/11 15/9 0.794
Height (cm) 163.7 + 8.1 1622+ 95 166.2 + 6.8 0.220
Weight (kg) 62.7 £ 6.0 59.4+6.3 594 +6.1 0.111

ASA class (I/1I/III) 4/15/5 2/16/6 2/19/3 0.641
Operation side (Right/Left) 16/8 14/10 16/8 0.786

Pulmonary function test
FEV; (% predicted) 93 +13 91+15 93 +11 0.750
FVC (% predicted) 94 +9 92+6 93+6 0.618
FEV4/EVC (%) 75+ 10 74 +9 79 +10 0.203
Arterial blood gas analysis

pH 743 +0.04 7.43 + 0.05 7.42 + 0.05 0.596

PaCO, (mmHg) 376 +32 39.2+32 371 +44 0.131
PaO, (mmHg) 97.6 £ 9.5 989 £5.7 99.6 £ 9.6 0.709
Sa0; (%) 975+1.4 972 +1.4 97.3+1.2 0.633

The data are presented as the mean + standard deviation. FEVy, forced expiratory volume (1 s); FVC, forced vital
capacity; PaCO,, partial pressure of carbon dioxide in the arterial blood; PaO,, partial pressure of oxygen in the

arterial blood; SaO,, arterial oxygen saturation.

Table 2. Intraoperative characteristics.

Control Group  IL10 Group IL20 Group p Value

(n=24) (n=24) (n=24)

Total propofol use (mg) 1693 + 475 1929 + 662 1850 + 467 0.314
Total remifentanil use (ug) 1654 + 356 1906 + 798 1749 + 556 0.343
Duration of surgery (min) 163 + 43 177 £ 60 193 + 60 0.179

Duration of anesthesia (min) 209 + 42 223 + 63 239 + 58 0.188

The data are presented as the mean + standard deviation.
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Changes in PaO; after the initiation of OLV, and after resuming TLV, were similar among all three
groups; compared to T1, PaO; decreased significantly at T2, T3, and T4 and was comparable at T5.
However, the degree of decrease in PaO, at T2, T3, and T4 differed among the three groups. PaO,
in the IL10 group was comparable to that in the control group at T2, T3, and T4, whereas PaO, in
the IL20 group was significantly higher than that in the control group at T2, T3, and T4 (275.1 + 50.8
vs. 179.3 £ 38.9, p < 0.0001 at T2; 233.9 + 39.7 vs. 155.1 + 26.5, p < 0.0001 at T3; and 224.6 + 36.4
vs. 144.0 £ 22.9, p < 0.0001 at T4; Figure 2). Qs/Qt showed similar results. Compared to T1, Qs/Q¢
decreased significantly at T2, T3, and T4 and was comparable at T5 in all three groups. Qs/Q; in the
IL10 group was comparable to that in the control group during OLV. However, Qs/Q; in the IL20
group was significantly lower than that in the control group (26.8 + 3.1 vs. 32.2 + 3.4, p < 0.0001 at T2;
24.6 £2.2vs.29.9 + 3.4, p < 0.0001 at T3; and 25.3 + 2.0 vs. 30.8 + 3.1, p < 0.0001 at T4; Figure 3).

600 -
Control
& |10
400 - [L20
S
© E
o £
200+
0 1 | | ] L]

Time

Figure 2. The PaO,. Error bars represent standard deviation. IL10, iloprost 10 ug group; IL20, iloprost
20 pg group; * indicates p < 0.0001 compared to the control group. T1, 15 min after changing the
patient’s position to the lateral decubitus position with two-lung ventilation (TLV); T2, T3, T4, 10, 20,
and 30 min after administration of iloprost in the lateral decubitus position with one-lung ventilation
(OLV), respectively; and T5, 15 min after resuming TLV in the lateral decubitus position.

401 *
¥ * Control
304 -4 1L10
- |L20

S € 20-
o
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Figure 3. Shunt fraction. Error bars represent standard deviation. * indicates p < 0.0001 compared to
the control group. T1, 15 min after changing the patient’s position to the lateral decubitus position with

TLV; T2, T3, T4, 10, 20, and 30 min after administration of iloprost in the lateral decubitus position with
OLYV, respectively; and T5, 15 min after resuming TLV in the lateral decubitus position.
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Other values derived from arterial and vein blood gas samples, including SaO,, were comparable
among all three groups at all time periods. Hemodynamic parameters, including heart rate and

mean arterial blood pressure (MBP), were also comparable among all three groups at all time periods
(Table 3).

Table 3. Arterial/vein blood gas and hemodynamic analysis.

T1 T2 T3 T4 T5 p Value
pH 0.826
Control 743+0.06 743+006 742+004 741+0.04 7.41+0.04
IL10 744 +0.06 743+0.05 742+005 7.41+005 7.40+0.04
1L20 741+0.06 744+005 742+004 741+004 7.41+0.07
PaCO, (mmHg) 0.830
Control 371+37 382+24 383+19 384+25 380=x24
IL10 36.5+37 381x+32 38729  386x26 378x19
IL20 36.9+32 379+26 383+17 385+31 376+24
Sa0; (%) 0.362
Control 98.7+0.7 982+0.8 987x+07 98505  98.7+0.4
IL10 988+06 979+09 987+06 988+05 98.7+04
1L20 98.7+0.6  982+0.8 989+04 988+0.6  98.7+05
PvO, (mmHg) 0.918
Control 498 +50 485+36 478+72  485+83  50.9+83
IL10 509 +87  467+62  47.8+48  479+54 509 +5.0
IL20 509 +63  47.7+57  468+45% 495+55 512+54
SvO, (%) 0.986
Control 80.0+34 774+53% 776+38 769+345 79.8+42
IL10 791+32 769+33% 772+37 767+25%  793+29
IL20 804+32 783+345 774+21%5 766+33%  799+39
Hemoglobin (g/dL) 0.482
Control 119+13 11.8+12 11.7+1.1 11.6+12 116+1.1
IL10 120+1.0 11.8+1.0 11.7+12 11.6+12 11.6+13
1L20 11.7+14 114+12 113+12 112+12 11.1+12
Heart rate (beat/min) 0.999
Control 64 +12 65+6 66 +7 65+8 65+9
IL10 63 + 13 64 + 11 66 + 6 65+7 65+9
IL20 64 + 8 65+ 10 66 £ 6 66 +7 65+9
MBP (mmHg) 0.762
Control 71+ 10 78 + 8 79+7 80+7 79+7
IL10 73+£9 76+9 77 + 11 81+12 819
1L20 70 +8 76 + 11 77 + 11 78+9 76 + 10
Cardiac Index
(L/min/m?) 0.084
Control 44+09 4.0+09 39+06 3806 46+16
IL10 41+07 39+06 39+0.7 38+06 43+08
IL20 45+1.0 43+0.8 39+06 3.7+05 47+12

The data are presented as the mean =+ standard deviation. PvO,, partial pressure of oxygen in the central vein; SvO,,
central vein oxygen saturation; MBP, mean arterial blood pressure; T1, 15 min after changing the patient’s position
to the lateral decubitus position with TLV; T2, T3, T4, 10, 20, and 30 min after administration of iloprost in the lateral
decubitus position with OLV, respectively; and T5, 15 min after resuming TLV in the lateral decubitus position.

4. Discussion

The aim of the present study was to demonstrate the effects of inhaled iloprost on oxygenation
during OLV in lung surgery. The results suggested that the degree of intrapulmonary shunt was reduced
after the administration of inhaled iloprost, which resulted in improved oxygenation. Although a
10 pg dose of iloprost did not improve oxygenation nor the degree of shunt, a 20 pug dose of iloprost
did improve oxygenation and the degree of shunt.

To our knowledge, this study is the first to evaluate the effects of inhaled iloprost on oxygenation
in patients receiving general anesthesia. Previous studies have examined the effects of inhaled iloprost
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only in patients not receiving anesthesia. Inhaled iloprost resulted in improved gas exchange, without
any detrimental effects on pulmonary mechanics nor systemic hemodynamics in ARDS and COPD
patients with pulmonary hypertension [4,6]. However, in other studies on patients with COPD and
pulmonary hypertension, inhaled iloprost not only failed to improve oxygenation and exercise capacity
but, in fact, worsened oxygenation in patients with mild to moderate pulmonary hypertension [8,9].
In studies that demonstrated an improvement, the authors assumed that iloprost was delivered
predominantly to the well-ventilated areas of the lung, thus preferentially vasodilating those areas
and resulting in decreased ventilation/perfusion (V/Q) mismatch. On the other hand, in studies that
failed to show improvement, delivery of iloprost to the well-ventilated areas might have failed, thus
counteracting hypoxic pulmonary vasoconstriction (HPV) and increasing V/Q mismatch. The authors
also hypothesized that air trapping may have occurred, caused by the broncho-dilating properties of
iloprost and respiratory depression owing to decreased cerebral blood flow.

In our study, iloprost was selectively administered to the ventilated lung through a double-lumen
endobronchial tube. Therefore, improved oxygenation was achieved by selective vasodilation of the
ventilated lung and avoiding interference with HPV in the non-ventilated lung, which led to a favorable
redistribution of blood flow in the lung. The likelihood of air trapping or respiratory depression in our
study was low, since the patients did not have severe respiratory diseases and were under mechanical
ventilatory care. Moreover, in healthy volunteers with normal pulmonary vascular tone, inhaled
iloprost has been shown to result in a more gravity-dependent pulmonary perfusion [5]. This might
have contributed to the improved oxygenation observed in the present study, since lung surgery is
performed in the lateral decubitus position with the ventilated lung being the dependent lung.

Hypoxemia during OLV is defined as Sa0O; less than 90% at FiO, greater than 0.5, or PaO; less than
60 mmHg at FiO, of 1.0 [1,2]. Hypoxemia occurs due to the perfusion of the collapsed, nonventilated
lung, leading to transpulmonary shunting and impairment in oxygenation. Although the degree might
be different, the impairment in oxygenation is inevitable during OLV. The decrease in PaO, during
OLV compared to TLV in this study was consistent with previous studies of oxygenation during OLV.
The trend of decrease in PaO, during the first 30 min of OLV in this study was also consistent with
previous studies [10-12]. The increase in atelectasis during positive pressure ventilation and delayed
effect of HPV, which has a biphasic nature and its second phase effect occurring approximately 40 min
after initiation of OLV, are known to contribute to this natural phenomenon [13].

In the past, measures to prevent and treat hypoxemia during OLV have focused on airway
complications and ventilation strategies. More recently, modulation of pulmonary perfusion to
improve V/Q mismatch has been an area of interest; i.e., not interfering with HPV in the operative
lung and minimizing PVR in the dependent lung, thus redirecting pulmonary blood flow to the
well-oxygenated dependent lung [3,13].

Previous studies have investigated the use of inhaled vasodilators, such as nitric oxide (NO)
and prostacyclin, which induce selective pulmonary vasodilation in the ventilated lung. In patients
with COPD and pulmonary hypertension, inhaled NO has been shown to improve oxygenation
and pulmonary hemodynamics without any detrimental effect upon systemic hemodynamics [14,15].
However, administration of NO to the ventilated lung during OLV has not been shown to improve
oxygenation [16,17], with limited effects in patients with severe pulmonary hypertension [16] or when
used in combination with almitrine [18]. There are also other disadvantages; for example, a specific
delivery system is required, and inhaled NO has pro-inflammatory effects and can result in oxidative
injury and the nitrosylation of proteins [19,20]. Inhaled prostacyclins, such as epoprostenol, exhibit
effects on the pulmonary vasculature similar to those of inhaled NO [14]. In a case report of a patient
with decreased diffusing capacity, inhaled epoprostenol in combination with systemic phenylephrine
improved oxygenation during OLV [21]. However, epoprostenol is diluted in a glycine buffer that
tends to adhere to ventilator valves, and its delivered concentration is therefore difficult to predict [22].
Other drugs used for pulmonary hypertension, such as sildenafil and riociguat, might have a role
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in modulation of pulmonary perfusion during OLV. However, application of these drugs during
anesthesia is challenging [23].

The prostacyclin used in the present study was iloprost. Inhaled iloprost is an effective pulmonary
vasodilator that improves oxygenation, even in patients with normal PVR [4-6]. Its delivery is simple,
cost-effective, and predictable compared to NO and epoprostenol [22]. Recently, new devices and
formulations have been introduced to increase drug deposition and plasma levels of iloprost while
shortening inhalation time [24-26]. Currently, application of these methods in the operating room
setting during anesthesia is challenging. However, in the future, the delivery of iloprost via these
new methods applied to the anesthesia machine might provide a more effective and simpler route.
Therefore, we recommend inhaled iloprost as a simple and safe method to improve oxygenation during
OLV. Moreover, in patients with reduced diffusing capacity and impaired gas exchange at risk of
hypoxemia during OLV, we expect that inhaled iloprost may be an effective measure for preventing
hypoxemia, similar to epoprostenol. However, further studies are needed in these groups of patients
to validate this.

The doses of iloprost used in the present study were 10 and 20 ug, diluted with distilled water
as a 2 mL solution. These doses, when administered via a jet nebulizer on the inspiratory line of
the ventilator, are known to result in delivered doses to the lung of 2.5 and 5.0 ug, respectively [7].
The 10 pg dose of iloprost did not improve oxygenation or the degree of shunt, while 20 pg iloprost
improved both outcomes. The patient population in this study may have contributed to this finding;:
All patients had normal PVR. In patients with elevated PVR, using the same type of nebulizer, doses
of 10 ng iloprost have previously resulted in maximal efficacy [4]. Conversely, in normal healthy
volunteers without pulmonary hypertension (i.e., a patient population similar to that in the present
study), a 20 pg dose of iloprost was required before effects were observed [7].

A major side effect of prostacyclin is inhibition of platelet activation [4]. The inhibition of platelet
activation can be a concern in patients undergoing lung surgery. However, inhaled prostacyclin
has been reported to be safe in patients after cardiothoracic surgery [22]. In this study, none of the
patients needed transfusion of red blood cell, and none showed significant blood loss or postoperative
coagulation dysfunction.

The present study had several limitations. First, delivery of inhaled iloprost is more efficient
with ultrasonic nebulizers [27]. However, ultrasonic nebulizers are not compatible with anesthesia
machines; therefore, a jet nebulizer compatible with the anesthesia machine was used in this study.
Although the jet nebulizer requires a longer duration of inhalation and is considered less efficient than
the ultrasonic nebulizer, the method of delivery has been validated in other studies [4,7]. Second, right
atrial blood samples were used to calculate the shunt instead of pulmonary arterial blood samples.
Moreover, the effect of inhaled iloprost on ventilated lungs may have been more accurately determined
if measurements of pulmonary artery pressure in both lungs were taken. However, pulmonary artery
catheters are not routinely used in lung surgery because of their invasive nature. Also, previous
studies have shown that pulmonary arterial blood samples can be substituted by right atrial blood
samples [10,12,28,29]. Third, inhaled iloprost might result in air trapping and exacerbate pre-existing
V/Q mismatch [8,9], but these were not explored in this study. Currently, the anesthesia machine
cannot measure auto-positive end-expiratory pressure (autoPEEP), and therefore it cannot detect air
trapping. Also, a V/Q scan is not considered a routine preoperative test. However, patients with severe
obstructive or restrictive patterns in preoperative pulmonary function tests were excluded from the
study, and therefore the likelihood of air trapping and pre-existing V/Q mismatch was low. Fourth,
the patients enrolled in the present study had relatively normal pulmonary function, and therefore
the risk of hypoxemia from OLV was minimal. We excluded patients with pulmonary hypertension
and severe abnormalities in the preoperative pulmonary function test. Although iloprost showed
improvement in oxygenation, the patients without administration of iloprost did not show clinically
significant hypoxemia. However, as in the case of inhaled NO, patients with pulmonary hypertension
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or an abnormal pulmonary function test are expected to have more benefit from inhaled iloprost [16].
Finally, we did not measure the plasma level of iloprost in this study.

In conclusion, administration of inhaled iloprost during OLV improves oxygenation and decreases
intrapulmonary shunt. Iloprost inhalation via the jet nebulizer has the potential to prevent hypoxemia
in patients requiring OLV for thoracic surgery. Further validation is needed in high-risk patients.

Author Contributions: conceptualization, H.C. and W.H.; methodology, H.C., ].]., ].H., ] K., S.Y. and W.H.;
software, H.C. and W.H.,; validation, H.C,, ].]., J.H., ] K,, S.Y. and W.H.; formal analysis, H.C., ].]. and W.H.;
investigation, H.C., ].J. and W.H.; resources, H.C., ].J]. and W.H.; data curation, H.C.,].J. and W.H.; writing—original
draft preparation, H.C.; writing—review and editing, H.C,, J.J., ].H., ] K., S.Y. and W.H.; visualization, H.C.;
supervision, W.H.; project administration, W.H.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Karzai, W.; Schwarzkopf, K. Hypoxemia during one-lung ventilation: Prediction, prevention, and treatment.
Anesthesiology 2009, 110, 1402-1411. [CrossRef] [PubMed]

2. Campos, J.H.; Feider, A. Hypoxia During One-Lung Ventilation-A Review and Update. J. Cardiothorac. Vasc.
Anesth. 2018, 32, 2330-2338. [CrossRef] [PubMed]

3. Ng, A,; Swanevelder, ]. Hypoxaemia associated with one-lung anaesthesia: New discoveries in ventilation
and perfusion. Br. J. Anaesth. 2011, 106, 761-763. [CrossRef] [PubMed]

4. Sawheny, E.; Ellis, A.L.; Kinasewitz, G.T. Iloprost improves gas exchange in patients with pulmonary
hypertension and ARDS. Chest 2013, 144, 55-62. [CrossRef] [PubMed]

5. Rimeika, D.; Sanchez-Crespo, A.; Nyren, S.; Lindahl, S.G.; Wiklund, C.U. Illoprost inhalation redistributes
pulmonary perfusion and decreases arterial oxygenation in healthy volunteers. Acta Anaesthesiol. Scand.
2009, 53, 1158-1166. [CrossRef] [PubMed]

6.  Dernaika, T.A.; Beavin, M.; Kinasewitz, G.T. Iloprost improves gas exchange and exercise tolerance in patients
with pulmonary hypertension and chronic obstructive pulmonary disease. Respiration 2010, 79, 377-382.
[CrossRef] [PubMed]

7. Harris, KW.; O'Riordan, T.G.; Smaldone, G.C. Aerosolized iloprost customized for the critically ill. Respir. Care
2007, 52, 1507-1509. [PubMed]

8. Boeck, L.; Tamm, M.; Grendelmeier, P; Stolz, D. Acute effects of aerosolized iloprost in COPD related
pulmonary hypertension—A randomized controlled crossover trial. PLoS ONE 2012, 7, e52248. [CrossRef]
[PubMed]

9. Wang, L.; Jin, Y.Z.; Zhao, Q.H.; Jiang, R.; Wu, WH.; Gong, S.G.; He, J.; Liu, ] M,; Jing, Z.C. Hemodynamic
and gas exchange effects of inhaled iloprost in patients with COPD and pulmonary hypertension. Int. J.
Chron. Obstruct. Pulmon. Dis. 2017, 12, 3353-3360. [CrossRef]

10.  Ozcan, PE,; Senturk, M.; Sungur Ulke, Z.; Toker, A.; Dilege, S.; Ozden, E.; Camci, E. Effects of thoracic epidural
anaesthesia on pulmonary venous admixture and oxygenation during one-lung ventilation. Acta Anaesthesiol.
Scand. 2007, 51, 1117-1122. [CrossRef]

11.  Pruszkowski, O.; Dalibon, N.; Moutafis, M.; Jugan, E.; Law-Koune, ].D.; Laloe, P.A.; Fischler, M. Effects of
propofol vs sevoflurane on arterial oxygenation during one-lung ventilation. Br. |. Anaesth. 2007, 98, 539-544.
[CrossRef]

12. Xu, Y,; Tan, Z.; Wang, S.; Shao, H.; Zhu, X. Effect of thoracic epidural anesthesia with different concentrations
of ropivacaine on arterial oxygenation during one-lung ventilation. Anesthesiology 2010, 112, 1146-1154.
[CrossRef]

13.  Lumb, A.B.; Slinger, P. Hypoxic pulmonary vasoconstriction: Physiology and anesthetic implications.
Anesthesiology 2015, 122, 932-946. [CrossRef] [PubMed]

14.  Walmrath, D.; Schneider, T.; Schermuly, R.; Olschewski, H.; Grimminger, F.; Seeger, W. Direct comparison of
inhaled nitric oxide and aerosolized prostacyclin in acute respiratory distress syndrome. Am. J. Respir. Crit.
Care Med. 1996, 153, 991-996. [CrossRef] [PubMed]

15. Zwissler, B.; Kemming, G.; Habler, O.; Kleen, M.; Merkel, M.; Haller, M.; Briegel, J.; Welte, M.; Peter, K.
Inhaled prostacyclin (PGI2) versus inhaled nitric oxide in adult respiratory distress syndrome. Am. J. Respir.
Crit. Care Med. 1996, 154, 1671-1677. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/ALN.0b013e31819fb15d
http://www.ncbi.nlm.nih.gov/pubmed/19417615
http://dx.doi.org/10.1053/j.jvca.2017.12.026
http://www.ncbi.nlm.nih.gov/pubmed/29361458
http://dx.doi.org/10.1093/bja/aer113
http://www.ncbi.nlm.nih.gov/pubmed/21576098
http://dx.doi.org/10.1378/chest.12-2296
http://www.ncbi.nlm.nih.gov/pubmed/23370599
http://dx.doi.org/10.1111/j.1399-6576.2009.02018.x
http://www.ncbi.nlm.nih.gov/pubmed/19650810
http://dx.doi.org/10.1159/000242498
http://www.ncbi.nlm.nih.gov/pubmed/19786728
http://www.ncbi.nlm.nih.gov/pubmed/17971254
http://dx.doi.org/10.1371/journal.pone.0052248
http://www.ncbi.nlm.nih.gov/pubmed/23300624
http://dx.doi.org/10.2147/COPD.S141798
http://dx.doi.org/10.1111/j.1399-6576.2007.01374.x
http://dx.doi.org/10.1093/bja/aem039
http://dx.doi.org/10.1097/ALN.0b013e3181d40347
http://dx.doi.org/10.1097/ALN.0000000000000569
http://www.ncbi.nlm.nih.gov/pubmed/25587641
http://dx.doi.org/10.1164/ajrccm.153.3.8630585
http://www.ncbi.nlm.nih.gov/pubmed/8630585
http://dx.doi.org/10.1164/ajrccm.154.6.8970353
http://www.ncbi.nlm.nih.gov/pubmed/8970353

J. Clin. Med. 2019, 8, 982 10 of 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Rocca, G.D.; Passariello, M.; Coccia, C.; Costa, M.G.; Di Marco, P; Venuta, F.; Rendina, E.A.; Pietropaoli, P.
Inhaled nitric oxide administration during one-lung ventilation in patients undergoing thoracic surgery.
J. Cardiothorac. Vasc. Anesth. 2001, 15, 218-223. [CrossRef]

Schwarzkopf, K.; Klein, U.; Schreiber, T.; Preussetaler, N.P,; Bloos, F.; Helfritsch, H.; Sauer, F.; Karzai, W.
Oxygenation during one-lung ventilation: The effects of inhaled nitric oxide and increasing levels of inspired
fraction of oxygen. Anesth. Analg. 2001, 92, 842-847. [CrossRef]

Moutafis, M.; Liu, N.; Dalibon, N.; Kuhlman, G.; Ducros, L.; Castelain, M.H.; Fischler, M. The effects of
inhaled nitric oxide and its combination with intravenous almitrine on Pao2 during one-lung ventilation in
patients undergoing thoracoscopic procedures. Anesth. Analg. 1997, 85, 1130-1135. [CrossRef]

Sittipunt, C.; Steinberg, K.P,; Ruzinski, ].T.; Myles, C.; Zhu, S.; Goodman, R.B.; Hudson, L.D.; Matalon, S.;
Martin, T.R. Nitric oxide and nitrotyrosine in the lungs of patients with acute respiratory distress syndrome.
Am. |. Respir. Crit. Care Med. 2001, 163, 503-510. [CrossRef]

Naseem, K.M.; Riba, R. Unresolved roles of platelet nitric oxide synthase. . Thromb. Haemost. 2008, 6, 10-19.
[CrossRef]

Raghunathan, K.; Connelly, N.R.; Robbins, L.D.; Ganim, R.; Hochheiser, G.; DiCampli, R. Inhaled epoprostenol
during one-lung ventilation. Ann. Thorac. Surg. 2010, 89, 981-983. [CrossRef] [PubMed]

De Wet, C.J.; Affleck, D.G.; Jacobsohn, E.; Avidan, M.S.; Tymkew, H.; Hill, L.L.; Zanaboni, P.B.; Moazami, N.;
Smith, J.R. Inhaled prostacyclin is safe, effective, and affordable in patients with pulmonary hypertension,
right heart dysfunction, and refractory hypoxemia after cardiothoracic surgery. J. Thorac. Cardiovasc. Surg.
2004, 127, 1058-1067. [CrossRef] [PubMed]

Pichl, A.; Sommer, N.; Bednorz, M.; Seimetz, M.; Hadzic, S.; Kuhnert, S.; Kraut, S.; Roxlau, E.T.; Kojonazarov, B.;
Wilhelm, J.; et al. Riociguat for treatment of pulmonary hypertension in COPD—A translational study.
Eur. Respir. ]. 2019, 53, 1802445. [CrossRef] [PubMed]

Gessler, T.; Ghofrani, H.A.; Held, M.; Klose, H.; Leuchte, H.; Olschewski, H.; Rosenkranz, S.; Fels, L.; Li, N.;
Ren, D,; et al. The safety and pharmacokinetics of rapid iloprost aerosol delivery via the BREELIB nebulizer
in pulmonary arterial hypertension. Pulm. Circ. 2017, 7, 505-513. [CrossRef] [PubMed]

Nakayama, K.; Emoto, N.; Tamada, N.; Okano, M.; Shinkura, Y.; Yanaka, K.; Onishi, H.; Hiraishi, M.;
Yamada, S.; Tanaka, H.; et al. The optimization of iloprost inhalation under moderate flow of oxygen therapy
in severe pulmonary arterial hypertension. Pulm. Circ. 2018, 8, 2045894018781537. [CrossRef] [PubMed]
Richter, M.J.; Stollfuss, B.; Roitenberg, A. Kleinjung, F; Graeff, V., Berghaus, S.; Muller, C;
Ghofrani, H.A. Switching inhaled iloprost formulations in patients with pulmonary arterial hypertension:
The VENTASWITCH Trial. Pulm. Circ. 2018, 8, 2045894018798921. [CrossRef]

Gessler, T.; Schmehl, T.; Hoeper, M.M.; Rose, E; Ghofrani, H.A.; Olschewski, H.; Grimminger, F.; Seeger, W.
Ultrasonic versus jet nebulization of iloprost in severe pulmonary hypertension. Eur. Respir. |. 2001, 17,
14-19. [CrossRef] [PubMed]

Garutti, I.; Quintana, B.; Olmedilla, L.; Cruz, A.; Barranco, M.; Garcia de Lucas, E. Arterial oxygenation during
one-lung ventilation: Combined versus general anesthesia. Anesth. Analg. 1999, 88, 494—499. [CrossRef]
[PubMed]

Turnaoglu, S.; Tugrul, M.; Camci, E.; Cakar, N.; Akinci, O.; Ergin, P. Clinical applicability of the substitution
of mixed venous oxygen saturation with central venous oxygen saturation. J. Cardiothorac. Vasc. Anesth.
2001, 15, 574-579. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1053/jcan.2001.21972
http://dx.doi.org/10.1097/00000539-200104000-00009
http://dx.doi.org/10.1213/00000539-199711000-00032
http://dx.doi.org/10.1164/ajrccm.163.2.2004187
http://dx.doi.org/10.1111/j.1538-7836.2007.02802.x
http://dx.doi.org/10.1016/j.athoracsur.2009.07.059
http://www.ncbi.nlm.nih.gov/pubmed/20172177
http://dx.doi.org/10.1016/j.jtcvs.2003.11.035
http://www.ncbi.nlm.nih.gov/pubmed/15052203
http://dx.doi.org/10.1183/13993003.02445-2018
http://www.ncbi.nlm.nih.gov/pubmed/30956210
http://dx.doi.org/10.1177/2045893217706691
http://www.ncbi.nlm.nih.gov/pubmed/28597762
http://dx.doi.org/10.1177/2045894018781537
http://www.ncbi.nlm.nih.gov/pubmed/29781778
http://dx.doi.org/10.1177/2045894018798921
http://dx.doi.org/10.1183/09031936.01.17100140
http://www.ncbi.nlm.nih.gov/pubmed/11307743
http://dx.doi.org/10.1213/00000539-199903000-00005
http://www.ncbi.nlm.nih.gov/pubmed/10071993
http://dx.doi.org/10.1053/jcan.2001.26534
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

