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We evaluated the effectiveness of pressure-controlled ventilation-volume guaranteed (PCV-VG) mode combined with open-lung
approach (OLA) in patients during one-lung ventilation (OLV). First, 176 patients undergoing thoracoscopic surgery were
allocated randomly to four groups: PCV+OLA (45 cases, PCV-VG mode plus OLA involving application of individualized
positive end-expiratory pressure (PEEP) after a recruitment maneuver), PCV (44 cases, PCV-VG mode plus standard lung-
protective ventilation with fixed PEEP of 5 cmH2O), VCV+OLA (45 cases, volume-controlled ventilation (VCV) plus OLA),
and VCV (42 cases, VCV plus standard lung-protective ventilation). Mean airway pressure (Pmean), dynamic compliance
(Cdyn), PaO2/FiO2 ratio, intrapulmonary shunt ratio (Qs/Qt), dead space fraction (VD/VT), and plasma concentration of
neutrophil elastase were obtained to assess the effects of four lung-protective ventilation strategies. At 45min after OLV, the
median (interquartile range (IQR)) Pmean was higher in the PCV+OLA group (13.00 (12.00, 13.00) cmH2O) and the VCV
+OLA group (12.00 (12.00, 14.00) cmH2O) than in the PCV group (11.00 (10.00, 12.00) cmH2O) and the VCV group (11.00
(10.00, 12.00) cmH2O) (P < 0:05); the median (IQR) Cdyn was higher in the PCV+OLA group (27.00 (24.00, 32.00)
mL/cmH2O) and the VCV+OLA group (27.00 (22.00, 30.00) mL/cmH2O) than in the PCV group (23.00 (21.00, 25.00)
mL/cmH2O) and the VCV group (20.00 (18.75, 21.00) mL/cmH2O) (P < 0:05); the median (IQR) Qs/Qt in the PCV+OLA
group (0.17 (0.16, 0.19)) was significantly lower than that in the PCV group (0.19 (0.18, 0.20)) and the VCV group (0.19
(0.17, 0.20)) (P < 0:05); VD/VT was lower in the PCV+OLA group (0:18 ± 0:05) and the VCV+OLA group (0:19 ± 0:07) than
in the PCV group (0:21 ± 0:07) and the VCV group (0:22 ± 0:06) (P < 0:05). The concentration of neutrophil elastase was
lower in the PCV+OLA group than in the PCV, VCV+OLA, and VCV groups at total-lung ventilation 10min after OLV
(162:47 ± 25:71, 198:58 ± 41:99, 200:84 ± 22:17, and 286:95 ± 21:10 ng/mL, resp.) (P < 0:05). In conclusion, PCV-VG mode
combined with an OLA strategy leads to favorable effects upon lung mechanics, oxygenation parameters, and the
inflammatory response during OLV.

1. Introduction

One-lung ventilation (OLV) has been used routinely in tho-
racic surgery to provide an optimal visual field for a surgical

procedure on a collapsed lung. Unfortunately, this approach
creates a “shunt-like” effect through the nondependent lung
and results in hypoxemia [1]. Furthermore, OLV and surgical
trauma are accompanied by the release of excessive amounts
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of inflammatory mediators and neutrophil elastase, which
lead to pulmonary infection and systemic inflammatory
response syndrome [2, 3].

Lung-protective ventilation, consisting a tidal volume (VT)
of 5–6mL/kg of predicted body weight (PBW) and positive
end-expiratory pressure (PEEP) of 5 cmH2O with an alveoli
recruitment maneuver at 20 cmH2O for 15–20 s, can reduce
the risk of ventilator-induced lung injury [4]. However, except
for low VT, the advantages of appropriate PEEP with or with-
out an alveoli recruitment maneuver have not been estab-
lished exactly [5, 6]. Alternatively, an open-lung approach
(OLA), in which the individualized PEEP is determined by
PEEP titration after an alveoli recruitment maneuver, can
contribute to favorable physiologic effects [7, 8].

The literature regarding the ideal ventilation mode on
pulmonary outcomes for OLV is controversial [9–11].
Volume-controlled ventilation (VCV) ensures a stable min-
ute ventilation volume, but this mode generates a high airway
pressure with subsequent volutrauma and barotrauma and
leads to uneven distribution of gas in the lungs. Pressure-
controlled ventilation (PCV) offers the benefits of lower
airway pressure with a decelerating flow pattern, but it
can provoke lung injury due to a tractive force on alveoli
[12]. Pressure-controlled ventilation-volume guaranteed
(PCV-VG) mode is a relatively innovative ventilation model
introduced to the operating theatre. In PCV-VG mode, ini-
tially a preset VT is transmitted at a lower airway pressure
by a decelerating flow. Upon calculation of a patient’s pulmo-
nary compliance and inspiratory pressure, the ventilator
automatically adjusts the airway pressure of the next breath
according to the previous breath’s measured exhaled VT
[13, 14]. Recently, different results by comparing the efficacy
of PCV-VG over other modes were published [9, 14]. Never-
theless, lung-protective ventilation applied to PCV-VGmode
has not been studied deeply, and whether PCV-VG com-
bined with an OLA is superior to VCV plus standard lung-
protective ventilation during OLV is not known.

We carried out the study to explore the benefits of
PCV-VG mode in combination with an OLA on lung
mechanics, oxygenation parameters, and the inflammatory
response during thoracic surgery.

2. Materials and Methods

2.1. Study Population. The ethics committee of Hebei
General Hospital (Hebei, China) approved the study proto-
col. Each participant (or family member) provided written
informed consent. The study was registered with the Chinese
Clinical Trial Registry (ChiCTR1900020895).

The study enrolled patients with ASA physical status
I–III scheduled for elective thoracoscopic surgery requiring
OLV. Patients were excluded if they met any of the follow-
ing criteria: age < 18 years, bodymass index ≥ 35 kg/m2,
pneumothorax or giant bullae, chronic lung disease or pul-
monary infection within one month of study initiation,
previous thoracic surgery, and contraindication to PEEP
(high intracranial pressure, hypovolemic shock, or right-
heart failure). Dropout criteria were a change in type of

surgical procedure to thoracotomy, intraoperative bleeding
≥ 500mL, and OLVduration < 45 min.

2.2. Randomization. Participants were assigned to one of four
lung-protective ventilation strategies using a computer-
generated randomization sequence, with an allocation of
1 : 1 : 1 : 1.

2.3. Anesthesia and Surgery. After placement of monitors,
anesthesia induction and endobronchial intubation were
achieved with 0.3mg/kg etomidate, 0.3μg/kg sufentanil,
and 1.0mg/kg rocuronium. The location of the left- or
right-sided double-lumen tube (DLT) was regulated by a
fiberoptic bronchoscope in supine and lateral positions.
Anesthesia was maintained with sevoflurane, remifentanil,
and rocuronium. Sevoflurane was titrated to keep the bispec-
tral index between 40 and 60. Lactated Ringer’s solution was
infused continuously at 3–5mL/kg/h. All patients received
patient-controlled intravenous analgesia after surgery. And
patients were treated in the thoracic surgery intensive care
unit (ICU) after surgery.

2.4. General Ventilator Strategy. After endobronchial intuba-
tion, all patients in the four groups were ventilated with an
anesthesia ventilator (Avance CS2 Pro; GE Healthcare,
Piscataway, NJ, USA).

Before OLV, all participants were set the same ventilation
parameters, consisting of a fraction of inspired oxygen (FiO2)
of 1.0, VT of 8mL/kg PBW, and an initial PEEP of 5 cmH2O
(which was maintained in the PCV group and the VCV
group throughout the whole procedure).

During OLV, all individuals received a VT of 5–6mL/kg
PBWwith FiO2 of 0.8. The inspiratory : expiratory (I : E) ratio
was 1 : 2, and ventilation frequency was adjusted to maintain
end-tidal carbon dioxide partial pressure (PETCO2) between
35 and 45mmHg. The maximal acceptable peak airway pres-
sure (Ppeak) was set at 30 cmH2O, and if Ppeak was exceeded,
VCV was switched to PCV.

2.5. Alveoli Recruitment Maneuver and Decremental PEEP
Trial. OLV was initiated after rechecking the correct position
of the DLT. The dependent lung had a standard alveoli
recruitment maneuver. The ventilation mode was changed
from VCV to PCV with a driving pressure of 20 cmH2O
and respiratory rate of 15 breaths per minute, PEEP of
5 cmH2O, I : E of 1 : 1, and FiO2 of 1.0. PEEP was increased
at a step size of 5 cmH2O, and 10 breaths were maintained
at each step (5, 10, 15, and 20 cmH2O) until recruitment of
opening pressure up to 40 cmH2O (20 cmH2O PEEP and
20 cmH2O of driving pressure) was applied for 20 breaths.

If the hemodynamics were unstable during the alveoli
recruitment maneuver phase (a decrease in mean arterial
pressure ðMAPÞ > 30%), the alveoli recruitment maneuver
was interrupted and vasoactive drugs given; after hemody-
namic stability, a new alveoli recruitment maneuver was
implemented.

After the first alveoli recruitment maneuver had been
accomplished, individualized PEEP was titrated through a
trial with decreased PEEP. PEEP was reduced in steps of
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2 cmH2O with each PEEP level (20, 18, 16, 14, 12, 10, 8, and
6 cmH2O) and held for 15 s until the greatest dynamic com-
pliance (Cdyn) was produced, which was considered to be
the individualized or optimal PEEP. Then, a new alveoli
recruitment maneuver was carried out as described above
(Figure 1).

2.6. Specific Intraoperative Ventilatory Management. In the
PCV+OLA group, after the second alveoli recruitment
maneuver, the ventilation mode was changed to PCV-VG
during OLV, and the optimal PEEP was established and
maintained throughout the whole study period.

In the VCV+OLA group, patients received the same pro-
cedures (alveoli recruitment maneuver and trial of decreased
PEEP), the ventilation mode was switched to VCV during
OLV, and the optimal PEEP maintained throughout the
whole study period.

In the PCV and VCV groups, the same procedure (alveoli
recruitment maneuver) was followed except for the PEEP
titration. Patients received PCV-VG or VCV plus fixed PEEP
(5 cmH2O) during OLV, respectively.

It is worth noting that alveoli recruitment maneuver was
performed after OLV without PEEP titration. The ventilation
mode was changed to VCV, and the PEEP value of each
group was consistent with that during OLV.

2.7. Measurements. Studied variables were collected at three
time points: (i) T1: total-lung ventilation 10min after intuba-
tion; (ii) T2: OLV for 45min; and (iii) T3: total-lung ventila-
tion 10min after OLV.

The studied endpoints were partial pressure of arterial
carbon dioxide (PaCO2), pH, VT, PEEP, mean airway pres-

sure (Pmean), Cdyn, Ppeak , dead space fraction (VD/VT), intra-
pulmonary shunt ratio (Qs/Qt), arterial partial pressure of
oxygen/fraction of inspired oxygen (PaO2/FiO2 ratio), and
the plasma concentration of neutrophil elastase.

Parameters were calculated using the following equa-
tions:

VD/VT = PaCO2 − PETCO2ð Þ/PaCO2, ð1Þ

Qs/Qt = PA‐aDO2 × 0:0031ð Þ ÷ PA‐aDO2 × 0:0031 + 5ð Þ,
ð2Þ

whereby PA‐aDO2 = ½FiO2 × ðPB − PH2OÞ� − ðPaCO2/RÞ −
PaO2.

PA-aDO2 is the alveolar-arterial oxygen difference; PB is
the barometric pressure (760mmHg); PH2O is the vapor pres-
sure of water (47mmHg); R is the respiratory quotient (0.8).

The plasma concentration of neutrophil elastase was
measured by enzyme-linked immunosorbent assays at T1
and T3.

Postoperative endpoints in the four groups were
recorded: prevalence of pneumonia, atelectasis, and acute
respiratory failure; duration of ICU stay; and duration of hos-
pital stay after surgery.

3. Statistical Analyses

The sample size for our study was determined according to a
pilot study, with an α level of 0.05, power of 0.8, and effect
size of 0.3. Assuming a dropout of 30% of cases, 200 patients
(50 patients per group) were included in each group.
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Statistical data were analyzed using SPSS 22.0 (IBM,
Armonk, NY, USA). The Shapiro-Wilk test was used for data
with a normal distribution. Continuous variables are given as
the mean ± standard deviation (SD) or median (interquartile
range (IQR)). Categorical variables are described as numbers.
Categorical data were analyzed using the chi-squared test.
Data with a normal distribution were compared among the
four groups using one-way ANOVA with LSD-t as the post
hoc test. The Kruskal-Wallis test was used to compare
multiple groups on continuous variables with a nonnormal
distribution. P < 0:05 (two-sided) was considered significant
for all tests.

4. Results

4.1. Demographic and Intraoperative Characteristics of
Patients. Initially, 200 patients were assessed for eligibility,
and 176 patients completed the study (Figure 2). The four
groups were balanced in terms of demographics and data
relating to the surgical procedure (P > 0:05) (Tables 1 and 2).

4.2. Mechanics of the Respiratory System. Compared with the
PCV and VCV groups (both 5.00 cmH2O), the median (IQR)
PEEP was higher in the PCV+OLA group (8.00 (8.00, 10.00)
cmH2O) and the VCV+OLA group (10.00 (8.00, 12.00)
cmH2O) (P < 0:001).

At T2, the median (IQR) Pmean was higher in the PCV+
OLA group (13.00 (12.00, 13.00) cmH2O) and the VCV+
OLA group (12.00 (12.00, 14.00) cmH2O) than in the PCV
and VCV groups (both 11.00 (10.00, 12.00) cmH2O)
(P < 0:05). The median (IQR) Cdyn was higher in the
PCV+OLA group (27.00 (24.00, 32.00) mL/cmH2O) and
the VCV+OLA group (27 (22.00, 30.00) mL/cmH2O) than
in the PCV group (23.00 (21.00, 25.00) mL/cmH2O) and
the VCV group (20.00 (18.75, 21.00) mL/cmH2O) at T2
(P < 0:05). At T2, Ppeak showed no difference in the
PCV+OLA and PCV groups (P = 0:320) or the VCV+OLA
and VCV groups (P = 0:856) (Table 3).

4.3. Variables in Ventilation Efficiency. At T2, the median
(IQR) Qs/Qt in the PCV+OLA group (0.17 (0.16, 0.19))
was significantly lower than that in the PCV group (0.19
(0.18, 0.20)) and the VCV group (0.19 (0.17, 0.20))
(P < 0:05). VD/VT was lower in the PCV+OLA group
(0:18 ± 0:05) and the VCV+OLA group (0:19 ± 0:07) than
that in the PCV group (0:21 ± 0:07) and the VCV group
(0:22 ± 0:06) at T2 (P < 0:05). Compared with the VCV
group, the PaO2/FiO2 ratio increased in the PCV+OLA and
VCV+OLA groups (median (IQR) 173.75 (138.13, 221.87)
vs. 134.38 (106.25, 180.63); 166.25 (146.25, 200.63) vs.
134.38 (106.25, 180.63), P < 0:05) (Table 3).

Assessed for eligibility
(n = 200)

Enrollment

Randomized (n = 188)

Allocation

Followed-up

Analysis

Analysed (n = 45)
Excluded for analysis 

(n = 0)

Analysed (n = 42)
Excluded for analysis 

(n = 0)

Analysed (n = 44)
Excluded for analysis 

(n = 0)

Analysed (n = 45)
Excluded for analysis 

(n = 0)

Excluded (n = 12)
Exclusion criterion (n = 12)(i)

Group PCV+OLA 
(n = 47)

Received allocated 
intervention (n = 47)
Did not received 
allocated (n = 0)

(i)

(ii)

Group PCV 
(n = 47)

Received allocated 
intervention (n = 46)
Did not received 
allocated (n = 1)

(i)

(ii)

Discontinued 
intervention (n = 2)

OLV time < 45 min 
(n = 1)
Poor lung collapse 
(n = 1)

(i)

(ii)

Group VCV+OLA 
(n = 47)

Received allocated 
intervention (n = 46)
Did not received 
allocated (n = 1)

(i)

(ii)

Group VCV 
(n = 47)

Received allocated 
intervention (n = 45)
Did not receive 
allocated (n = 2)

(i)

(ii)

Discontinued 
intervention (n = 3)

Operation method 
change (n = 1)
Bleeding > 500 ml 
(n = 2)

(i)

(ii)

Discontinued 
intervention (n = 1)

Bleeding > 500 ml 
(n = 1)

(i)

Discontinued 
intervention (n = 2)

OLV time < 45 min 
(n = 1)
Poor lung collapse 
(n = 1)

(i)

(ii)

Figure 2: The study flow diagram.
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Table 3: Ventilatory parameters, respiratory system mechanics, blood gas, and oxygenation parameters.

PCV+OLA
(n = 45)

PCV
(n = 44)

VCV+OLA
(n = 45)

VCV
(n = 42) P

VT (mL)

T1 432.00 (405.00, 475.00) 429.50 (404.50, 499.75) 445.00 (399.50, 502.00) 449.50 (410.25, 503.25) 0.841

T2 314:09 ± 34:35 324:98 ± 39:64 318:29 ± 47:47 326:90 ± 44:93 0.451

T3 431.00 (408.00, 500.50) 442.50 (411.50, 502.00) 452.00 (405.00, 503.00) 441.00 (407.00, 507.25) 0.936

PEEP (cmH2O)

T1 5.00 5.00 5.00 5.00 —

T2 8.00 (8.00, 10.00)∗▲ 5.00 10.00 (8.00, 12.00)∗▲ 5.00 <0.001
T3 8.00 (8.00, 10.00)∗▲ 5.00 10.00 (8.00, 12.00)∗▲ 5.00 <0.001

Ppeak(cmH2O)

T1 18:71 ± 2:62 17:93 ± 2:98 19:16 ± 2:43 18:64 ± 3:45 0.255

T2 21.00 (20.00, 22.00)△▲ 22.00 (19.25, 23.00)△▲ 24.00 (23.00, 25.00) 23.00 (21.00, 25.00) <0.001
T3 20:22 ± 2:39 18:82 ± 2:95△ 21:84 ± 2:49 18:69 ± 4:69△ <0.001

Pmean(cmH2O)

T1 10.00 (9.00, 11.00) 10.00 (9.00, 11.00) 10.00 (9.00, 11.00) 10.00 (9.00, 11.00) 0.245

T2 13.00 (12.00, 13.00)∗▲ 11.00 (10.00, 12.00) 12.00 (12.00, 14.00)∗▲ 11.00 (10.00, 12.00) <0.001
T3 12.00 (11.00, 13.00)∗▲ 11.00 (10.00, 12.00) 12.00 (11.00, 13.00)∗▲ 10.00 (8.00, 11.00) <0.001

Cdyn (mL/cmH2O)

T1 46:60 ± 5:60 46:36 ± 6:57 45:78 ± 7:51 46:17 ± 6:25 0.943

T2 27.00 (24.00, 32.00)∗▲ 23.00 (21.00, 25.00) 27.00 (22.00, 30.00)∗▲ 20.00 (18.75, 21.00) <0.001
T3 47:33 ± 5:59∗▲ 44:78 ± 4:25▲ 46:18 ± 5:22▲ 43:12 ± 5:20 0.001

PaCO2 (mmHg)

T1 42:29 ± 3:76 43:30 ± 3:76 43:78 ± 4:38 43:57 ± 4:77 0.345

T2 44:43 ± 3:90 44:17 ± 4:89 45:26 ± 4:71 44:20 ± 4:81 0.485

T3 43.00 (39.50, 47.00) 45.00 (41.00, 47.00) 46.00 (41.00, 48.00) 44.00 (41.00, 47.25) 0.455

pH

T1 7:40 ± 0:03 7:39 ± 0:03 7:39 ± 0:04 7:39 ± 0:04 0.402

T2 7.38 (7.35, 7.40) 7.38 (7.35, 7.42) 7.37 (7.39, 7.40) 7.38 (7.35, 7.41) 0.633

T3 7:38 ± 0:04 7:38 ± 0:03 7:38 ± 0:05 7:38 ± 0:04 0.796

VD/VT

T1 0:17 ± 0:04 0:18 ± 0:06 0:19 ± 0:06 0:19 ± 0:05 0.210

T2 0:18 ± 0:05∗▲ 0:21 ± 0:07 0:19 ± 0:07∗▲ 0:22 ± 0:06 0.003

T3 0.16 (0.13, 0.21)∗▲ 0.20 (0.17, 0.24) 0.19 (0.14, 0.22) 0.21 (0.17, 0.24) <0.001
Qs/Qt

T1 0:16 ± 0:03 0:16 ± 0:03 0:16 ± 0:04 0:16 ± 0:03 0.873

T2 0.17 (0.16, 0.19)∗▲ 0.19 (0.18, 0.20) 0.18 (0.17, 0.19) 0.19 (0.17, 0.20) 0.006

T3 0:17 ± 0:03 0:17 ± 0:03 0:17 ± 0:03 0:18 ± 0:03 0.280

PaO2/FiO2 ratio

T1 341:91 ± 78:37 350:95 ± 62:70 342:47 ± 81:27 352:10 ± 74:73 0.875

T2 173.75 (138.13, 221.87)▲ 153.13 (109.38, 185.94) 166.25 (146.25, 200.63)▲ 134.38 (106.25, 180.63) 0.002

T3 330:69 ± 65:24 327:40 ± 64:31 317:60 ± 65:71 304:12 ± 73:40 0.264

Data are expressed as mean ± standard deviation (SD) or median (interquartile range). VT: tidal volume; T1: total-lung ventilation 10min after induction; T2:
one-lung ventilation 45min; T3: total-lung ventilation 10min after one-lung ventilation; PEEP: positive end-expiratory pressure; Ppeak : peak airway pressure;
Pmean: mean airway pressure; Cdyn: dynamic compliance; PaCO2: partial pressure of arterial carbon dioxide; VD/VT : dead space fraction; Qs/Qt:
intrapulmonary shunt ratio; PaO2/FiO2: arterial partial pressure of oxygen/fraction of inspired oxygen. ∗P < 0:05 versus PCV, △P < 0:05 versus VCV+OLA,
and ▲P < 0:05 versus VCV.
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4.4. Plasma Concentration of Neutrophil Elastase. There
was no significant difference in the plasma neutrophil
elastase level among the four groups at T1 (P > 0:05).
The plasma concentration of neutrophil elastase was
lower in the PCV+OLA group than that in the PCV,
VCV+OLA, and VCV groups at T3 (162:47 ± 25:71,
198:58 ± 41:99, 200:84 ± 22:17, and 286:95 ± 21:10, ng/mL,
resp.) (P < 0:05) (Figure 3).

4.5. Other Clinical Endpoints. The duration of ICU stay in the
PCV+OLA group was shorter compared with that in PCV,
VCV+OLA, and VCV groups (median (IQR) 32.00 (25.00,
37.00), 39.75 (32.88, 43.00), 39.50 (27.00, 43.50), and 39.60
(24.88, 43.70) h, resp.) (P < 0:05). There were no significant
differences in the duration of hospital stay and the prevalence
of pneumonia, atelectasis, and acute respiratory failure in the
four groups after surgery (P > 0:05) (Table 4).

5. Discussion

The randomized controlled trial revealed that the ventilation
strategy of PCV-VG plus OLA during OLV leads to prefera-
ble levels of Cdyn, PaO2/FiO2 ratio, and appropriate levels of
Pmean, VD/VT, Qs/Qt, and neutrophil elastase. Additionally,

the duration of ICU stay was shorter in the PCV+OLA group
compared with the other three groups. These results suggest
that the ventilation strategy of PCV-VG combined with
OLA during OLV is beneficial for patients undergoing
thoracic surgery.

Patients undergoing OLV are susceptible to hypoxemia
due to shunting of blood or imbalance of ventilation and
pulmonary perfusion. And the practice of OLV is an inde-
pendent hazard factor for postoperative pulmonary compli-
cations (PPCs), as a result of direct surgical trauma of the
nonventilated lung, exposed to high strain and nonphysiolo-
gic VT of the ventilated lung [15, 16]. Multiple mechanisms
can cause lung tissue damage and inflammatory cytokine
release, which often ahead of pneumonia and systemic inflam-
matory response syndrome ultimately affect the clinical prog-
nosis of patients undergoing thoracic surgery [17, 18].

Usually, the lung-protective ventilation strategy, which
has taken low VT as the core, is accepted by anesthesiologists
as an effective way to alleviate ventilator-induced lung injury
[19]. However, the application of a low VT without sufficient
PEEP may be relevant to cyclic alveolar derecruitment with
consequent promote atelectrauma [6]. PEEP can prevent
atelectasis effectively, but the optimal PEEP level is not
known. Pereira et al. observed that PEEP varied markedly
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Figure 3: The plasma concentration of neutrophil elastase. Data are expressed as mean ± standard deviation (SD). ∗P < 0:05 versus PCV,
△P < 0:05 versus VCV+OLA, and ▲P < 0:05 versus VCV.

Table 4: Other clinical endpoints.

PCV+OLA
(n = 45)

PCV
(n = 44)

VCV+OLA
(n = 45)

VCV
(n = 42) P

Pneumonia 2 (4.4%) 5 (11.4%) 4 (8.9%) 7 (16.7%) 0.312

Atelectasis 1 (2.2%) 4 (9.1%) 2 (4.4%) 6 (14.3%) 0.148

Acute respiratory failure 0 (0%) 1 (2.3%) 1 (2.2%) 4 (9.5%) 0.096

The duration of ICU stay (hours) 32.00 (25.00, 37.00)∗△▲ 39.75 (32.88, 43.00) 39.50 (27.00, 43.50) 39.60 (24.88, 43.70) <0.001
The duration of hospital stay after
surgery (days)

6.00 (5.00, 7.00) 6.00 (5.00, 8.00) 6.00 (5.00, 8.00) 6.00 (4.75, 7.00) 0.204

Data are expressed as median (interquartile range) or numbers. ICU: intensive care unit. ∗P < 0:05 versus PCV, △P < 0:05 versus VCV+OLA, and ▲P < 0:05
versus VCV.
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among individuals and stated that intraoperative individu-
alized PEEP settings could lower the risk of postoperative
atelectasis while improving driving pressure and oxygena-
tion [20]. On the contrary, a study showed that different
perioperative OLA with individualized PEEP in major
abdominal surgery did not reduce the prevalence of postop-
erative complications when compared with conventional
lung-protective ventilation strategy [21]. Most protective
ventilation strategies (including the OLA) were undertaken
under VCV mode, which could pose a potential risk of high
airway pressure and trigger pulmonary inflammatory
response compared with PCV or PCV-VG [10, 22]. The
PCV-VG mode has features of PCV and VCV, which creates
lower airway pressure than that seen with VCV accompanied
with improvement in oxygenation and reduction in the pul-
monary shunt [1, 13]. However, Byun and colleagues indi-
cated that the application of VT of 6mL/kg with zero PEEP
under PCV-VG led to a high risk of intraoperative hypox-
emia [23]. Moreover, many studies found that compared
with VCV, PCV-VG did not significantly improve intraoper-
ative oxygenation [24, 25]. Hence, we designed this study to
explore the benefits of PCV-VG along with an individualized
OLA strategy in patients undergoing lung surgery with OLV.

The results of the present study are consistent with our
expectation that using an OLA with individualized PEEP
under PCV-VG mode can improve pulmonary gas exchange
and lung mechanics as well as hemodynamic stability during
OLV. Nevertheless, it is useful to note that during OLV,
routinely measured airway pressure does not reflect the
bronchial pressure, and the decrease in Ppeak under PCV
mode is probably not clinically relevant when measured in
the bronchus of the ventilated lung [26]. Therefore, we
assumed that the difference in Ppeak in this study is meaning-
less due to the ventilation mode-related difference in end-
inspiratory flow, as well as the resistance of the tracheal tube
[27]. Unlike Ppeak , previous studies have demonstrated that
Pmean closely reflects mean alveolar pressure and correlates
with alveolar ventilation, arterial oxygenation, hemodynamic
performance, and barotrauma under conditions of passive
inflation [28, 29]. In this study, Pmean and Cdyn in the PCV
+OLA and VCV+OLA groups were similar, and both were
higher than those in the PCV and VCV groups. The reason
may be related to the application of higher individualized
PEEP. Indeed, others have shown that Pmean was significantly
higher in the PCV+PEEP group compared with the VCV
+zero PEEP and PCV+zero PEEP groups [24, 30]. Further-
more, it usually requires the application of extrinsic PEEP by
increasing Pmean during OLV to prevent hypoventilation
and atelectasis caused by low VT [31–33]. As a matter of fact,
an abnormally high Pmean may incur the impairment of pul-
monary circulation and hemodynamic stability [34]. How-
ever, there was no difference in hemodynamics among the
four groups, probably because the higher Pmean in the PCV
+OLA and VCV+OLA groups did not substantially affect
hemodynamic stability during OLV. On the other hand,
excessively high Pmean, especially mean alveolar pressure,
increases pulmonary vascular resistance and makes blood
flow towards the nonventilated lung, thus leading to the dis-

turbance of Qs/Qt [29, 35, 36]. Nevertheless, the Qs/Qt in
the PCV+OLA group was superior to that in the other groups
duringOLV, suggesting that acceptable Pmean recruits alveoli
and tends to keep them properly open.

The higher PaO2/FiO2 ratio and lowerVD/VT of the PCV
+OLA and VCV+OLA groups during OLV may have been
owing to the impact of the OLA and reasonable Pmean on oxy-
genation and the prevention of atelectasis. We assumed that
the most suitable PEEP might more effectively maintain the
advantages of an alveoli recruitment maneuver with regard
to ventilation efficiency under the automatic adjustment of
PCV-VG mode. Unlike the constant flow pattern observed
in VCV, the pattern of inspiratory flow in PCV-VG mode
is a deceleration type with high initial flow velocity, which
results in compliant alveolar expansion and improves
ventilation-perfusion matching [37]. Therefore, the PCV
+OLA ventilation strategy integrated the merits of PCV-VG
and OLA to improve both gas exchange and oxygenation
accordingly. Another explanation was that FiO2 of 0.8 used
during OLV could decrease the number of areas suffering
from atelectasis and, consequently, lead to lowering Qs/Qt
[35, 38]. However, some studies showed that compared with
VCV, no benefits were found in PCV about the length of hos-
pital stay and PaO2/FiO2 ratio [26, 39]. Consistent with the
negative results of these studies, the results of respiratory
mechanics and ventilation efficiency in the PCV group and
the VCV group were similar; the reason may be that except
for the different ventilator modes, the other treatment mea-
sures were the same in these two groups.

The release of pulmonary inflammatory mediators and
their cascade reaction during OLV are the major mechanisms
resulting in acute lung injury [16]. Neutrophil elastase partic-
ipates in and initiates acute lung injury by injuring capillary
endothelial cells and alveolar epithelial cells, as well as digest-
ing and degrading the extracellular matrix and epithelial
junctions [40]. A recent study showed that compared with
VCV, PCV-VG could decrease the release of neutrophil elas-
tase and minimize inflammatory reaction to reduce lung
injury in patients undergoing OLV [22]. Fernandez-
Bustamante et al. proposed that plasma neutrophil elastase
might indicate atelectrauma in patients with short-term
mechanical ventilation [41]. We found that the plasma con-
centration of neutrophil elastase was decreased considerably
in the PCV+OLA group compared with the PCV, VCV,
and VCV+OLA groups after OLV, demonstrating that the
strategy of PCV-VG plus OLA had an important influence
on alleviating ventilator-induced lung injury.

Unfortunately, except for the shortening of the duration
of ICU stay, the prevalence of other postoperative endpoints
did not decrease. Whether the strategy of PCV-VG plus OLA
can impact upon postoperative duration of hospital stay,
total duration of hospital stay, or the incidence of PPCs
requires further study at multiple centers.

Our study had two main limitations. First, our study was
not blinded, so biases are inevitable. Second, we only
observed changes in heart rate andMAP.We intend to deter-
mine the effect of PCV-VG plus OLA during OLV on hemo-
dynamic variables by measuring central venous pressure and
cardiac output.
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6. Conclusion

The ventilation strategy of PCV-VG combined with open-
lung approach during OLV was associated with favorable
effects upon intraoperative respiratory mechanics, oxygen-
ation parameters, and the inflammatory reaction. This
ventilation strategy may be a feasible alternative ventilation
method in patients undergoing thoracic surgery.
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