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Abstract
Lung recruitment manoeuvres (RMs) during mechanical ventilation may reduce atelectasis, however, the optimal recruit-
ment strategy for patients undergoing thoracic surgery remains unknown. Our study was designed to investigate whether 
ultrasound-guided lung RMs is superior to conventional RMs in reducing perioperative atelectasis during thoracic sur-
gery with one-lung ventilation. We conducted a randomised controlled clinical trial from August 2022 to September 
2022. Sixty patients scheduled for video-assisted thoracoscopic surgery (VATS) under general anaesthesia were enrolled. 
Subjects were randomly divided into the ultrasound-guided RMs group (manual inflation guided by lung ultrasound) or 
conventional RMs group (manual inflation with 30 cmH2O pressure). Lung ultrasound were performed at three predefined 
time points (1 min after anaesthetic induction; after RMs at the end of surgery; before discharge from postanesthesia care 
unit [PACU]). The primary outcome was lung ultrasound score before discharge from the PACU after extubation. In the 
early postoperative period, lung aeration deteriorated in both groups even after lung RMs. However, ultrasound-guided 
lung RMs had significantly lower lung ultrasound scores when compared with conventional RMs in bilateral lungs (2.0 
[0.8–4.0] vs. 8.0 [3.8–10.3], P < 0.01) at the end of surgery, which remained before patients discharged from the PACU. 
Accordingly, the lower incidence of atelectasis was found in ultrasound-guided RMs group than in conventional RMs 
group (7% vs. 53%; P < 0.01) at the end of surgery. Ultrasound-guided RMs is superior to conventional RMs in improving 
lung aeration and reducing the incidence of lung atelectasis at early postoperative period in patients undergoing VATS. 
The study protocol was approved by the Institutional Review Board of the Fudan University Shanghai Cancer Center (No. 
220,825,810; date of approval: August 5, 2022) and registered on Chinese Clinical Trial Registry (registration number: 
ChiCTR2200062761).
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1  Introduction

Atelectasis commonly occurs in patients undergoing gen-
eral anaesthesia (GA), with an incidence as high as 90% [1]. 
The development of atelectasis induces impairment of gas 
exchange, leading to refractory hypoxemia and other periop-
erative lung complications, especially in patients undergo-
ing video-assisted thoracoscopic surgery (VATS) [2]. Lung 
resection can significantly affect patients’ oxygenation and 
forced vital capacity [3], and one-lung ventilation (OLV) 
could lead to ischemic–reperfusion lung injury, barotrauma, 
and atelectrauma, which may further impair postoperative 
lung function [4].

The protective lung ventilation strategy in OLV includes 
the use of low tidal volume, positive end-expiratory pres-
sure (PEEP), as well as recruitment manoeuvres (RMs) in 
thoracic anaesthesia [5]. RMs have been reported to reduce 
or even reverse lung collapse during GA by increasing the 
transpulmonary pressure [6]. In previous studies, the alveo-
lar RMs is usually performed to reduce atelectasis, and thus 
improve oxygenation, lung mechanics, and ventilation effi-
ciency through the re-opening of atelectatic lung areas [7, 
8]. However, due to the special physiological and clinical 
circumstances of OLV that complicate lung-protective ven-
tilation techniques [9], data on the optimal recruitment strat-
egy regarding timing, frequency, and inflation pressures for 
lung resection surgery is still limited.

Lung ultrasound (LUS) is a fast, radiation-free and porta-
ble tool for accurately assessing perioperative lung aeration 
and pulmonary complications, including pulmonary oedema 
and atelectasis [10, 11]. The dynamic alveolar response to 
lung RMs can be easily evaluated using LUS [12]. Thus, as a 
bedside tool, it can guide RMs in real-time manner to reduce 
atelectasis formation during GA [13, 14]. However, whether 
LUS-guided lung RMs can reduce perioperative atelectasis 
in patients during VATS has not yet been reported.

Therefore, we conducted a randomised controlled clinical 
trial to examine whether LUS-guided RMs could improve 
LUS scores after surgery, and thus reduce the postoperative 
incidence of atelectasis compared with conventional RMs in 
patients undergoing VATS under GA.

2  Materials and methods

2.1  Patients enrollment and grouping

The ethical approval for this study was provided by the 
Institutional Review Board of Fudan University Shanghai 
Cancer Center (No. 220,825,810; Chairperson Prof Zhen 
Chen) on August 5, 2022 and registered in the Chinese Clin-
ical Trial Registry (number: ChiCTR2200062761, principal 

investigator: Jun Zhang, date of registration: August 18, 
2022).

All adult patients with American Society of Anesthesi-
ologists (ASA) physical status I–II scheduled for elective 
lung cancer resection under GA were screened for eligibil-
ity between August 2022 and September 2022. The written 
informed consent was obtained from all eligible patients 
before enrollment. The exclusion criteria were as follows: 
emergency surgery, history of thoracic and heart surgery, 
body mass index (BMI) > 40 kg·m–2, recent respiratory tract 
infection, anatomical abnormality of the airway and thoracic 
cage, genetic disease, and abnormal radiographic findings, 
including pneumothorax, pleural effusion, or pneumonia.

The patients were randomly divided into either ultra-
sound-guided RM group (Group UR) or conventional RM 
group (Group CR) using a computer-generated random 
number table. Allocation concealment was achieved by 
coded, sealed envelopes, which were opened by a nurse not 
involved in the study before anaesthetic induction. The out-
come evaluator was blinded to group allocation.

2.2  Anesthetic managements and monitoring

Patients were pre-oxygenated with 100% oxygen prior 
to anaesthetics administration. Intravenous midazolam 
(1  mg), propofol targeted controlled infusion (TCI: effect 
site concentration 3–4  µg·ml–1, Marsh model), sufentanil 
(0.3  µg·kg–1), and rocuronium (0.6  mg·kg–1) were used 
for anaesthetic induction. Intraoperative anaesthesia was 
maintained with propofol TCI (effect site concentration 
3–4  µg·ml–1), remifentanil TCI (effect site concentration 
1–2 ng·ml–1, Minto model), and intermittent sufentanil or 
rocuronium was used if necessary. A standard monitoring 
protocol including electrocardiography (EEG), pulse oxy-
gen saturation (SpO2), invasive arterial blood pressure, and 
end-tidal carbon dioxide partial pressure (PetCO2), was 
used during perioperative period.

All patients underwent VATS in the lateral position. OLV 
was achieved through the insertion of an appropriately-sized 
double-lumen tube, and correct placement was validated 
using a fibrobronchoscope. Patients were mechanically ven-
tilated in a volume-controlled mode. The OLV parameters 
were set as following: tidal volume = 5–6 ml·kg–1 and ven-
tilatory rate = 12–14 beats·min–1 to maintain intraoperative 
PetCO2 at 35–45 mmHg, fraction of oxygen (FiO2) = 0.8 
and PEEP = 5 cmH2O. Before closing the chest, the col-
lapsed lung was completely expanded using an alveolar 
RM under direct visualization by the surgeon. The peak 
airway pressure for recruitment was limited to 40 cmH2O. 
The OLV was then changed to two-lung ventilation (TLV) 
until extubation with a FiO2 = 0.5. A chest tube attached to 
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a water-sealed bottle was used to drain subsequent air and 
fluid leakage.

The continuous patient-controlled intravenous analge-
sia was provided to control postoperative pain. In the post-
anesthesia care unit (PACU), mechanical ventilation was 
maintained for all patients, with settings same to those for 
pre-recruitment. Sugammadex was used to reverse the neu-
romuscular blockade before extubation. After extubation, 
oxygen therapy was administered through a facemask at 
3 L·min–1 for at least 15 min.

2.3  Interventions

The RMs were performed twice with 50/50 oxygen/air, one 
after anesthetic induction and another at the end of surgery 
in both groups. In Group UR, real-time ultrasound-guided 
lung RMs were conducted when atelectasis was found by 
ultrasound examination. Based on a previous study [7], the 
peak airway pressure was limited to 30 cmH2O, and main-
tained for 10–15  s. Manual inflation was applied until no 
obvious areas of atelectasis could be detected on ultrasound 
image in bilateral lungs, Otherwise, the manual lung RMs 
are performed again. In the Group CR, the RMs were con-
ducted manually at a pressure of 30 cmH2O and maintained 
for 10–15  s, after which the previous ventilator settings 
were reinstated.

When the SpO2 fell below 90% during OLV, rescue strat-
egies were conducted in a stepwise manner in both groups 
[7]. The following sequence was used: (1) three rounds of 
RMs were performed in the dependent lung at a pressure 
of 30 cmH2O for 10 s, (2) three rounds of RMs were con-
ducted in the dependent lung at 35 cmH2O pressure for 10 s, 
and (3) FiO2 was increased to 100%. If profound hypoxemia 

developed after these three strategies, other rescue strate-
gies, such as continuous positive airway pressure to the sur-
gical lung or switching to TLV, were performed based on the 
attending anaesthesiologist’s clinical judgement.

2.4  LUS examination

The patients were examined with LUS at three predefined 
time points (Fig. 1). The first examination was conducted 
1 min after anaesthetic induction (T1), the second one was 
performed after RMs at the end of surgery (T2), and the 
third one was conducted before discharge from the PACU 
(T3). All LUS scans were conducted by one anaesthesiol-
ogist, who has 5 years LUS experience, using a Vivid-iq 
Ultrasound System (GE Healthcare, Wauwatosa, WI, USA) 
with a 2–5 MHz C5-2 convex probe.

The patients were examined in the supine position 
with both arms above the head. Six intercostal areas were 
imaged in each hemithorax for a total of 12 scans per subject 
(Fig. 2a), as described previously [1, 7]. Taking the nipple 
line as the dividing line, scans 1 and 2 were conducted in 
the clavicular midline area, scans 3 and 4 were performed 
in the midaxillary line region, and scans 5 and 6 were con-
ducted at the intercostal lung areas of the posterior axillary 
line. Ultrasonography images were evaluated and recorded 
for signs including A lines, B lines, the lung ‘sliding’ sign, 
atelectasis, and air bronchograms.

Based on a previous study (1), four grades were defined 
to assess lung aeration (Fig. 2), with scores ranging from 0 
to 3 as follows: (0) A lines parallel to the sliding pleura or 0 
to 2 B lines; (1) no fewer than 3 dispersive B lines; one or 
more small subpleural consolidations separated by a normal 
pleural line; (2) multiple coalescent B lines, multiple small 

Fig. 1  Schematic diagram of the study protocol. UR, ultrasound group; CR, control group; LUS, lung ultrasound score; PACU, postanesthesia care 
unit; RM, recruitment manoeuvre; US, ultrasound
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distributed data such as the LUS scores, PaO2/FiO2, and 
PaCO2. The Wilcoxon signed-rank test was performed to 
compare within-group LUS scores. Categorical data were 
presented as numbers (%) and assessed using the χ2 test 
or Fisher’s exact test. P < 0.05 was considered statistically 
significant.

3  Results

A total of 76 patients were evaluated for eligibility in our 
study. Seventy patients were enrolled and randomly assigned 
to Group UR or Group CR. Ten patients were excluded from 
analysis due to failure to complete at least one of three LUS 
examinations since ultrasound machine unavailable. Sixty 
patients were finally included in our data analysis, as shown 
in the flow diagram of patient recruitment (Fig. 3). No sig-
nificant between-group differences were found with respect 
to demographics and clinical characteristics (Table  1). 
Thirty-eight patients underwent VATS on the right side 
(63%), while 22 (37%) on the left side. Wedge resection, 
segmentectomy, or lobectomy was performed in 31 (52%), 
6 (10%), and 23 (38%) patients, respectively.

Before surgery, the LUS scores were comparable between 
Group UR and Group CR 1 min after anaesthetic induction 
(T1; Table 2). After surgery, lung aeration worsened even 
after lung RMs in both groups, especially in the dependent 
lungs (T2). Ultrasound-guided lung recruitment signifi-
cantly reduced LUS scores compared with Group CR in the 
bilateral lungs (2.0 [0.8 to 4.0] vs. 8.0 [3.8 to 10.3], P < 0.01) 
and dependent lungs (2.0 [0.8 to 4.0] vs. 6.0 [2.8 to 10.0], 

subpleural consolidations separated by a thickened or irreg-
ular pleural line; (3) consolidation or subpleural consolida-
tion of more than 1 cm × 2 cm. Lung aeration was assessed 
and scored separately for each scanned area.

The primary outcome was the LUS score before discharge 
from the PACU (T3). The secondary outcomes included the 
LUS score at the end of surgery (T2) and the incidence of 
atelectasis at T2 and T3. The SpO2 values at different time 
points, lengths of PACU and hospital stay and oxygenation 
parameters were also collected in this study.

2.5  Statistical analysis

The primary hypothesis of the study was that ultrasound-
guided RMs could decrease the LUS scores before dis-
charge from the PACU compared with conventional RMs. 
Based on our pilot study result, the mean LUS score at T3 
in the control group would be 2.2 ± 1.1, and hypothesized 
that LUS-guided RMs would decrease the LUS score to 
1.5 ± 0.8. To achieve a power of 90% and α error of 5%, at 
least 27 subjects were needed in each group. Given a drop-
out rate of 10%, a total of 60 patients (n = 30/each group) 
were included in our study.

The data were analysed using SPSS Statistics (version 
23.0, IBM Corp., Armonk, New York, USA). After analys-
ing the normality distribution using the Shapiro‒Wilk test, 
continuous variables were presented as the mean (standard 
deviation [SD]) or median [IQR]. The Student’s t test was 
performed to compare intergroup differences for normally 
distributed variables including height, weight, and BMI. 
The Mann–Whitney U test was used to assess non-normally 

Fig. 2  Division of the chest into segments for lung ultrasound exami-
nation in patients and typical lung ultrasound examples with different 
scores of severity. The asterisks denote the six regions subjected to 
ultrasound examination. A total of 12 regions were examined in one 
patient a; lung ultrasound score 0, 0 to 2 B lines b; 1, at least three 

B lines, one or more small subpleural consolidations separated by a 
normal pleural line (c, d); 2, multiple coalescent B lines, or multiple 
small subpleural consolidations separated by a thickened or irregular 
pleural line (e, f); 3, consolidation or subpleural consolidation of more 
than 1 cm×2 cm g
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The inter-group differences remained in the bilateral lungs 
(0.0 [0.0 to 0.3] vs. 2.0 [0.0 to 4.3], P < 0.01) and dependent 
lungs (0.0 [0.0 to 0.0] vs. 1.5 [0 to 3.0], P < 0.01) before 
patients were discharged from the PACU. The LUS scores 
of the dependent lungs were statistically higher than those 
of the independent lungs at T2 and T3 in Group CR.

Next, we analysed the effect of ultrasound-guided lung 
recruitment on atelectasis at different timepoints. Compared 
with that after anesthetic induction (T1), the incidence of 
atelectasis at the end of surgery (T2) assessed by LUS sig-
nificantly increased in Group CR (53% vs. 3%; P < 0.01; 
Table 3) especially in the dependent lungs, whereas the inci-
dence of atelectasis showed no differences in Group UR (7% 
vs. 3%; P = 1.00). Furthermore, the incidence of atelectasis 
was statistically lower in Group UR than in Group CR (7% 
vs. 53%; P < 0.01) at the end of surgery (T2). However, the 
incidence of atelectasis decreased after extubation in both 
groups, and the difference between the two groups decreased 
(3% vs. 23%; P = 0.05; Table 3) in the PACU (T3). The inci-
dence of atelectasis in the dependent lungs was significantly 
higher than that in the independent lungs at both T2 and 
T3 in Group CR. Additionally, the proportion of multiple 

P < 0.01) at the end of surgery, respectively. Before patients 
discharged from the PACU, lung aeration improved in both 
Group UR (2.0 [0.8 to 4.0] vs. 0 [0.0 to 0.3], P < 0.01) and 
Group CR (8.0 [3.8 to 10.3] vs. 2.0 [0 to 4.3], P < 0.01). 

Table 1  Baseline characteristics of the patients
Variables Group UR 

(n = 30)
Group CR 
(n = 30)

P 
value

Age (years) 58.8 
(49.0–68.0)

58.8 
(50.8–67.0)

0.91

Height (cm) 163.2 (6.7) 163.3 (6.7) 0.94
Weight (kg) 61.7 (9.7) 62.2 (9.4) 0.82
Body mass index (kg·m− 2) 23.0 (2.5) 23.3 (2.9) 0.73
Crystalloid fluids (ml) 1100 

(600–1100)
1100 
(1075–1100)

0.36

Duration of surgery (min) 74.0 
(39.0–100.0)

75.0 
(38.8–112.5)

0.73

Duration of anaesthesia (min) 110.0 
(69.0–141.0)

112.5 
(71.8–160.0)

0.44

Type of surgery (Wedge 
resection / Segmentectomy / 
Lobectomy)

15/3/12 16/3/11 0.89

Data are presented as mean (SD) or median (IQR). UR, ultrasound 
group. CR, control group

Fig. 3  CONSORT flow diagram of patient recruitmen
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Thirty minutes after the PACU admission, SpO2 value 
was significantly higher in Group UR group than that 
in Group CR [95.0% (92.0 to 97.0%) vs. 93.0% (92.0 to 
95.0%), P = 0.04]. However, before patients were discharged 
from the PACU, no intergroup differences were observed 
in terms of PaO2 /FiO2 (P = 0.87), PaCO2 (P = 0.91), SpO2 
(P = 0.19), length of PACU stay (P = 0.86), lactate level 
(P = 0.14), or haemoglobin level (P = 0.92) (Table 5). The 
length of postoperative hospital stay was similar for both 
groups (P = 0.34).

4  Discussion

Our study showed that among patients undergoing VATS for 
lung cancer resection, ultrasound-guided RMs significantly 
reduced the incidence of atelectasis and improved lung aera-
tion at the end of surgery compared with conventional RMs. 
The difference in lung aeration between the groups remained 
after spontaneous breath before discharged from the PACU, 
as evaluated by the LUS scores. However, the ultrasound-
guided RMs failed to further improve arterial oxygenation 
at that time. In addition, we noticed a higher incidence of 
atelectasis in the dependent lungs than in the independent 
lungs immediately after surgery and in the PACU.

With continuous advancements in surgical techniques 
and perioperative anaesthetic management, lung resection 
with VATS has been widely accepted for its less invasive 
and faster recovery compared with the traditional thora-
cotomy [15]. However, perioperative lung complications, 
including atelectasis, remain a major concern [16]. The 
RMs have been demonstrated to be effective at reducing 
perioperative atelectasis and lung infections, improving 
oxygenation and lung compliance, and reducing the need 

B lines (≥ 3) and atelectasis detected in the posterior lung 
areas was higher than that in other regions (Table 4). None 
of the patients underwent unstable haemodynamics during 
lung recruitment and severe hypoxemia (SpO2 < 90%) dur-
ing OLV regardless of the surgical type.

Table 2  Lung ultrasound scores of the patients in both groups
Variables Group 

UR 
(n = 30)

P 
valuea

Group 
CR 
(n = 30)

P 
valueb

P 
valuec

LUS examination 
at T1
Ultrasound score 0.0 

(0.0–0.0)
0.0 
(0.0–0.0)

0.30

Dependent lungs 0.0 
(0.0–0.0)

0.0 
(0.0–0.0)

0.54

Independent lungs 0.0 
(0.0–0.0)

0.0 
(0.0–0.0)

0.32

LUS examination 
at T2

T1 vs. 
T2

T1 vs. 
T2

Ultrasound score 2.0 
(0.8–4.0)

< 0.01 8.0 
(3.8–10.3)

< 0.01 < 0.01

Dependent lungs 2.0 
(0.8–4.0)

< 0.01 6.0 
(2.8–10.0)

< 0.01 < 0.01

Independent lungs 0.0 
(0.0–0.0)

1.00 0.0 
(0.0–0.3)

0.02 < 0.01

LUS examination 
at T3

T2 vs. 
T3

T2 vs. 
T3

Ultrasound score 0.0 
(0.0–0.3)

< 0.01 2.0 
(0.0–4.3)

< 0.01 < 0.01

Dependent lungs 0.0 
(0.0–0.0)

< 0.01 1.5 
(0.0–3.0)

< 0.01 < 0.01

Independent lungs 0.0 
(0.0–0.3)

1.00 0.0 
(0.0–1.0)

0.80 < 0.01

Data are presented as median (IQR). LUS, lung ultrasound. UR, 
ultrasound group. CR, control group. T1, 1 min after the induction 
of anesthesia; T2, at the end of surgery; T3, before discharge from 
the PACU. a Comparisons in the intervention group: T1 versus T2, 
T2 versus T3. b Comparisons in the control group: T1 versus T2, T2 
versus T3. c Intervention group versus control group

Table 3  Incidences of atelectasis in patients measured using lung ultra-
sound
Variables Group UR (n = 30) Group CR (n = 30) P value
Atelectasis at T1 1 (3) 1 (3)
Dependent lungs 0 (0) 0 (0)
Independent 
lungs

1 (3) 1 (3)

Atelectasis at T2 2 (7) 16 (53) < 0.01
Dependent lungs 2 (7) 14 (47) < 0.01
Independent 
lungs

0 (0) 2 (7)

Atelectasis at T3 1 (3) 7 (23) 0.052
Dependent lungs 1 (3) 7 (23) 0.052
Independent 
lungs

0 (0) 0 (0)

Data are presented as number (%). UR, ultrasound group. CR, control 
group. T1, 1 min after the induction of anesthesia; T2, at the end of 
surgery; T3, before discharge from the PACU

Table 4  Atelectasis and B-line (≥ 3) distribution among the 12 chest 
areas analyzed before patients discharged from the PACU
Variables Patients (n = 60) Chest 

areas with multiple 
B-lines (≥ 3)

Patients 
(n = 60) Chest 
areas with 
atelectasis

Scan1 (right ant. sup.) 2 (3) 0 (0)
Scan2 (right ant. inf.) 1 (2) 0 (0)
Scan3 (right lat. sup.) 5 (8) 0 (0)
Scan4 (right lat. inf.) 3 (5) 0 (0)
Scan5 (right post. sup.) 11 (18) 1 (2)
Scan6 (right post. inf.) 11 (18) 2 (3)
Scan7 (left ant. sup.) 0 (0) 0 (0)
Scan8 (left ant. inf.) 1 (2) 0 (0)
Scan9 (left lat. sup.) 7 (12) 3 (5)
Scan10 (left lat. inf.) 5 (8) 1 (2)
Scan11 (left post. sup.) 9 (15) 4 (7)
Scan12 (left post. inf.) 14 (23) 3 (5)
Data are presented as number (%). PACU, post-anesthesia care unit
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RMs did not significantly improve the PaO2/FiO2 ratio in 
the early postoperative period, suggesting that some other 
mechanisms, such as postoperative pain, sputum excre-
tion, and a reduction in lung volume might also influence 
oxygenation.

Insufficient RMs produce suboptimal lung aeration, 
while excessive high-pressure RMs may contribute to alve-
olar overdistention and barotrauma, leading to decrease in 
cardiac output, hypotension, and ventilator-induced lung 
injury [21]. Although no obvious hypotension and brady-
cardia were found during lung recruitment in the present 
study, we should pay attention to their hemodynamics when 
applying RMs. From the view of risk-benefit, RMs guided 
with real-time LUS at the bedside may be a good strategy.

A previous study demonstrated that atelectasis caused by 
surgery and anaesthesia rapidly resolved after extubation in 
the PACU [11]. Similarly, our study showed that the inci-
dence of atelectasis decreased significantly after extubation 
in both groups, which may be due to lung recruitment by 
the cough reflex. However, our results showed that a certain 
degree of lung aeration deterioration still existed after extu-
bation in Group CR, as evidenced by high LUS scores at T3, 
indicating that aeration loss in several lung areas remained 
even after the neuromuscular blockade had been completely 
reversed. These findings further demonstrate the advantages 
of LUS-guided RMs in terms of lung aeration improvement.

We also noticed a higher incidence of atelectasis in the 
dependent lungs than in the independent lungs in both 
groups after surgery and in the PACU, which may be related 
to the lateral decubitus position and the fact that RMs of the 
surgical lung were performed directly under surgeon super-
vision [22]. During OLV in the lateral decubitus position, 
the expansion of the dependent lung is usually hindered by 
the overlying compression of the mediastinum and abdomi-
nal organs, the raised paralysed diaphragm, and the pressure 
and noncompliance of the chest wall [20]. Therefore, atelec-
tasis may readily appear in the dependent lung, resulting in 
a lung surface with lower ventilation and oxygenation [23]. 
A previous study demonstrated that the incidence of atelec-
tasis was higher in the dependent anterior chest in the prone 
position after surgery. In another study, worst LUS scores 
were detected in the inferoposterior quadrant in the supine 
position during gynaecological surgery [7, 24]. In our study, 
atelectasis occurred mainly at the posterior lung regions 
of the dependent lungs, which is consistent with the idea 
that atelectasis primarily exists in gravity-dependent lung 
regions [25].

A high oxygen concentration is often used to maintain 
adequate oxygenation during OLV [26]. In our study, an 
80% FiO2 was used during OLV, and no patient developed 
dangerous hypoxemia during surgery. Exposure to 100% O2 
can precipitate absorption atelectasis and an overproduction 

for high FiO2 in patients undergoing thoracic surgery [17, 
18]. However, there is no clinical consensus on the opti-
mal recruitment strategy for individual patient [16]. There-
fore, individualized and tailored RM strategies are needed 
for surgical patients that take into account their physiologic 
differences.

Recent studies have suggested that ultrasound-guided 
RMs reduce atelectasis in children or adult laparoscopic 
surgical patients [7, 8, 12]. In our study, ultrasound-guided 
RMs was found to be more effective at improving lung aera-
tion as well as reducing perioperative atelectasis in patients 
undergoing thoracic surgery compared with Group CR. The 
LUS can be applied to evaluate the extent of atelectasis and 
the patients’ response to lung recruitment individually and 
dynamically; thus, it may be helpful to perform optimal 
lung recruitment in surgical patients [12].

During VATS procedures, the lungs undergo a variety 
of stress factors, including OLV, compression and injury 
of the lung, positive pressure ventilation, and surgical 
trauma-induced inflammatory response [19]. These factors 
may contribute to increase the development of atelectasis, 
hypoxemia, and lung dysfunction during the perioperative 
period [20]. In the present study, we found that ultrasound-
guided RMs improved SpO2 30  min after patients enter-
ing the PACU, which may be due to reduced atelectasis 
and improved lung aeration. However, ultrasound-guided 

Table 5  Comparison of intra- and post-operative variables between 
groups
Variables Group UR 

(n = 30)
Group CR 
(n = 30)

P 
value

SpO2 (%) at T1 98.0 
(95.8–100.0)

98.0 (95.0–100.0) 1.00

SpO2 (%) at T2 97.0 
(95.6–100.0)

98.0 (96.0–100.0) 0.97

SpO2 (%) at T3 96.0 (94.0–98.3) 95.0 (92.0–97.5) 0.19
SpO2 (%) at T4 95.0 (92.0–97.0) 93.0 (92.0–95.0) 0.04*
PaO2/FiO2 (mmHg) 
at T3

388.3 
(333.1–458.3)

371.0 
(344.3–445.2)

0.87

PaCO2 (mmHg) at T3 44.5 (40.0–47.0) 44.5 (41.0–46.3) 0.91
MBP (mmHg) at T1 79.8 (13.3) 76.5 (12.7) 0.84
MBP (mmHg) at T2 87.3 (15.0) 82.2 (13.6) 0.75
HR (bpm) at T1 70.6 (13.5) 68.8 (12.4) 0.58
HR (bpm) at T2 72.7 (14.3) 75.5 (13.7) 0.16
Length of PACU stay 
(min)

43.5 (31.8–66.3) 49.0 (32.2–60.0) 0.86

Lactate (mmol·l− 1) 0.8 (0.7–1.1) 1.0 (0.7–1.5) 0.14
Haemoglobin (lg·l− 1) 10.9 (9.9–12.7) 11.2 (10.2–12.1) 0.92
Length of hospital 
stay (day)

7.0 (5.8–7.0) 7.0 (5.8–9.3) 0.34

Data are presented as mean (SD) or median (IQR). UR, ultrasound 
group; CR, control group; MBP, mean blood pressure; HR, heart 
rate; PACU, post-anesthesia care unit. T1: 1 min after the induction 
of anesthesia; T2: at the end of surgery. T3: before discharge from 
PACU. T4: 30 min after entering PACU
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