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Background: To examine the influence of positive end-expiratory pressure (PEEP) settings on lung 
mechanics and oxygenation in elderly patients undergoing thoracoscopic surgery. 
Methods: One hundred patients aged >65 years were randomly allocated into either the PEEP5 or the 
electrical impedance tomography (EIT) group (PEEPEIT). Each group underwent volume-controlled 
ventilation (tidal volume 6 mL/kg predicted body weight) with the PEEP either fixed at 5 cmH2O or set at 
an individualized EIT setting. The primary endpoint was the ratio of the arterial oxygen partial pressure 
to the fractional inspired oxygen (PaO2/FiO2). The secondary endpoints included the driving pressure, and 
dynamic respiratory system compliance (Cdyn). Other outcomes, such as the mean airway pressure (Pmean), 
mean arterial pressure (MAP), lung complications and the length of hospital stay were explored. 
Results: The optimal PEEP set by EIT was significantly higher (range from 9–13 cmH2O) than the fixed 
PEEP. PaO2/FiO2 was 47 mmHg higher (95% CI: 7–86 mmHg; P=0.021), Cdyn was 4.3 mL/cmH2O higher 
(95% CI: 2.1–6.7 cmH2O; P<0.001), and the driving pressure was 3.7 cmH2O lower (95% CI: 2.2–5.1 mmH2O; 
P<0.001) at 0.5 h during one-lung ventilation (OLV) in the PEEPEIT group than in the PEEP5 group. 
At 1 h during OLV, PaO2/FiO2 was 93 mmHg higher (95% CI: 58–128 mmHg; P<0.001), Cdyn was  
4.4 mL/cmH2O higher (95% CI: 1.9–6.9 mL/cmH2O; P=0.001), and the driving pressure was 4.9 cmH2O 
lower (95% CI: 3.8–6.1 cmH2O; P<0.001) in the PEEPEIT group than in the PEEP5 group. PaO2/FiO2 was 
107 mmHg higher (95% CI: 56–158 mmHg; P<0.001) in the PEEPEIT group than in the PEEP5 group 
during double-lung ventilation at the end of surgery.
Conclusions: PEEP values determined with EIT effectively improved oxygenation and lung mechanics 
during one lung ventilation in elderly patients undergoing thoracoscopic surgery.
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Introduction

Elderly patients often develop pulmonary dysfunction, 
which is associated with a high risk for thoracic surgery (1).  
Age has been reported to be one of the independent risk 
factors for major pulmonary complications and to be 
associated with poor long-term outcomes after thoracic 
surgery (2). Although the video-assisted thoracic surgery 
approach has reduced pulmonary complications from 
45% to 28% compared with thoracotomy in elderly 
patients (3), the incidence of complications is reported to 
be 7.3–13%, which is relatively higher than the average 
reported incidence (2,4-6). Intraoperative anaesthesia 
and ventilation management may be critical for reducing 
postoperative pulmonary complications (7-9). 

A previous study indicated that the implementation 
of a lung protective ventilation (LPV) strategy during 
one-lung ventilation (OLV) can improve the prognosis 
of elderly patients (10). At present, the commonly used 
LPV strategy involves the use of lung recruitment 
manoeuvres, a small tidal volume (VT) (6–8 mL/kg ideal 
body weight), and certain levels of positive end-expiratory 
pressure (PEEP) (11). Although a small VT is an important 
component of an LPV strategy for surgical patients 
during OLV, without an adequate level of PEEP, it does 
not prevent postoperative respiratory complications (12). 
We speculate that the most likely reason for this issue 
is that reducing the VT inevitably increases the risk for 
atelectasis, and it is necessary to keep the lungs open with 
an appropriate PEEP. In other words, we need to find 
a balance between hyperinflation and atelectasis. Given 
that the closing capacity commonly exceeds the functional 
residual capacity (FRC) in older patients it can be assumed 
that a substantial portion of the ventilation during small 
VT OLV occurs below the closing capacity unless active 
measures to restore the end-expiratory lung volume are 
taken. Therefore, the PEEP setting is important for older 
patients. However, how to optimize the PEEP setting 
during OLV remains a controversial topic, and whether a 
fixed PEEP value is suitable for all patients, especially in 
the elderly patients during OLV, is unclear.

Electrical impedance tomography (EIT) is a medical 
imaging method that allows the reconstruction of dynamic 
pulmonary images; safe electrical signals are applied to the 
human body, and the changes in chest conductivity caused 
by the changes in lung gas distributions are measured (13). 
It can be used to monitor pulmonary ventilation in real 
time and guide the selection of individualized ventilation 

parameters (14). A recent study reported that EIT can 
be used for selecting individualized PEEP settings to 
optimize intraoperative mechanical ventilation, to improve 
intraoperative oxygenation and to reduce postoperative 
atelectasis in abdominal surgery (9). Nestler et al. also 
reported that an individualized high PEEP titrated 
by EIT can restore end-expiratory lung volume and 
improve regional ventilation distribution and oxygenation 
during anaesthesia in obese patients undergoing elective 
laparoscopic surgery (15). In these studies, the approach 
based on regional compliance proposed by Costa et al. was 
often used for bedside PEEP titration (16). Our previous 
study also revealed that it was feasible to titrate the PEEP 
at the bedside during OLV using EIT in combination with 
PaO2 (17). We hypothesize that individualized PEEP values 
titrated by EIT can improve ventilation and respiratory 
mechanics in elderly patients undergoing thoracoscopic 
surgery during OLV.

The aim of this study was to examine whether the PEEP 
value set based on EIT can improve respiratory mechanics 
and oxygenation compared to a fixed PEEP of 5 cmH2O in 
elderly patients during thoracoscopic ventilation. 

Methods

This study was approved by the Ethics committee of 
the Shanghai Chest Hospital (Chair: Dr. Zheng Ning, 
permission NO. KS1866) on Sep-18-2018, and all 
patients signed written informed consent forms before 
enrolment. The trial was registered in the Chinese Clinical 
Trial Registry (www.chictr.org.cn/, registry number: 
ChiCTR1900021119) on Jan-29-2019.

Selection and description of the participants

Consecutive patients older than 65 years scheduled for 
thoracoscopic pneumonectomy were included in the study 
from Jan-30-2019 to May-14-2019. The inclusion criteria 
were as follows: (I) was scheduled for thoracoscopic lung 
surgery; (II) needed OLV during operation; (III) was 
expected to need postoperative hospitalization for at least 
2 days; (IV) was diagnosed with an American Association 
of Anaesthesiologists (ASA) score of II or III; and (V) had a 
complete pulmonary function examination report available 
before the operation. The exclusion criteria were as follows: 
(I) poor lung function (i.e., suspected OLV intolerance); (II) 
preoperative bronchiectasis, respiratory infection, persistent 
cough and large sputum volumes (>100 mL/day); (III) 

http://www.chictr.org.cn/, registry number: ChiCTR1900021119
http://www.chictr.org.cn/, registry number: ChiCTR1900021119
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any contraindications to the use of EIT (e.g., pacemaker, 
automatic implantable defibrillator, implantable pump); (IV) 
preoperative haemodynamic instability; and (V) suspected 
PEEP titration intolerance. 

The patients were randomly allocated into one of 
two groups, the PEEP5 or PEEPEIT group, using simple 
randomization, yielding a 1:1 ratio of patients in each 
group. The randomization sequence was generated by staff 
members not involved in the current study. The sequence 
was concealed using sealed opaque envelopes.

Technical information

Anaesthesia was induced with target-controlled infusion 
of propofol (4.0 µg·mL-1), sufentanil (0.5 µg·kg-1) and 
cisatracurium (0.2 mg·kg-1). The muscle relaxation 
levels were closely and automatically monitored by an 
acceleromyograph (TOF-watch-SX, MSD BV, Oss, 
the Netherlands), and neuromuscular transmission was 
continuously monitored every 15 seconds. Anaesthesia 
were maintained with 2.0–3.0 µg·mL-1 propofol target 
infusion, remifentanil 0.1 µg·kg-1·min-1 and cisatracurium 
0.12 mg·kg-1·h-1 and adjusted by the anaesthesiologist 
according to his or her clinical experience. After the 
anaesthesia and muscle relaxation stages were completed, 
a double-lumen endobronchial tube (Shiley™35 or  
37 French, Covidien, Mansfield, MA) was inserted with 
a visual laryngoscope and a fiberoptic bronchoscopy to 
ensure the correct position of the tube. Double-lung 
mechanical ventilation (DLV) (Primus, Dräger Medical, 
Lübeck, Germany) was applied with a VT of 8 mL·kg-1 
ideal body weight, an inhaled fraction of oxygen (FiO2) 
of 1.0, an inspiration-to-expiration time (I:E) ratio of 1:2, 
a ventilation frequency of 15 breaths·min-1 and a PEEP 
of 5 cmH2O. All patients were in the lateral position 
required for surgery. During OLV, the VT was adjusted 
to 6 mL·kg-1 ideal body weight. The PEEP level was set 
to either 5 cmH2O (PEEP5 group) or an individualized 
setting determined by EIT titration (PEEPEIT group). 
An insulation blanket kept the patients’ nasopharyngeal 
temperature above 36 ℃. After surgery, the double lumen 
tube was not changed, the patients were switched to DLV, 
and then the two-lung recruitment manoeuvre (pressure 
held at 35 cmH2O for 15 seconds) was performed for 
lung re-expansion after the two drainage tubes (apical and 
basal tubes) were placed and the chest was closed. None 
of the patients used CO2 pneumothorax. The DLV mode 
was maintained until patients extubated in the recovery 

room. The ventilator parameters were as follows: VT of 
8 mL·kg-1, FiO2 of 0.6 and PEEP of 5 cmH2O. All other 
ventilator parameters remained unchanged during the 
study. The duration of this DLV period was 30–40 min. 
After the operation, all the patients were transferred to 
the recovery room (post-anaesthesia care unit, PACU) for 
extubation. The PACU was near the operation room area 
and under the charge of a senior anaesthesiologist. The 
patients were managed under the ERAS guidelines and 
extubated within 30 min after surgery.

Individual PEEP titration in the EIT group was 
performed as follows. A 40-mm EIT electrode belt, which 
carries 16 electrodes, was placed around the thorax in 
the fifth intercostal space, and one reference electrode 
was placed at the patients’ abdomen (PulmoVista 500, 
Draeger Medical, Luebeck, Germany). EIT images were 
continuously recorded at 20 Hz and reconstructed with the 
baseline referring to the lowest impedance value measured 
before the PEEP titration started. The data were filtered 
using a Butterworth 4th degree low-pass filter with a cut-
off frequency of 50/min to eliminate impedance changes 
synchronous with the heart rate. After the manual lung 
recruitment manoeuvre (pressure held at 35 cmH2O for  
15 seconds each) was performed twice, a decremental PEEP 
trial was performed from 15 to 1 cmH2O with increments 
of 2 cmH2O, and each level was held for one minute each 
(with deviations of up to 5 seconds). EIT data analysis was 
achieved with customized software. Regional respiratory 
system compliance was computed in all pixels in the lung 
regions at each PEEP level. Then, cumulated collapse 
and overdistension percentages were estimated based 
on the change in the regional compliance curve during 
decremental PEEP titration, either towards lower or higher 
PEEP levels (16). The PEEP level selected for the patients 
in the EIT group was the intercept point of the cumulated 
collapse and overdistension percentages curves, providing 
the compromise between the collapsed and overdistended 
lung (Figure 1).

Baseline demographics, such as sex, age, body mass 
index, history of hypertension and diabetes, smoking 
history, drinking history, pulmonary function examination 
results, infusion volume and operation time were recorded. 
The primary endpoint was the ratio of the arterial 
oxygen partial pressure to the fractional inspired oxygen  
(PaO2/FiO2) at the following time points: (I) during DLV 
after anaesthesia, (II) during OLV at 0.5 h, (III) during 
OLV at 1 h after the operation start, and (IV) during 
DLV at the end of the operation in the operating room. 
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The secondary endpoints included the driving pressure 
and dynamic respiratory system compliance (Cdyn) at 
various time points. Other outcomes that were collected 
and compared included the peak airway pressure (Ppeak), 
plateau pressure (Pplat), mean airway pressure (Pmean), mean 
arterial pressure (MAP), vasopressin drug dosage, partial 
pressure of carbon dioxide (PaCO2), PH, postoperative 
pulmonary complications, and length of hospital stay. The 
following pulmonary complications during postoperative 
hospitalization were included: (I) atelectasis detected on 
CT scans or chest radiographs; (II) pneumonia diagnosed 
according to the Centers for Disease Control standards (18)  
or aspiration pneumonia; (III) acute respiratory distress 
syndrome diagnosed according to the Berlin definition (19); 
(IV) stump leakage, chest drainage for more than 5 days; 

(V) bronchopleural fistula; (VI) ventilation support for more 
than 48 h; (VII) re-tracheal intubation; (VIII) empyema; (IX) 
respiratory failure; (X) pulmonary embolism; and (XI) pleural 
effusion. Subgroup analyses were carried out to determine 
the changes in respiratory mechanics and PaO2/FiO2 in 
patients with normal or poor preoperative lung function and 
the side effects of OLV under different PEEP levels. Patients 
with poor lung function were defined as those with MVV % 
or FEV1% <70% of the predicted value, and the different 
sides were compared in single lung ventilation.

Statistics

According to our unpublished preliminary experiment that 
included 5 patients in each group, the use of individualized 

Figure 1 Individual PEEP titration method using lung electrical impedance tomography (EIT). (A) Mean tidal volume image of one-
lung ventilation. Pixel values are relative impedances reported in arbitrary units. (B) Decremental PEEP trial from 15 to 1 cmH2O with 
increments of 2 cmH2O and a duration of one minute at each level. (C) The intercept point of the cumulated collapse and overdistension 
percentage curves (black arrow) is the optimal PEEP.
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PEEP titration can increase PaO2/FiO2 by 20%. Thus, 
we set α =0.05, 1− β =0.8, and the ratio of members in 
each group to be 1:1 and estimated the sample size using 
G*power software (version 3.1.9.2; Franz Faul, Universitat 
Kiel, Germany) and the F-test in repeated measures 
analysis of variance; the recommended sample size was 82. 
Considering the exploratory nature of this study, possible 
drop-outs and the variation of the group differences, 
the sample size was set to be 100. Statistical analysis was 
performed using SPSS (version 23; IBM Corp. Armonk, 
NY, USA). The mean ± standard deviation was used where 
applicable. The PaO2/FiO2, Cdyn, driving pressure and intra-
group comparisons were analysed by the general linear 
model of two-way repeated measures ANOVA, followed 
by Tukey’s HSD post-hoc test for multiple comparisons. 
The ASA classification and modus operandi were compared 
by the chi-squared test. The respiratory mechanics and 
arterial blood gasses between the two groups were tested 
by the independent samples t test. When the data were not 
normally distributed, the rank-sum test was used instead 

of the t test. P<0.05 was considered statistically significant. 
The significance levels were corrected where applicable for 
multiple comparisons using Holm’s sequential Bonferroni 
method.

Results 

One hundred and twenty-one patients were screened. The 
complete flow diagram is given in Figure 2. Eleven patients 
were excluded due to poor lung function (n=3), expected 
length of hospital stay of fewer than two days (n=2), Ppeak > 
40 cmH2O with haemodynamic instability (n=3) or SpO2 

<85% (n=3). In total one hundred ten patients were 
randomly allocated into the two groups (54 in PEEP5 
and 56 in the PEEPEIT group). The study protocol was 
successfully completed in one hundred patients (50 in 
PEEP5 and 50 in the PEEPEIT group; Figure 2). No 
significant differences were found terms of sex, age, body 
mass index, ASA classification, pulmonary function, infusion 
volume or operation time between the two groups at 

Figure 2 Workflow of the thoracoscopic surgery protocol applied in aged patients from both groups. Ppeak, peak pressure; SpO2, peripheral 
capillary oxygen saturation; PEEPind, electrical impedance tomography-based individualized PEEP; PEEP5, a fixed PEEP of 5 cmH2O 
PEEP; PBW, predicted body weight; DLV, two-lung ventilation; OLV, one-lung ventilation; VCV, volume-controlled ventilation; VT, tidal 
volume; RR, respiratory rate; I:E, inspiration to expiration time.
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baseline (Table 1). 
During OLV, the individualized PEEP titrated with 

EIT ranged from 9 to 13 cmH2O (10.8±1.8), which was 
significantly higher than the PEEP value applied in the 
control group (5 cmH2O, P<0.01). 

PaO2/FiO2 decreased in both groups during OLV 
compared with DLV (P<0.001). PaO2/FiO2 in the EIT 
group was 47 mmHg higher at 0.5 h (95% CI: 7–86 mmHg; 
P=0.021), 93 mmHg higher at 1 h (95% CI: 58–128 mmHg; 
P<0.001) during OLV, and 107 mmHg higher at the end of 
the operation (95% CI: 56–158 mmHg; P<0.001) compared 
with that in the control group (Figure 3A). 

The driving pressure was 3.7 cmH2O lower at 0.5 h 
(95% CI: 2.2–5.1 mmH2O; P<0.001) and 4.9 cmH2O lower 
at 1 h (95% CI: 3.8–6.1 cmH2O; P<0.001) during OLV in 
the EIT group than in the control group, but there was no 
significant difference at the end of the operation between 
the control and EIT groups (Figure 3B). 

Cdyn was 4.3 mL/cmH2O higher in the EIT group than 
in the control group at 0.5 h (95% CI: 2.1–6.7 mL/cmH2O; 
P<0.001), and 4.4 mL/cmH2O higher at 1 h (95% CI: 1.9–
6.9 mL/cmH2O; P=0.001) during OLV (Figure 3C). 

The subgroup analysis revealed a similar trend compared 
to the primary results in Figure 3. The results were 
descriptively analysed due to the significant imbalance in 
the number of subgroups (Tables 2,3).

Compared to the PEEP5 group, the PEEPEIT group 
had significantly higher Ppeak, Pmean and Pplat values during 
OLV after 0.5 and 1 h. pH and PCO2 showed significant 
difference between the groups only at the end of operation 
(P<0.05; Table 4). 

No significant differences were found in the use of 
vasoactive drugs, lung complications or duration of 
hospitalization between the two groups (Table 5). 

Discussion

In this study, EIT was used to titrate PEEP during OLV 
in elderly patients undergoing thoracoscopic surgery and 
the outcomes were compared to a fixed PEEP of 5 cmH2O 
during surgery. Ventilation with individualized PEEP can 
significantly improve PaO2/FiO2, the driving pressure and 
Cdyn, but not the incidence of pulmonary complications or 
the length of hospital stay after surgery. The results of our 
study show that the optimal PEEP can be set by EIT and 
effectively improve lung mechanics during the operation in 
this patient population.

A suitable combination of a PEEP with low VT has been 
indicated to reduce the mechanical ventilation pressure, 
prevent acute lung injuries, and play a protective role in 
lung ventilation (20). It is one of the effective measures 
that may reduce postoperative complications. However, the 
optimal level of PEEP depends on the patient’s individual 
status, body mass index and posture. It is questionable 
whether the same fixed PEEP value can meet the individual 
needs of all patients. Leong et al. compared high and low 
PEEP settings in patients with open-chest OLV (21). They 
found no significant differences in the Cdyn and oxygenation 
index. We suspect that the PEEP used in that study was not 
individually titrated or optimal. 

Previous approaches used to identify individualized 
PEEP settings include the identification of the pressure 
obtained at the low inflection point (or +2 cmH2O) of the 
static pressure-volume curve and the value corresponding to 
the best oxygenation level or Cdyn. The generation of a static 
pressure-volume curve requires an interruption of normal 

Table 1 Baseline demographics and comparison between the two 
study groups

Characteristic PEEP5 (n=50)  PEEPEIT (n=50)

Sex (M/F) 21/29 23/27

Age (years) 69.0±3.3 70.2±4.3

BMI (kg∙m-2) 23.2±3.1 24.3±4.5

ASA classification (II/III) 39/11 39/11

Smokes (yes/no) 12/38 9/41

Drinks alcohol (yes/no) 7/43 2/48

Hypertension (yes/no) 14/36 17/33

Diabetes (yes/no) 5/45 3/47

MVV (%predicted) 115.6±22.5 118.3±30.5

FEV1 (% predicted) 86.5±14.2 92.2±18.7

Transfusion volume (mL) 1,290±422 1,241±416

Operation time (min) 93±41 87±54

Procedure

Pneumonectomy 1 0

Wedge resection 12 9

Lobectomy 30 37

Wedge + lobectomy 7 4

M, male; F, female; BMI, body mass index; MVV %predicted, 
ratio of measured value to theoretical predicted value of 
maximal ventilatory volume; FEV1, forced expiratory volume in 1 
second.
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Table 2 Subgroup analyses of the changes in respiratory mechanics and PaO2/FiO2 in patients with normal or poor preoperative lung function 
under different PEEP levels 

Lung function Group n DLV OLV 0.5 h OLV 1 h DLV-End of operation

PaO2/FiO2

Normal PEEP5 44 340.4±92.1 189.9±74.5 215.4±59.5 333.0±118.5

PEEPEIT 45 358.2±99.3 250.1±107.0a 319.0±98.4a 445.3±133.5a

Poor PEEP5 6 299.8±79.1 139.3±74.7 167.9±72.8 385.2±189.7

PEEPEIT 5 350.2±67.0 220.9±119.5 277.6±87.5b 453.8±117.7

Cdyn

Normal PEEP5 44 24.8±5.5 14.8±5.0 16.0±4.7 25.3±5.8

PEEPEIT 45 26.8±7.2 19.4±6.7a 21.1±7.6a 27.4±7.7

Poor PEEP5 6 25.4±5.7 12.9±5.4 18.8±5.1 26.5±5.4

PEEPEIT 5 23.7±6.6 18.9±4.8b 20.3±4.9 26.2±4.3

ΔP

Normal PEEP5 44 14.0±4.3 18.0±4.1 18.4±4.4 14.9±4.3

PEEPEIT 45 13.9±3.3 14.6±3.2a 15.9±3.6a 14.1±2.9

Poor PEEP5 6 14.7±4.5 17.7±6.3 17.5±6.0 15.3±3.1

PEEPEIT 5 16.0±2.8 14.0±2.2b 13.1±4.2b 15.3±3.3

Poor lung function was defined as MVV % or FEV1% <70% of the predicted value. aP<0.05, comparation between the PEEPEIT and PEEP5 

in the normal subgroup. bP<0.05, comparation between the PEEPEIT and PEEP5 in the poor lung function subgroup.

Figure 3 Comparison of PaO2/FiO2 (A), driving pressure (B) and pulmonary dynamic compliance (C) between the two study groups 
at different time points. PaO2, partial pressure of oxygen in arterial blood; FiO2, fraction of inspired oxygen; ΔP, driving pressure; Cdyn, 
pulmonary dynamic compliance; DLV, double-lung ventilation; OLV, one-lung ventilation; PEEP, positive end-expiratory pressure; PEEPind, 
individual PEEP determined with EIT; *, significant difference compared to the control group, P<0.05.
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Table 3 Subgroup analyses of the changes in respiratory mechanics and PaO2/FiO2 in patients with right or left lung ventilation under different 
PEEP levels

Ventilated side Group n DLV OLV 0.5 h OLV 1 h DLV-End of operation

PaO2/FiO2

Right PEEP5 18 314.0+112.1 208.7+92.0 232.3+88.9 368.7+133.2 

PEEPEIT 15 389.8+75.9 274.1+119.9a 336.0+106.2a 476.4+113.3a

Left PEEP5 35 329.0+112.1 182.3+75.0 212.9+63.5 322.7+123.5

PEEPEIT 32 343.5+101.3 243.9+99.6b 302.9+98.5 b 433.2+137.2b

Cdyn

Right PEEP5 18 24.0+5.5 14.9+3.8 16.1+4.6 24.7+6.1

PEEPEIT 15 28.2+7.8 19.7+5.9 a 20.8+7.3a 27.9+8.0

Left PEEP5 35 27.3+7.2 14.1+2.8 15.4+2.6 27.3+7.7

PEEPEIT 32 24.4+5.6 17.9+5.5b 19.9+6.7b 26.1+5.9

ΔP

Right PEEP5 18 13.7+3.2 20.5+2.6 20.4+3.2 15.8+2.6

PEEPEIT 15 14.3+5.0 16.5+4.2a 16.7+4.1a 14.6+4.5

Left PEEP5 35 14.7+3.1 18.2+3.8 19.1+3.5 14.7+3.0

PEEPEIT 32 13.1+3.7 14.0+2.4b 13.5+2.3b 13.7+3.5
a, P<0.05, comparation between the PEEPEIT and PEEP5 in the right lung ventilation subgroup; b, P<0.05, comparation between the PEEPEIT 

and PEEP5 in the left lung ventilation subgroup.

Table 4 Comparison of respiratory dynamic, arterial blood gas and haemodynamic parameters between the PEEP5 and PEEPEIT groups at 
different time points

Parameters Group DLV OLV 0.5 h OLV 1 h DLV-End of operation

Respiratory dynamic parameters

Ppeak (cmH2O) PEEP5 21.7±2.8 25.5±4.0 25.7±3.8 22.2±2.9

PEEPEIT 20.7±4.1 27.6±3.8* 27.7±4.6* 21.2±3.8

Pplat (cmH2O) PEEP5 19.6±2.9 23.5±3.8 23.7±3.7 20.2±2.9

PEEPEIT 18.7±4.2 25.6±3.8* 25.8±4.8* 19.0±3.8

Pmean (cmH2O) PEEP5 9.7±2.2 10.2±1.6 11.3±2.0 10.6±3.4

PEEPEIT 10.5±3.5 14.4±2.8* 13.4±2.3* 11.7±2.7

Arterial blood gas analysis parameters

pH PEEP5 7.38±0.05 7.36±0.04 7.37±0.04 7.37±0.06

PEEPEIT 7.39±0.05 7.32±0.42 7.38±0.05 7.41±0.05*

PCO2 (mmHg) PEEP5 42.3±7.5 40.7±5.2 41.2±5.1 40.8±5.4

PEEPEIT 39.9±5.2 40.0±5.0 40.4±4.3 36.8±5.7*

Haemodynamic parameter

MAP (mmHg) PEEP5 81.2±14.3 76.9±12.9 75.8±13.0 86.1±15.3

PEEPEIT 76.6±11.7 76.8±16.3 79.4±15.3 85.8±12.8

Ppeak, airway peak pressure; Pplat, Platform pressure; Pmean, mean airway pressure; PaCO2, partial pressure of carbon dioxide in artery; MAP, 
mean arterial blood pressure; compared with the PEEP5 group, *P<0.05.
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ventilation. Oxygenation-based methods require multiple 
arterial blood gas samples, which might not be suitable for 
clinical use. All the methods use global measures that might 
not reflect the regional pulmonary status (22). 

In the present study, an EIT-based PEEP optimization 
method was appl ied,  which ut i l ized the regional 
information on the lung ventilation. The PEEP value 
determined by EIT titration for the studied elderly 
patients was significantly higher than the PEEP value 
used for the fixed PEEP ventilation group. Compared 
with the fixed PEEP ventilation group, the individualized 
PEEP vent i l a t ion  group  exh ib i ted  s ign i f i cant ly 
increased oxygenation index values during and after the 
operation, increased Cdyn values and reduced driving 
pressures. This result is consistent with the results 
reported by Pereira et al. in a study involving patients 
who underwent laparoscopy (9). Pereira et al. found 
that respiratory compliance in the study group was 
higher than that in the control group with a PEEP of  
4  cmH2O (9) .  The use of  the PEEP method was 
independent of oxygenation. The main mechanism 
of improving oxygenation by PEEP is the reduction 
of the right-to-left pulmonary shunt by keeping the 
alveolar open (23,24). The PEEP method not only 
restores alveolar expansion, but also affects every lung 
unit involved in ventilation by influencing the driving 
pressure. In patients with sufficient muscle relaxation, 
the driving pressure can better reflect the alveolar 
pressure. Some studies have shown that a lower driving 
pressure correlates with the long-term prognosis of 
patients and may improve the survival rate of patients 
with ARDS (25). Although most of the previous findings 
are related to ARDS, Karagiannidis et al. reported that 
EIT-based determination of the PEEP setting can 
improve the homogeneity of ventilation in chronic 
obstructive pulmonary disease (COPD) patients (26).  
This might be one of the underlying mechanisms of 

improved respiratory mechanics and gas exchange.
One risk of PEEP titration is that the applied high airway 

pressures may affect the stability of the circulatory system. 
Previous animal studies have suggested that higher PEEP 
values reduce the volume of blood returning to the heart 
and increase the incidence of hypotension and vasoactive 
drug usage (27). One possible reason for these findings is 
that the high PEEP (20 cmH2O) used in those experiments, 
may have increased the intrathoracic pressure and reduced 
the venous return. In the present study, continuous injection 
of norepinephrine was not required in either the control or 
EIT group. There was no significant difference in vasoactive 
drug usage between the two groups during the operation. 
Ferrando et al. (28) also found that the haemodynamics 
were stable under different PEEP values and that the PEEP 
had no effect on the surgery. We found that the Ppeak in the 
EIT group was higher than that in the control group, which 
is due to a much higher PEEP in the EIT group. The 
procedure was terminated early for a total of 4 patients, who 
were in the EIT group, due to the combination of Ppeak > 
40 cmH2O and hypoxia or haemodynamic instability during 
the operation (Figure 1). The reason for this result may be 
that a high PEEP affects the amount of venous blood in this 
part of the patients, resulting in a decrease in blood pressure 
and oxygen saturation. This result suggests that when 
we use PEEP values determined by EIT titration, close 
monitoring of the Ppeak, oxygenation and haemodynamic 
is strongly recommended. In the follow-up phase, these 
patients had no complications, and the lengths of hospital 
stay were in the normal range.

Another issue regarding PEEP titration is the extension 
of the operation time. Considering all the advantages 
that individualized PEEP may potentially offer (e.g., the 
prevention of alveolar collapse in the dependent lung in 
the lateral posture, increase in the residual volume, an 
improvement in the ventilation/perfusion ratio, a reduction 
of the shear damage caused by periodic opening and 
closing of the alveoli), the small extension of the operation 
(~10 minutes) time should be acceptable. The increase in 
ventilating volume will affect the alveolar carbon dioxide 
gas exchange. The results showed that PaCO2 in the EIT 
group was lower than that in the control group, suggesting 
that the patients in the EIT group had a better alveolar 
ventilation status. The increase in PaCO2 led to an increase 
in blood hydrogen ion concentration and a decrease in pH 
(Table 4).

No differences were found in postoperative pulmonary 
complications or length of hospital stay (Table 5). Since 

Table 5 Comparison of vasopressin drug use, lung complications 
and lengths of hospital stay between the PEEP5 and PEEPEIT 
groups

Group
Vasopressor  

(yes/no)
Lung complications  

(yes/no)
Hospital stay 

(days)

PEEP5 21/29 (42%) 17/50 (34%) 5.33±2.13

PEEPEIT 24/26 (48%) 15/50 (30%) 6.00±2.97

P 0.55 0.67 0.21
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the sample size calculation was based on the primary 
endpoints, a larger randomized controlled trial should be 
conducted in the future, providing reliable data on the 
possible differences in complication rates and hospital 
stay that were not found in the present study. In thoracic 
surgery, 100% oxygen concentration is recommended to 
prevent and treat hypoxemia during OLV, but prolonged 
exposure to high oxygen levels may lead to lung injury (29).  
One of the limitations is that the effects of prolonged 1.0 
FiO2 and higher Ppeak in the EIT group compared with 
the control group on the long-term outcomes were not 
studied. A high oxygen fraction is considered to increase the 
risk of atelectasis. However, we chose 1.0 FiO2 to ensure 
oxygenation during OLV, as we were uncertain whether 
it would cause hypoxia when we used a different PEEP 
and a lower FiO2. Before closing the chest, we performed 
the recruitment manoeuvre with a FiO2 of 0.6 to prevent 
atelectasis. Among the 100 study patients, 11 had atelectasis 
after the operation, including 6 in the PEEP5 group and 5 
in the PEEPEIT group. How individualized PEEP values 
might change when the oxygen concentration is reduced 
is also worth investigating in future studies. Ventilation 
distribution was not monitored in the PEEP5 group, so a 
comparison of ventilation heterogeneity was not possible. 
Nevertheless, we were able to demonstrate the differences 
in lung mechanics and oxygenation between the two groups, 
which were the primary and secondary endpoints of the 
study. Since a fixed PEEP is still widely used, we compared 
it with the EIT method in the current study to confirm the 
necessity of individualized PEEP titration. A comparison 
of this individualized method with other PEEP titration 
methods would be interesting for future studies.

Conclusions

Individualized PEEP values determined by EIT titration 
can improve ventilation and respiratory mechanics in 
elderly patients undergoing thoracoscopic surgery during 
OLV.
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