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Abstract
Background Thoracic epidural anesthesia (TEA) is associated with a knowledge gap regarding its mechanisms in 
lung protection and reduction of postoperative pulmonary complications (PPCs). Driving pressure (ΔP), an alternative 
indicator of alveolar strain, is closely linked to reduced PPCs with lower ΔP values. We aim to investigate whether TEA 
contributes to lung protection by lowering ΔP during mechanical ventilation.

Methods In this prospective, randomized, patient and evaluator-blinded parallel study, adult patients scheduled 
for elective major upper abdominal surgery were assigned to either the TEA group with combined thoracic epidural 
anesthesia and general anesthesia (TEA-GA) (n = 30) or the control group with only general anesthesia (GA) (n = 30).

Measurements The primary outcome was the minimum ΔP determined based on positive end-expiratory pressure 
(PEEP) after intubation. Secondary outcomes included the incidence of PPCs within seven days, the minimum ΔP at 
various time points, blood gas analysis, intensive care unit (ICU) admission rates, length of hospital stay, and 30-day 
mortality rate.

Results The TEA group had a significantly lower minimum ΔP titrated based on PEEP compared to the control 
group (11.23 ± 2.19 cmH2O vs. 12.67 ± 2.70 cmH2O; P = 0.028). Multivariate linear regression analysis showed that 
intraoperative TEA application (compared with its absence; unstandardized beta coefficient (B) = -1.289; P = 0.008) 
significantly correlated with ΔP. The incidence of PPCs did not differ significantly between the two groups (8 of 30 
[26.7%] vs. 12 of 30 [40%]; P = 0.273), but the incidence of atelectasis in the TEA group was significantly lower than in 
the control group (5 of 30 [16.7%] vs. 12 of 30 [40.7%]; P = 0.012). Multivariate logistic regression analysis indicated that 
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Background
Postoperative pulmonary complications (PPCs) are 
closely associated with higher mortality rates and can 
develop in up to 58% of major upper abdominal surger-
ies [1, 2]. Despite the increasing adoption of “lung-pro-
tective” measures, the overall incidence of PPCs remains 
high [3]. Therefore, it is necessary to adopt a range of 
lung-protective strategies to improve the prognosis of 
patients undergoing major upper abdominal surgery. 
Recent evidence suggests that driving pressure (ΔP) is 
the only significant mediator in protective ventilation 
parameters affecting PPCs [4]. ΔP is simply measured as 
plateau pressure (Pplat) - positive end-expiratory pressure 
(PEEP) or tidal volume (VT)/respiratory system compli-
ance (CRS) [5] and serves as an alternative indicator of 
lung strain [4–6]. Multiple meta-analyses have shown 
that a minimum ΔP-guided individualized PEEP strategy 
can improve intraoperative oxygenation and reduce PPCs 
[4, 7, 8]. Moreover, several randomized controlled trials 
(RCTs) have confirmed that low ΔP can reduce the inci-
dence of PPCs, particularly atelectasis, in open abdomi-
nal surgeries [9–11]. Low ΔP has become a mainstream 
trend in lung-protective ventilation. In major upper 
abdominal surgeries, monitoring and reducing ΔP to 
guide the setting of tidal VT and PEEP during mechanical 
ventilation is very necessary.

Thoracic epidural anesthesia (TEA) regulates the 
conduction of thoracic sympathetic nerves, leading to 
vasodilation, increased visceral perfusion, and reduced 
afterload [12]. Given these physiological effects, TEA 
has advantages in reducing postoperative cardiac, pul-
monary, renal, and gastrointestinal complications [13]. It 
significantly lowers the risk of postoperative pneumonia 
in patients undergoing thoracic and abdominal surgery 
and improves specific pulmonary function parameters 
and oxygenation [14]. Elefterion et al. reviewed patients 
who underwent elective non-cardiac surgery (primar-
ily abdominal gastrointestinal surgeries) over the past 
decade. They reported that 86.2% of 1039 patients who 
received epidural anesthesia (mainly TEA) had no PPCs 
[15]. Studies by Park et al. [16] and Nishimori et al. [17] 

suggest that general anesthesia combined with TEA 
(TEA-GA) is associated with faster extubation, shorter 
intensive care unit stays, and favorable pulmonary out-
comes after major abdominal surgery. The underlying 
pathophysiology and mechanisms remain unclear. Previ-
ous research focused on the significantly better analgesic 
effects of TEA compared to patient-controlled intrave-
nous opioid administration, with pain relief from TEA 
improving postoperative respiratory function and arte-
rial oxygenation [13, 14]. TEA also reduces central sym-
pathetic stimulation, thereby favorably influencing organ 
perfusion and immune function [18, 19]. Currently, there 
is a lack of research evidence to demonstrate that TEA 
exerts lung-protective effects by lowering ΔP.

Hong et al. [20] proposed that TEA-GA could result in 
significantly lower peak inspiratory pressures and higher 
dynamic pulmonary compliance in patients undergo-
ing laparoscopic abdominal surgery compared to those 
receiving GA alone. [20] At that time, ΔP, an essential 
respiratory mechanic parameter, was not proposed, so 
they did not establish a relationship between TEA-GA 
and ΔP. Based on the study by Hong et al., we hypothesize 
that in patients undergoing mechanical ventilation dur-
ing major upper abdominal surgery under GA, TEA-GA 
can result in higher CRS and functional residual capac-
ity (FRC), leading to a lower ΔP compared to GA. On 
this basis, we conducted a randomized controlled trial 
hypothesizing that TEA-GA combined with ΔP-guided 
ventilation could significantly lower ΔP during mechani-
cal ventilation in major upper abdominal surgery, thereby 
reducing PPCs and providing lung protection. This study 
aims to elucidate the protective mechanisms of TEA on 
PPCs through respiratory mechanics.

Methods
Study design and population
This prospective, randomized, patient and evaluator-
blinded parallel study was conducted at The First Affili-
ated Hospital of Kunming Medical University. This 
study was registered in the Chinese Clinical Trial Reg-
istry before patient enrollment (registration number: 

ΔP was the only variable significantly associated with PPCs (Adjusted Odds Ratio [OR] = 2.190; 95% Confidence Interval 
[CI]: 1.300 to 3.689; P = 0.003).

Conclusion Compared to GA, TEA-GA can reduce intraoperative ΔP in patients undergoing major upper abdominal 
surgery, especially those undergoing laparoscopic surgery. However, compared to GA combined with ΔP-guided 
ventilation, TEA-GA combined with ΔP-guided ventilation does not reduce the risk of PPCs. There was no significant 
difference in the total use of various vasoactive drugs between the two groups.

Trial registration This study was registered in the Chinese Clinical Trial Registry (registration number 
ChiCTR2300068778 date of registration February 28, 2023).
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ChiCTR2300068778, principal investigator: Xuan Li; reg-
istration date: February 28, 2023). From April to October 
2023, patients were screened for eligibility, and all eligi-
ble participants received written informed consent. This 
study adhered to the applicable Consolidated Standards 
of Reporting Trials (CONSORT) guidelines [44]. 

This study recruited adult patients (age > 18 years) of 
American Society of Anesthesiologists (ASA) physi-
cal status I-III, of any gender, undergoing elective major 
upper abdominal surgery (liver, gallbladder or bile duct, 
pancreas, spleen, stomach, defined as surgeries lasting 
over 2 h) under general anesthesia. As our study involves 
the measurement of ΔP, PEEP titration, and the obser-
vation of PPCs, we excluded patients with recent or 
pre-existing pulmonary diseases. These conditions can 
alter lung compliance, airway resistance, and ventilation 
distribution, thereby impacting mechanical ventilation 
strategies and increasing the risk of barotrauma and vol-
utrauma. Exclusion criteria included a history of upper 
respiratory or pulmonary infection within the past four 
weeks, chronic obstructive pulmonary disease (COPD, 
including all GOLD 1–4 stages), severe or uncontrolled 
bronchial asthma, preoperative pleural effusion requir-
ing thoracic drainage, pulmonary bullae larger than 
2  cm in diameter, preoperative CT findings of atelecta-
sis, a history of severe restrictive pulmonary disease (e.g., 
pulmonary fibrosis, thoracic deformities with TLC and 
FVC < 80% of predicted values), and any prior thoracic 
surgery. Patients with lung nodules (presumed benign on 
preoperative CT) were not excluded. Other exclusion cri-
teria included severe cardiovascular, renal, or hematopoi-
etic disorders such as renal failure, leukemia, congenital 
heart disease; contraindications to epidural anesthesia, 
such as severe coagulopathy, infection at the puncture 
site, severe scoliosis, history of spinal trauma, allergy to 
local anesthetics; contraindications to the use of PEEP, 
such as raised intracranial pressure, hypovolemic shock, 
right ventricular failure. Exclusion criteria included 
actual mechanical ventilation duration < 60 min, conver-
sion from laparoscopy to laparotomy, failure of epidural 
puncture or catheterization, and severe hypotension dur-
ing surgery preventing continuation of combined TEA.

Randomization and blinding
An independent researcher responsible for randomiza-
tion used Excel’s “RAND” function to generate random 
numbers at a 1:1 ratio with a fixed block size of 4, ran-
domly coding the TEA group and control group. The 
results of the randomization were placed in opaque enve-
lopes, and allocation concealment was achieved using 
sealed, lightproof randomization envelopes. The attend-
ing anesthesiologist opened the envelope before anesthe-
sia and implemented the anesthesia plan as specified in 
the envelope. Patients, the surgical team, and researchers 

collecting postoperative outcome data were blinded. The 
attending anesthesiologist performing the epidural cath-
eterization, PEEP titration protocol, and collecting intra-
operative data was aware of the group assignments and 
thus was not blinded.

Intervention
All participants underwent detailed preoperative exami-
nations and were screened according to the exclusion 
criteria of this study. In the TEA group, thoracic epi-
dural catheterization was performed 30  min prior to 
anesthesia induction. Patients were positioned later-
ally or sitting. The direct approach was chosen, using a 
16-gauge Tuohy needle at the T7-8 or T8-9 interspace 
for epidural puncture. The epidural catheter was inserted 
cephalad 4–6 cm, and a test dose of 3 ml of local anes-
thetic (1% lidocaine with 1:200,000 epinephrine [5  µg/
ml]) was administered through the catheter. After wait-
ing for 5 min, if there were no signs of adverse reactions 
like inadvertent subarachnoid or epidural vein plexus 
drug entry, a single bolus of 1.25 mg/ml ropivacaine with 
0.5 µg/ml sufentanil totaling 6 ml was administered, fol-
lowed by the installation of an epidural pump starting at 
a rate of 6 ml/h (drug concentration: 1.25 mg/ml ropiva-
caine and 0.5 µg/ml sufentanil) for continuous intraoper-
ative TEA. Fifteen minutes later, the anesthetic level was 
measured, using pinprick sensation to confirm the level 
of TEA blockade, ensuring a sensory blockade up to the 
T4 level. If the sensory blockade had not reached the T4 
level, an additional 4 ml of local anesthetic was adminis-
tered through the epidural catheter, and after waiting for 
10 min, if the T4 level of sensory blockade was still not 
achieved, the patient was excluded from the study. After 
testing and adjusting the level, anesthesia induction was 
performed.

In the control group, epidural puncture and catheter-
ization were similarly performed 30  min before anes-
thesia induction at the T7-8 or T8-9 interspace, with 
the same puncture site as the TEA group. A test dose of 
3 ml of local anesthetic was pre-administered and, after a 
5-minute wait and negative results, anesthesia induction 
commenced. No medication was given in the epidural 
space until the end of surgery when skin suturing began, 
at which point a single dose of 6  ml of local anesthetic 
(same concentration as in the TEA group) was adminis-
tered. Postoperatively, patient-controlled epidural anal-
gesia (PCEA) was conducted for 72 h (drug: 1.25 mg/ml 
ropivacaine and 0.5  µg/ml sufentanil, background dose 
5 ml/h, bolus dose 4 ml, lockout interval 30 min).

Intraoperative anesthesia protocol and fluid management
Radial artery cannulation was performed for continu-
ous arterial blood pressure (ABP) monitoring and inter-
mittent blood gas analysis. A double-lumen high-flow 
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central venous catheter was inserted into the right 
internal jugular vein for central venous pressure (CVP) 
monitoring and intraoperative fluid administration. All 
patients received an intravenous bolus of 3  µg/kg fen-
tanyl and 2–3  mg/kg propofol for induction of general 
anesthesia, followed by tracheal intubation after admin-
istration of 0.8  mg/kg rocuronium. Anesthesia mainte-
nance involved combined intravenous and inhalational 
anesthesia, with an intravenous infusion of propofol at 
3–4 mg/kg/h and remifentanil at 0.1–0.3 µg/kg/min, and 
inhalation of 1–2% sevoflurane in 50–80% oxygen/air 
mixture. Rocuronium was continuously infused through-
out the surgery at a rate of 10 ug/kg/min. The depth of 
GA was controlled to maintain a bispectral index (BIS) 
between 40 and 60 (BIS monitor: Narcotrend, Germany). 
Neuromuscular blockade was monitored using a periph-
eral nerve stimulator, maintaining a muscle relaxation 
depth at one twitch response in a train-of-four (TOF) 
stimulation. At the end of the surgery, all patients were 
administered 2  mg/kg sugammadex to reverse residual 
neuromuscular blockade, transferred to the post-anes-
thesia care unit (PACU), and extubated when the ratio 
of the fourth twitch (T4) to the first twitch (T1) in the 
TOF response (TOFR) was ≥ 0.9. The epidural catheter 
was removed by an anesthesiologist from our institution’s 
pain management department following the comple-
tion of PCEA. Before removal, coagulation function was 
assessed to confirm normalization. Postoperative coagu-
lation dysfunction was defined as INR > 1.5, APTT > 40 s, 
or PLT count < 80 × 10^9/L. If any of these abnormalities 
were present, measures were taken to improve coagula-
tion function prior to catheter removal.

For intraoperative fluid management, patients in the 
TEA group underwent volume assessment by the attend-
ing anesthesiologist prior to TEA administration. If low 
CVP, bowel preparation, prolonged fasting, or lack of 
preoperative IV fluid therapy indicated volume deple-
tion, a preemptive infusion of 250–500 mL colloid solu-
tion (6% hydroxyethyl starch 130/0.4) was administered. 
During liver transection, the balanced crystalloid solu-
tion was infused at 1 mL/kg/h to maintain CVP below 
5 cmH2O. Following specimen removal, a 1:1 colloid 
replacement (with albumin if needed, using 20% human 
albumin) was initiated for blood loss and continued 
infusion of balanced crystalloid solution. Additional flu-
ids were administered if systolic pressure fell below 90 
mmHg or urine output was less than 25 mL/h. If surgical 
hemostasis was insufficient, additional plasma or plate-
lets were infused upon consultation with the surgeon. For 
blood loss exceeding 400  ml during surgery and blood 
gas analysis indicated hemoglobin levels of < 80  g/L., 
packed red blood cells were transfused. For other upper 
abdominal surgeries, preoperative assessment of patients’ 
volume reserves was conducted, infusing balanced saline 

solution or colloid at 5–10  ml/kg/h. Colloid infusions 
were primarily used for laparotomy surgeries, with the 
option of albumin infusion, and the need for plasma or 
packed red blood cell transfusion was evaluated based 
on intraoperative blood loss, aiming for zero balance. 
Total fluid volume on the day of surgery was maintained 
between 1.75 and 2.75  L. Intraoperative fluid manage-
ment was adjusted flexibly based on patient blood pres-
sure, heart rate, urine output, CVP, and blood loss, with 
detailed records of intraoperative fluid therapy (crystal-
loids, colloids, blood, and blood products).

Intraoperative mechanical ventilation protocol
After tracheal intubation, the patient was connected to 
an anesthesia machine (Anesthesia Machine A7, Min-
dray, China) and ventilated using volume-controlled 
ventilation (VCV). The VT was set at 6–8 ml/kg of ideal 
body weight (IBW). An inspired oxygen fraction (FiO2) 
of 0.4–0.8 was used based on intraoperative oxygenation 
to maintain SpO2 > 97%. The inspiratory pause was set 
at 30%, with an inspiratory/expiratory ratio of 1/2 and a 
flow rate of 2 L/min. The initial respiratory rate was set 
at 12 breaths/min, then adjusted (within 10–20 breaths/
min) to maintain end-tidal carbon dioxide (EtCO2) lev-
els between 35 and 45 mmHg. Both the TEA and con-
ventional groups underwent individualized ΔP-guided 
PEEP titration trials. For laparoscopic surgeries, the titra-
tion started after pneumoperitoneum establishment and 
patient positioning. For laparotomy surgeries, titration 
began after opening the peritoneum and applying the 
abdominal retractor.

A manual alveolar recruitment maneuver (ARM) was 
performed using the anesthesia machine’s reservoir bag, 
creating a continuous airway positive pressure of 30 cm 
H2O for 15–20 s to increase peak airway pressure (Ppeak) 
while keeping the Pplat <30  cm H2O. This was followed 
by individualized ΔP-guided PEEP titration. A decre-
mental PEEP titration method was used, employing the 
formula: ΔP = Pplat - PEEP, starting from 15 cm H2O and 
decreasing in 1 cm H2O steps to 0 cm H2O (Zero PEEP, 
ZEEP). During PEEP titration, each PEEP step (15, 14, 
13……0 cm H2O) was maintained for 15 breathing cycles. 
The ΔP was calculated and recorded at the last breath of 
each PEEP level, selecting the PEEP level correspond-
ing to the lowest ΔP to continue mechanical ventilation. 
The PEEP titration was stopped if any of the following 
were observed: (1) SpO2 below 88%, (2) tachycardia > 140 
beats/min, or bradycardia < 50 beats/min, or (3) any new 
arrhythmias. In laparoscopic surgeries, apart from this 
titration (T1), two more ΔP lowering titration procedures 
were conducted: when pneumoperitoneum is stopped 
for open specimen retrieval (T2) and when pneumoperi-
toneum is re-established for intraperitoneal hemostasis 
(T3).
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Intraoperative haemodynamic protocol
Upon entering the operating room, initial ABP was 
recorded to establish baseline blood pressure, catego-
rized as low (systolic blood pressure [SBP] < 90 mmHg 
or diastolic blood pressure [DBP] < 50 mmHg), normal 
(SBP = 90–129 mmHg and DBP = 50–79 mmHg), or high 
(SBP ≥ 130 mmHg or DBP ≥ 80 mmHg). Intraoperatively, 
fluid rates were adjusted or vasoactive drugs (norepi-
nephrine, phenylephrine, ephedrine, dopamine, epineph-
rine) were administered to maintain the following blood 
pressure targets: in patients with low baseline blood pres-
sure, maintain mean arterial pressure (MAP) ≥ 60 mmHg, 
keeping blood pressure within 100–120% of the base-
line, ensuring it does not fall below the baseline value, 
and allowing a rise within ≤ 20%; in patients with normal 
baseline blood pressure, maintain MAP between 65 and 
95 mmHg, keeping blood pressure within 80–120% of 
baseline (allowing changes ≤ 20% of the baseline value); 
in patients with high baseline blood pressure, main-
tain blood pressure within 80–110% of the baseline and 
ensure SBP is below 160 mmHg, with allowable reduc-
tions kept within 20% of the baseline. In the TEA group, 
if blood pressure dropped more than 20% below base-
line and heart rate was > 70 beats/min, an intravenous 
bolus of 20 µg of norepinephrine or 2 µg of phenyleph-
rine was administered, repeated up to five times. If the 
target blood pressure was still not reached after repeated 
boluses and the patient’s heart rate remained > 70 beats/
min, an infusion of norepinephrine at 0.25–1 µg/(kg.min) 
was started. If the blood pressure dropped more than 
20% below baseline and heart rate was between 70 − 50 
beats/min, a single bolus of 6–10  mg of ephedrine was 
administered, repeated up to three times. If blood pres-
sure and heart rate continued to decrease, an infusion 
of phenylephrine at 0.1–0.5  µg/(kg.min) was started. If 
blood pressure dropped more than 30% below baseline 
and heart rate was < 50 beats/min, 20 µg of epinephrine 
was immediately injected intravenously, and an infusion 
of epinephrine at an initial rate of 0.05 µg/(kg.min) was 
started.In all patients, hemodynamic values below the 
target were immediately corrected. In the TEA group, 
if persistent hypotension or bradycardia occurred, epi-
dural medication was immediately stopped, the patient 
was excluded from the study, and adverse reactions were 
actively managed.

Outcomes data
The primary outcome was the minimum ΔP achieved 
after ΔP-guided PEEP titration at the start of the surgery 
(T1) in both groups. The secondary outcome was the 
incidence of PPCs within seven days. PPCs include respi-
ratory infection, respiratory failure, pleural effusion, atel-
ectasis, pneumothorax, bronchospasm, and aspiration 
pneumonia (Supplementary Table 1) [21]. The diagnosis 

of atelectasis, pleural effusion, and pneumothorax was 
made by radiologists (blinded to group assignment) 
based on routine chest X-ray examinations conducted on 
postoperative days 1 and 3. Respiratory system infection 
was diagnosed in patients presenting with fever, leukocy-
tosis, and new infiltrates on chest X-ray, and aspiration 
pneumonia was diagnosed if there was a history of aspi-
ration of gastric contents. Bronchospasm was diagnosed 
if patients presented with expiratory-dominant dyspnea 
during spontaneous breathing, accompanied by wide-
spread wheezing on auscultation, required treatment 
with bronchodilators, and showed increased and disor-
ganized pulmonary markings on CT imaging. The defini-
tion of respiratory failure is described in Supplementary 
Table 1 [21]. Other secondary outcomes include length of 
hospital stay, ICU admission rate, 30-day mortality rate, 
respiratory parameters, and blood gas analysis results.

Sample size estimation
This study conducted a pilot trial. Sample size calcula-
tion was based on the primary outcome, “minimum ΔP 
after PEEP titration.” Considering that 67.3% of abdomi-
nal surgeries at The First Affiliated Hospital of Kunming 
Medical University are laparoscopic, we included three 
laparotomy patients and seven laparoscopic surgery 
patients in each group for the titration of the minimum 
ΔP, in accordance with this proportion. This approach 
was taken to avoid imbalances in baseline characteristics, 
such as surgical method, that could significantly affect ΔP 
and thus impact the accuracy of subsequent sample size 
calculations. In the pilot study, 20 patients were enrolled, 
with ten patients in each group as per the above-men-
tioned randomization method and proportion. The ΔP in 
the pilot trial were 10.5 ± 3.13 cmH2O for the TEA group 
and 12.8 ± 3.42 cmH2O for the control group. Based 
on these findings, the sample size was calculated using 
PASS software. Considering a Type I error (α = 0.05) and 
a power of 80% (β = 0.2, two independent samples t-test), 
the estimated sample size required was 54 (27 per group). 
The total sample size was increased to 60 (30 per group) 
to account for a potential 10% dropout rate.

Statistical analysis
The Shapiro-Wilk test was used to assess whether quan-
titative data conformed to a normal distribution. Quan-
titative data with normal distribution were expressed as 
mean ± standard deviation, and comparisons between the 
two groups were made using the two independent sam-
ples t-test. Skewed distribution quantitative data were 
represented by the median (M) and interquartile range 
(IQR), with comparisons between groups conducted 
using the Mann-Whitney U test. The χ2 test was used for 
comparisons of categorical data between the two groups. 
Multivariate analysis of quantitative data was conducted 
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using multiple linear regression, with Durbin-Watson 
tests utilized to test for autocorrelation in the data. Mul-
tivariate analysis of categorical data was performed using 
univariate and multivariate logistic regression analysis. 
We considered potential variables that could influence 
PPCs incidence—such as TEA application, ΔP, age, BMI, 
smoking history, preoperative liver and kidney function, 
and surgical approach—by including them in a univari-
ate logistic regression analysis. Variables with P < 0.05 
from the univariate analysis were then included in a mul-
tivariate logistic regression analysis. The predictive per-
formance of ΔP was evaluated using receiver-operating 
characteristic (ROC) curve analysis. In addition, the best 
cutoff to maximize sensitivity and specificity was calcu-
lated with its confidence interval (CI) by the method of 
bootstrap resampling. The aforementioned statistical 
analyses were carried out using SPSS 22.0 and Rstudio, 
with a significance level set at α = 0.05.

Result
Study population
The CONSORT flow diagram is depicted in Fig. 1. From 
April 2023 to October 2023, a total of 92 patients were 
assessed for eligibility, with 66 patients enrolled and 

randomized. In the TEA group, four patients were with-
drawn from the study due to loss of follow-up, severe 
hypotension, and failure of epidural catheterization; in 
the control group, two patients were withdrawn due to 
failure of epidural catheterization. Consequently, a total 
of 60 patients (30 in each group) were included in the 
final analysis, with no other missing data. Patient charac-
teristics are shown in Table 1. Except for serum albumin 
levels, both groups were balanced in all demographic and 
perioperative characteristics.

Primary outcome
The minimum ΔP after PEEP titration in the TEA 
group was significantly lower than in the control group 
(11.23 ± 2.19 cmH2O vs. 12.67 ± 2.70 cmH2O; P = 0.028; 
Table  2; Fig.  2). Due to differences in surgical methods 
(laparotomy/laparoscopic), subgroup analyses were con-
ducted based on the type of surgery. In laparoscopic 
surgeries, the minimum ΔP in the TEA group was signifi-
cantly lower than that in the control group (11.95 ± 1.91 
cmH2O vs. 13.57 ± 2.44 cmH2O; P = 0.023; Table 2; Fig. 2). 
However, in laparotomy surgeries, there was no statistical 
difference in the minimum ΔP between the two groups 
(9.8 ± 2.10 cmH2O vs. 10.56 ± 2.07 cmH2O; P = 0.44; 

Fig. 1 CONSORT flow diagram. CONSORT indicates Consolidated Standards Of Reporting Trials; TEA: Thoracic epidural anesthesia
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Table 2; Fig. 2). The optimal individualized PEEP between 
the groups was 9 [8–10] cmH2O for the TEA group ver-
sus 9 [7–10] cmH2O for the control group, there was no 
statistical difference in individualized PEEP after titration 
between the two groups (Table 2; Fig. 2).

Secondary outcomes
Within seven days postoperatively, there was no statisti-
cally significant difference in clinically meaningful PPCs 
between the TEA group and the control group (8 of 30 
[26.7%] vs. 12 of 30 [40%]; P = 0.273; Supplementary 
Table 2). The most common type of complication was 
atelectasis (TEA group, n = 5; control group, n = 12). The 
incidence of postoperative atelectasis in the TEA group 
was significantly lower than in the control group (16.7% 
vs. 40%; P = 0.045; Supplementary Table 2). There were 
no statistically significant differences in length of hospi-
tal stay, 30-day mortality rate, and ICU admission rate 
between the groups (Supplementary Table 2).

At T1 (primary outcome) and T3, the ΔP in the TEA 
group was significantly lower than in the control group 
(T1: 11.95 ± 1.91 cmH2O vs. 13.57 ± 2.44 cmH2O; 
P = 0.023; T3: 12.35 ± 1.60 cmH2O vs. 14.00 ± 2.10 cmH2O; 
P = 0.007; Supplementary Table 3), with no statistical dif-
ference between the two groups in minimum ΔP at T2 
(Supplementary Table 3). The CRS in the TEA group was 
higher than in the control group at T1, T2 and T3. There 
were no differences between the groups in individual-
ized PEEP after titration, Pplat, and Ppeak at T1, T2 and 
T3 (Supplementary Table 3). Arterial blood gas analy-
sis conducted 30 min after titration completion showed 

Table 1 Patients’baseline characteristics and surgical 
information
Characteristic TEA group

(n = 30)
Control group
(n = 30)

P 
value

Age (years) 53 ± 19.99 55.6 ± 16.71 0.54a

Sex (male/female) 16/14 15/15 0.796b

Height (cm) 164 ± 8.53 162.4 ± 9.87 0.504a

Weight (kg) 62.7 ± 10.15 58.1 ± 11.31 0.103a

BMI (kg/m2) 23.3 ± 3.17 22.01 ± 3.73 0.155a

Hemoglobin (g/L) 137.33 ± 23.79 129.53 ± 21.34 0.187a

Serum bilirubin (µmol/L) 11.5 
[6.18–21.13]

10.8[7.68–
17.15]

0.941c

Serum creatinine (µmol/L) 75.64 ± 12.31 73.15 ± 16.13 0.503a

Serum albumin (g/L) 43.17 ± 3.87 40.23 ± 5.11 0.015a

Left ventricle ejection frac-
tion, %

70[60–74] 71.5[66–75] 0.332c

ALT 22.9[12.9–55.2] 25.8[15.4–52.4] 0.717c

AST 23.6[15.9–43.2] 24.9[20.5–40.8] 0.315c

Comorbidities
Diabetes mellitu 3(10%) 2(28%) 0.64b

Hypertension 8(26.7%) 10(33.3%) 0.573b

Coronary artery disease 2(6.7%) 0(0%) 0.15b

Pulmonary hypertension 2(6.7%) 3(10%) 0.64b

Smoking status (Y/N) 8(26.7%) 9(30%) 0.774b

ASA physical status ≥ III 20/10 22/8 0.573b

NYHA Class 3[2–3] 3[2–3] NA
Type of surgery
Pancreatic 3(10%) 4(13.3%) 0.688b

Hepatobiliary 14(46.7%) 14(26.7%) NA
Bile duct or gallbladder 2(6.7%) 2(6.7%) NA
Gastric 11(36.7%) 10(33.3%) 0.787b

Laparoscopic 20(66.7%) 21(70%) 0.781b

Laparotomy 10(33.3%) 9(30%) 0.781b

Duration of anesthesia (min) 330.27 ± 127.28 321.53 ± 94.13 0.764a

Duration of surgery (min) 264.3 ± 112.92 254.87 ± 84.83 0.716a

Total fluid volume (mL) 1875[1587–
2312]

1775[1350–
2100]

0.263c

Crystalloid (ml) 796.67 ± 288.08 735 ± 360.83 0.709c

Colloid (ml) 869[713–1225] 912[708–1013] 0.313c

Estimated blood loss (mL) 136[57–234] 103[54–170] 0.145c

Infusion of blood product 5(16.7%) 6(20%) 0.739b

Urine output (mL) 325[263–515] 514[199–827] 0.464c

Vasoactive drugs needed 
(Y/N)

23/7 18/12 0.165b

Ephedrine(mg) 9.50 ± 7.60 7.50 ± 7.78 0.318a

Ehenylephrine(ug) 64.00 ± 62.40 59.00 ± 63.64 0.760a

Norepinephrine(ug) 0.53 ± 1.66 0.40 ± 0.81 0.610a

Dopamine(mg) 0 0 NA
Adrenaline(ug) 0 0 NA
Data are expressed as mean ± standard deviation, number (percentage), or 
median (interquartile range)

Abbreviations: TEA, thoracic epidural anesthesia; BMI, body mass index; ASA, 
American Society of Anesthesiologists; NYHA, New York Heart Association; ALT, 
alanine aminotransferase; AST, aspartate aminotransferase; NA, not applicable

Statistical tests used: aTwo independent samples t test; bχ2 test; cMann-Whitney 
U test

Table 2 Primary outcome, minimum ΔP after PEEP titration and 
individualized PEEP
Variables TEA group

(n = 30)
Control group
(n = 30)

P 
value

Primary outcome
Minimum ΔP 
(cmH2O)

11.23 ± 2.19 12.67 ± 2.70 0.028

Method of Surgery
Minimum ΔP for 
laparoscopic surger-
ies (cmH2O)

11.95 ± 1.91 13.57 ± 2.44 0.023

Minimum ΔP for 
laparotomy surgeries 
(cmH2O)

9.80 ± 2.10 10.56 ± 2.07 0.439

Individualized PEEP 9.00[8.00–10.00] 9.00[8.00–10.00] 0.844
Method of Surgery
Individualized PEEP 
for laparoscopic 
surgeries (cmH2O)

9.50[9.00–10.00] 10.00[9.00-10.50] 0.512

Individualized PEEP 
for laparotomy sur-
geries (cmH2O)

7.50[6.75-8.00] 7.00[7.00-8.50] 0.497

Data are expressed as mean ± standard deviation. TEA, thoracic epidural 
anesthesia; ΔP, driving pressure; PEEP, positive end-expiratory pressure
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that PaO2 in the TEA group was significantly higher than 
in the control group (FiO2: 0.4–0.8; 322.67 ± 67.083 vs. 
283.33 ± 75.249; P = 0.037; Supplementary Table4).

Multiple linear regression analysis
In the multiple linear regression analysis, variables con-
sidered potentially related to the minimum driving pres-
sure included age, BMI, gender, TEA application, type 
of surgery, and preoperative comorbidities, resulting in 
an adjusted R2 of 0.565. The results indicated that vari-
ables significantly associated with minimum driving 
pressure were the application of TEA (compared to no 
intraoperative TEA use; unstandardized beta coefficient 
(B) = -1.289; P = 0.008; Table 3), age (B = 0.077; P = 0.000; 

Table 3), and surgical method (compared to laparotomy; 
B = 2.104; P = 0.000; Table 3), R2 = 0.565.

Univariate and multivariate logistic regression analysis
Univariate logistic regression analysis revealed that vari-
ables significantly associated with PPCs included ΔP, age, 
smoking history, Preoperative comorbidities and left ven-
tricular ejection fraction (LVEF) (Supplementary Table 5; 
Fig. 3A). Multivariate logistic regression analysis showed 
that driving pressure was the only variable significantly 
associated with PPCs. (Adjusted Odds Ratio [OR] = 2.190; 
95% CI: 1.300 to 3.689; P = 0.003; Supplementary Table 5; 
Fig.  3B). For all patients (laparotomy/laparoscopic), the 
area under the ROC curve (AUC) for ΔP predicting PPCs 
was 0.83. The cut-off value for ΔP associated with the 

Table 3 Multiple linear regression model of the correlation between age, BMI, TEA application, sex, surgical method, preoperative 
cardiopulmonary comorbiditiesand minimum ΔP
Variables B P value R2 Constant VIF Durbin-Watson
Age 0.077 0.000 0.565 5.356 1.905 1.539
BMI 0.081 0.257 1.154
TEA application -1.289 0.008 1.049
Sex -0.672 0.156 1.046
Surgical method 2.104 0.000 1.159
Preoperative comorbidities 0.173 0.781 1.864
Abbreviations: BMI, body mass index; TEA, thoracic epidural anesthesia; ΔP, driving pressure; B, unstandardized beta coefficient

Fig. 2 Variables for ΔP and individualized PEEP. (A) ΔP; (B) ΔP under different surgical methods (laparotomy/laparoscopic); (C) ΔP under different time 
points; (D) individualized PEEP; (E) PEEP under different surgical methods (laparotomy/laparoscopic); (F) PEEP at different time points. Data are repre-
sented as mean ± SD. *, P < 0.05 versus the control group; T1, first titration; T2, when pneumoperitoneum is stopped for open specimen retrieval; T3, when 
pneumoperitoneum is re-established for intraperitoneal hemostasis
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Fig. 3 Forest plot of the results of the univariate and multivariate logistic regression model of factors associated with postoperative pulmonary complica-
tions. (A) Forest plot of the results of the univariate logistic regression analysis; (B) Forest plot of the results of the multivariate logistic regression analysis
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occurrence of PPCs, identified through ROC curve analy-
sis, was 12.5 cmH2O (95% CI: 0.707 to 0.950; Supplemen-
tary Fig. 1).

Discussion
This prospective randomized controlled trial tested the 
physiological effects of TEA-GA on patients undergoing 
elective major upper abdominal surgery with ΔP-guided 
ventilation (individualized PEEP titrated to the minimum 
ΔP). The main findings are: (1)TEA-GA significantly 
reduced patients’ ΔP; (2) For laparoscopic patients, the 
effect of TEA in reducing ΔP persisted; (3) The impact 
of TEA-GA and minimal ΔP on post-extubation ben-
efits is unclear; there was no statistical difference in PPCs 
between the two groups, but the incidence of atelectasis 
was lower in the TEA group; (4) Compared to GA, TEA-
GA improved oxygenation and CRS; (5) TEA application 
and age were significantly related to ΔP, and multivariate 
logistic analysis revealed ΔP as the only variable associ-
ated with PPCs. (6) A significant proportion of patients 
required vasoactive drugs during PEEP titration, but 
none needed continuous infusion throughout the sur-
gery. There were no differences between the groups in 
the total use of vasoactive drugs, total fluid infusion, and 
urine output.

Prior to our study, there were no reports comparing the 
impact of TEA-GA versus GA alone on patients’ mini-
mum ΔP. Therefore, our research utilized a pilot trial, 
enrolling ten patients per group (three laparotomy, seven 
laparoscopic) according to the proportion of laparoscopic 
surgeries at our hospital to calculate the sample size 
based on the difference in minimum ΔP between groups. 
The final patient enrollment in our study had a lapa-
roscopic surgery ratio of TEA group vs. control group 
(66.7% vs. 70%, P = 0.781, Table 1), similar to the pilot tri-
al’s laparotomy/laparoscopic ratio (67.3%), thus validating 
the accuracy of our pilot trial’s sample size estimation. In 
the initial study design, we planned to conduct subgroup 
analyses to investigate whether the effect of TEA-GA on 
ΔP varied between different types of surgeries, which is 
why we did not exclusively include patients undergoing a 
single type of surgery.

Several potential mechanisms can explain the result 
of TEA-GA reducing ΔP. Firstly, although both groups 
received continuous rocuronium infusion and muscle 
relaxation was monitored using a nerve stimulator, the 
more profound motor nerve blockade produced by TEA 
in the TEA group could improve ΔP. Sundberg et al. dem-
onstrated that the impact of TEA on respiratory mechan-
ics is primarily associated with direct motor blockade 
of intercostal and abdominal muscles [22]. We ensured 
that the anesthetic level in all patients in the TEA group 
reached T4. The intercostal nerves, which provide chest 
wall sensation and coordinate the movement of external 

intercostal muscles, can be blocked by TEA, either in 
their afferent or efferent pathways (or both), resulting 
in paralysis of these muscles [13]. The motor blockade 
in intravertebra anesthesia is typically 1–4 segments 
lower than the sensory level, so our level would paralyze 
the intercostal motor nerves at least up to T8. During 
mechanical ventilation, this effect not only reduces the 
need for additional non-depolarizing muscle relaxants 
but more importantly, increases chest wall compliance 
due to a more profound motor blockade, a key factor in 
reducing ΔP. Moreover, while the primary mechanism 
of TEA is to provide central afferent nerve conduction 
blockade to paralyze motor nerves [13], which is differ-
ent from the action of neuromuscular blocking agents at 
the skeletal muscle neuromuscular junction, there is evi-
dence suggesting that local anesthetics absorbed from the 
epidural space into systemic circulation and reaching the 
intercostal neuromuscular junctions may act on motor 
nerve terminals [22, 23]. Local anesthetics may disrupt 
neuromuscular transmission by inhibiting acetylcholine 
release, blocking or modifying acetylcholine receptors, or 
directly suppressing muscle excitability, thus achieving a 
“pseudo-neuromuscular blocking agent” effect [24–27]. 
This leads to systemic stabilization of the neuromuscular 
junctions. The systemic absorption of local anesthetics 
is another contributing factor to the more severe motor 
nerve blockade in the TEA group. Therefore, the deeper 
level of muscle relaxation in the TEA group, due to direct 
motor nerve paralysis and systemic neuromuscular sta-
bilization caused by the circulation of local anesthetics, 
resulted in higher chest wall compliance and increased 
lung compliance. This increased FRC is the main reason 
the TEA group achieved a lower ΔP compared to the 
control group.

The clinical benefits of TEA can be partly explained by 
the physiological impacts of afferent nerve conduction 
blockade on various aspects of surgical pathology. The 
mechanism by which TEA reduces PPCs remains unclear 
[14], with previous hypotheses focusing on TEA’s excel-
lent analgesic effects [28], vasodilation following thoracic 
sympathetic nerve blockade leading to increased visceral 
perfusion and reduced afterload [18, 29], and potential 
reduction in the release of inflammatory cytokines [19]. 
Based on our main findings, we propose that in addition 
to these mechanisms, TEA may offer lung protection by 
reducing ΔP during mechanical ventilation (MV). ΔP 
provides an easily obtainable surrogate marker for lung 
strain that is relevant to the entire lung. The minimum 
ΔP, aimed at achieving maximal CRS, can help avoid lung 
overdistention or atelectasis [30], thereby reducing the 
risk of volutrauma and barotrauma to the lung tissues [6, 
31]. The lung-protective effect guided by minimal ΔP is 
reflected in this approach. Our multiple linear regression 
analysis significantly supports this hypothesis, with TEA 
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application being significantly related to the magnitude 
of ΔP. The initial identification of ΔP as a predictor of 
survival in patients with Acute Respiratory Distress Syn-
drome (ARDS) by Amato et al. demonstrated that Pplat, 
VT, and PEEP do not affect survival in ARDS patients 
unless their changes affect ΔP. They reported a 3.4% 
increase in morbidity for each 1 cmH2O increase in ΔP. 
[5] In patients undergoing general anesthesia with MV, 
Neto et al. identified ΔP as the only significant media-
tor in protective ventilation parameters affecting PPCs, 
with an odds ratio (OR) of 1.16 [4]. Zhang et al. showed 
that ΔP-guided ventilation significantly reduced PPCs in 
patients undergoing open upper abdominal surgery com-
pared to traditional protective ventilation. [9] Although 
numerous studies have reported evidence of ΔP reduc-
ing PPCs, our study did not find that TEA-mediated 
lower ΔP significantly reduced the incidence of PPCs 
within seven days postoperatively. Similar to findings by 
Park et al. [6] (thoracic surgery) and Li et al. [32] (car-
diac surgery), our results suggest that a lower ΔP does 
not substantially reduce PPCs. This could be due to the 
inclusion of both laparotomy and laparoscopic surger-
ies in our study, as subgroup analysis showed no signifi-
cant difference in ΔP between TEA and control groups 
in laparotomy, but a difference in laparoscopic surgery. 
Amato et al. [5] proposed that ΔP has a more substan-
tial lung-protective effect when the size of ventilated lung 
tissue is significantly reduced (e.g., reduced compliance, 
as in establishing pneumoperitoneum or even ARDS). [5] 
Homogenizing patient populations might yield different 
conclusions; further RCTs are awaited to confirm this. 
On the other hand, both groups in our study used post-
operative PCEA. TEA has been shown to significantly 
increase FRC and improve the reduction in FRC, vital 
capacity (VC), and postoperative diaphragmatic dysfunc-
tion after abdominal surgery [33, 34]. Thus, patients in 
both groups might have benefited postoperatively from 
TEA’s improvement in lung function, not resulting in 
significant differences in PPCs. However, we found that 
the incidence of postoperative atelectasis was lower in 
the TEA group, supporting conclusions by Mini et al. 
[10] and Zhang et al. [9] This suggests that the essence of 
minimal ΔP is still to reduce lung strain while increasing 
FRC and compliance, impacting morphological clinical 
outcomes like atelectasis. However, such morphological 
changes alone may not be sufficient to alter more consid-
erable clinical outcomes like PPCs. Our study’s limitation 
of small sample size and a 7-day postoperative observa-
tion window might not be sufficient to yield statistically 
significant differences, though univariate and multi-
variate logistic regression analysis still showed a signifi-
cant association between ΔP and PPCs, highlighting the 
importance of larger samples on outcomes. Lastly, our 
inclusion of patients with healthy preoperative lungs and 

the homogenized use of TEA postoperatively, which has 
been shown to reduce pro-inflammatory cytokines (PG-
2, IL-6, TNF-α, even Troponin I) in upper abdominal sur-
gery [19], might explain why we found no differences in 
postoperative pulmonary infections between the groups.

Our study used a decremental PEEP titration method 
following lung recruitment. Spadaro et al. [37] com-
pared incremental PEEP titration and decremental PEEP 
titration following lung recruitment in thoracic surgery 
patients. They found that both strategies improved shunt 
and reduced ΔP, but the decremental titration group 
achieved lower ΔP and increased PaO2/FiO2 ratio. [37] 
Due to the hysteresis effect in the lungs, decremental 
titration from a high PEEP level after lung recruitment 
can keep the alveoli open at lower ΔP [6]. Decremental 
PEEP titration following systematic lung recruitment is a 
more commonly used technique [38], which was the rea-
son for our study’s choice. A concern might be that lung 
recruitment and high PEEP could lead to alveolar over-
distension and reduce cardiac output, impacting hemo-
dynamics [39]. We limited lung recruitment (Pplat <30 
cmH2O) and titrated PEEP to minimize ΔP, thus reduc-
ing the risk of overdistension. However, the impact of 
decremental titration on hemodynamics should not be 
overlooked. Although previous studies suggested the 
hemodynamic impact of lung recruitment maneuvers 
during mechanical ventilation is negligible [40, 41], in 
our study, vasoactive drugs were still needed to maintain 
blood pressure, even in the control group, which did not 
use TEA. More than half of the patients in both groups 
required vasoactive drugs, mostly during titration, and 
it is unclear whether this was due to the titration itself, 
peri-intubation hypotension (PIH), TEA, preexisting 
comorbidities, or a combination of these factors. For-
tunately, hypotension mainly occurred during the first 
titration and could be corrected with vasoactive drugs. 
After titration, neither individualized PEEP levels nor 
TEA application had a noticeable effect on MAP, allow-
ing cessation of vasoactive drugs.

Although TEA not only reduced ΔP during mechani-
cal ventilation but also improved oxygenation through 
sympathetic blockade and improved pulmonary blood 
perfusion, it is necessary to clarify TEA’s safety. We must 
acknowledge that the need for vasoactive drugs dur-
ing titration in the TEA group was partly due to TEA-
induced thoracic sympathetic blockade and autonomic 
imbalance. A few patients experienced bradycardia, 
which could be improved with ephedrine, suggesting pre-
operative volume expansion preparation in such patients. 
No patients experienced severe hypotension or brady-
cardia requiring epinephrine correction. Additionally, 
TEA may impact postoperative respiratory function 
[13, 14], but no patients in our follow-up complained 
of postoperative respiratory difficulty; instead, they 
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were satisfied with the excellent postoperative analgesic 
effects. Regarding TEA’s impact on postoperative respi-
ratory function, Oh et al. reported that TEA-GA with 
postoperative PCEA maintained diaphragm inspiratory 
amplitude (DIA) unchanged postoperatively [34], while 
those with only GA and postoperative patient-controlled 
intravenous analgesia (PCIA) had significantly reduced 
DIA on the first postoperative day. Several studies con-
firm that TEA improves postoperative diaphragmatic 
dysfunction, enhancing diaphragmatic activity [34, 
42, 43]. This might be partly due to pain relief and the 
transfer of respiratory effort from the thoracic muscles, 
partially paralyzed by TEA, to the diaphragm, the pri-
mary muscle for respiration [13]. Finally, the success 
rate of TEA procedures could be a lot higher. Unfortu-
nately, there have been no significant updates in prac-
tices to improve TEA puncture success rates in recent 
years. Overall, with a guaranteed success rate, the safety 
of TEA is testable. Amato et al. demonstrated that a 
ΔP > 15 cmH2O is associated with increased mortality in 
ARDS [5], with the current safe range for ΔP estimated 
between 14 and 18 cmH2O [30]. In our titration process, 
we observed that for patients undergoing laparotomy, ΔP 
levels exceeding 13 cmH2O, and for those undergoing 
laparoscopic, ΔP exceeding 17 cmH2O, correlated with 
CRS<40 mL/cmH2O and Ppeak >28 cmH2O in most cases. 
Using ROC curve analysis on 60 patients, we determined 
ΔP cut-off value of 12.5 cmH2O, beyond which the risk of 
PPCs significantly increased.

Considering that CRS may increase over the duration of 
MV, we chose subsequent time points for further reduc-
ing ΔP at T2 (when pneumoperitoneum is stopped for 
open specimen retrieval) and T3 (when pneumoperito-
neum is re-established for intraperitoneal hemostasis). 
These repeated titration procedures were specific to the 
laparoscopic group, as no equivalent targeted time points 
were identified in laparotomy. We observed that ΔP 
decreased at T2 compared to T1 for both groups, which 
is understandable given the increased FRC after pneu-
moperitoneum cessation. However, the difference in ΔP 
between the two groups diminished at T2, even becom-
ing smaller than the ΔP difference at T1 in laparotomy. 
Subgroup analysis showed no significant difference in ΔP 
between the groups during laparotomy, suggesting the 
significant effect of TEA in reducing ΔP may be more 
applicable to high-risk populations for atelectasis, such 
as with pneumoperitoneum or ARDS. Notably, our study 
included only 19 patients who underwent laparotomy, 
and this small sample size may limit the ability to detect 
statistically significant differences. We look forward to 
future RCTs with larger samples focused on a single sur-
gical approach to confirm whether TEA-GA can further 
reduce ΔP in laparotomy patients. At T3, when pneumo-
peritoneum was re-established, ΔP increased compared 

to T1 in both groups, but the difference in ΔP between 
the groups remained statistically significant. A large mul-
ticenter RCT conducted by Park et al. [6] on thoracic 
surgery patients, involving three repeated titrations (at 
the start of MV, at the start of one-lung ventilation, and 
at re-initiation of double-lung ventilation), also found an 
increase in ΔP and diminishing group differences over 
time after 45 min of one-lung ventilation. Park et al. con-
cluded that it is still unclear if other strategies can contin-
uously drive and maintain the reduction of ΔP. From our 
study results, it seems uncertain whether there are better 
strategies to further reduce ΔP in prolonged MV (with 
our study’s average surgery duration nearing 300  min). 
However, TEA-GA indeed provided significantly lower 
ΔP compared to GA alone, and this effect was enduring.

In our study, nearly two-thirds of the patients under-
went laparoscopic surgery, where pneumoperitoneum 
can significantly disrupt lung function [45]. Firstly, dia-
phragmatic elevation and reduced thoracic volume lead 
to decreased CRS and a reduction in FRC; both CRS and 
FRC are directly related toΔP. Additionally, increased 
ventilation pressures raise Pplat and ΔP. We found that ΔP 
rose by 2.15cmH2O in laparoscopic patients in the TEA 
group and by 3.01cmH2O in the control group compared 
to laparotomy. Logistic regression analysis confirmed 
that ΔP is directly associated with the incidence of PPCs. 
However, ΔP differences alone do not imply that the risk 
of PPCs in laparoscopic surgery is higher than in laparot-
omy, as PPCs are also influenced by postoperative pain, 
with laparoscopy offering a minimally invasive advan-
tage. Nevertheless, laparoscopic patients are subject to 
tremendous mechanical stress and strain from intraop-
erative mechanical ventilation, increasing the risk of VILI 
compared to open surgery. Upper abdominal surgeries 
often employ a head-up tilt of 20°-30° (reverse Trendelen-
burg position), which can mitigate the effects of pneumo-
peritoneum. This position reduces thoracic pressure on 
the diaphragm, allowing it to descend, thereby expanding 
thoracic volume, improving FRC and CRS, and ultimately 
reducing ΔP. If we were to include patients undergoing 
lower abdominal or pelvic surgeries, the minimum ΔP 
threshold might increase.

Our study is essential in several aspects. Firstly, the 
mechanism by which TEA-GA provides lung protec-
tion and reduces PPCs has yet to be determined. We 
introduced ΔP, a crucial respiratory mechanic param-
eter, and demonstrated that intraoperative application of 
TEA could reduce the average ΔP by 1.44 cmH2O com-
pared to control ΔP-guided ventilation. The results of 
the multiple linear regression analysis further confirmed 
that TEA application significantly impacts ΔP, suggest-
ing that the benefits of TEA might be realized through 
lowering ΔP. Secondly, ΔP-guided ventilation is a simple 
yet optimized strategy for PEEP titration. Combining 
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this with TEA, we found that these two protective mea-
sures could significantly and enduringly reduce ΔP in 
patients undergoing major upper abdominal surgery. It 
is known that an increase of 1 cmH2O in ΔP is associ-
ated with an increased major morbidity rate (by 3.4%) 
and an increased risk of PPCs. Our multivariable logis-
tic regression analysis echoed this result, highlighting the 
potential clinical significance of integrating TEA with 
ΔP-guided ventilation to optimize patient outcomes in 
upper abdominal surgeries.

This study has several limitations. First, the accuracy 
of the results from the pilot trial might not be entirely 
representative due to its small sample size and the fact 
that the proportion of laparoscopic surgeries specific to 
our hospital may differ in other contexts; Among the 60 
patients, only 19 underwent open surgery. One limita-
tion of a small sample size is that it may be insufficient 
to detect statistically significant differences. This insight 
provides direction for future studies, suggesting either 
the inclusion of patients with a single surgical approach 
or grouping by surgical type to further investigate the 
effect of TEA combined with general anesthesia on the 
minimum ΔP. This suggests future research directions, 
such as focusing on a single surgical method or consid-
ering the surgical approach as a factor in studying the 
impact of TEA-GA on ΔP. Second, we didn’t perform 
subsequent ΔP reductions in laparotomy surgery patients 
due to unstandardized time points and a smaller number 
of these patients, which makes it challenging to assess 
whether interventions could have a long-term significant 
impact on ΔP in these cases. Third, the timing for reti-
tration of PEEP was based on key surgical moments, and 
changes in CRS over time necessitate further investigation 
to identify optimal PEEP titration timing in major upper 
abdominal surgeries. Fourth, our decision to use decre-
mental PEEP titration, though based on referenced stud-
ies, may lead to different outcomes in optimal PEEP and 
ΔP due to differences in patient populations and surgi-
cal methods. The 6–8 ml/kg IBW VT was chosen based 
on lung-protective ventilation guidelines. However, a 
lower VT might be more appropriate for patients with 
individualized PEEP undergoing major upper abdomi-
nal surgeries. Fifth, although we tested the sensory level 
of TEA in patients before anesthesia induction to ensure 
it reached T4, we could not measure the sensory level of 
TEA during general anesthesia. Fluctuations in the anes-
thesia level could potentially interfere with the measure-
ment of ΔP. Sixth, our PCEA protocol was continued for 
three days postoperatively, during which most patients 
reported satisfactory analgesic effects. Since the observa-
tion window for PPCs extended to seven days post-sur-
gery, we did not monitor pain levels beyond the PCEA 
period. Any differences in pain levels after this timeframe 
could potentially interfere with the measurement of PPCs 

outcomes. Seventh, we believe that the mechanism by 
which TEA reduces ΔP is primarily related to its altera-
tion of chest wall compliance. Factors influencing ΔP 
include both lung and chest wall compliance. Regard-
ing the compliance of the lungs themselves, the blocking 
effect of TEA on visceral nerves may also have an impact. 
However, this may require direct assessment of trans-
pulmonary pressure, which we did not measure in our 
patients. Finally, considering the potential for technical 
errors in postoperative lung function tests due to patient 
fatigue and lack of cooperation, which could reduce the 
accuracy of these tests, we did not conduct lung function 
tests after surgery. As a result, we could not determine 
if there were differences in lung function between the 
groups. Therefore, we did not quantitatively assess the 
safety of using TEA in the enrolled patients.

Conclusion
In conclusion, combining TEA-GA and ΔP-guided venti-
lation significantly reduces ΔP and improves oxygenation 
compared to using GA with ΔP-guided ventilation alone. 
This approach does not cause significant harm in patients 
undergoing major upper abdominal surgery, such as 
hemodynamic fluctuations. The lower ΔP did not impact 
PPCs, when using ΔP-guided ventilation in clinical prac-
tice, it is important to be aware of the limitations of the 
specific equations and values used, and consider their 
impact on patient outcomes. The lung-protective mech-
anism of TEA may be realized through the reduction of 
ΔP. Further research is needed to validate the value of 
combining TEA with ΔP-guided ventilation in other sur-
gical settings.
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