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 Background: Mechanical ventilation can lead to cardiopulmonary complications in elderly patients undergoing abdominal 
surgery plus general anesthesia. The cardiopulmonary exercise test (CPET) is a dynamic and noninvasive eval-
uation method for assessing the cardiopulmonary system function under rest and stress. Positive end-expira-
tory pressure (PEEP) titration guided by electrical impedance tomography (EIT) can individualize lung protec-
tion strategies and may be beneficial in postoperative cardiopulmonary exercise capacity for these patients.

 Material/Methods: This study is a prospective, single-center, randomized, and controlled trail that will include 80 elderly patients 
scheduled for major abdominal surgery. The patients will be divided into 2 groups: (1) intervention group: us-
ing individualized PEEP ventilation; and (2) control group: using fixed PEEP ventilation (3-5 cmH2O).

 Results: The primary outcome is the change of postoperative cardiopulmonary exercise capacity.
 Conclusions: In this study, we will evaluate if EIT-guided PEEP titration can improve postoperative cardiopulmonary exercise 

capacity and reduce postoperative complications in elderly patients undergoing open abdominal surgery plus 
general anesthesia. If the result is in accordance with the hypothesis, it would provide evidence to aid the peri-
operative management for these patients.

  Trial registered at: www.chictr.org.cn, registration no.: ChiCTR2200058293, registered on April 4, 2022
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 Abbreviations: CPET – cardiopulmonary exercise test; PEEP – positive end-expiratory pressure; EIT – electrical imped-

ance tomography; ARISCAT – Assess Respiratory Risk in Surgical Patients in Catalonia; BMI – body mass 
index; ECG – electrocardiograph; SpO2 – oxyhemoglobin saturation by pulse-oximetry; FiO2 – fraction 
of inspired oxygen; Vt – tidal volume; RR – respiratory rate; Pplat – plateau pressure; ETCO2 – end ex-
piratory carbon dioxide partial pressure; VO2peak – peak oxygen consumption; CT – computerized 
tomography
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Background

Due to the aging of the population, the proportion of elderly 
patients in surgery is increasing [1]. In addition to the grad-
ual degradation of physiological function in elderly patients, 
there are often comorbid chronic diseases of the respirato-
ry, cardiovascular, and endocrine systems [2,3]. The require-
ments of patients for surgical anesthesia have also gradually 
improved, not only for the assurance of the safety in the peri-
operative period, but also for economic reasons and a com-
fortable and rapid recovery, which creates higher requirements 
for anesthesiologists. Perioperative-related complications, es-
pecially cardiopulmonary complications, have always been a 
concern and have been an important factor for the increase 
of perioperative mortality, the prolongation of hospital stays, 
and the risk of transfer to the intensive care unit [4]. Therefore, 
it is very important to reduce the occurrence of perioperative 
complications though making reasonable preoperative evalua-
tions, predicting the occurrence of perioperative complications, 
and using corresponding protective measures during surgery. 
There are many routine evaluation methods for perioperative 
patients, mainly based on medical history, signs, and auxilia-
ry examinations. In recent years, the use of the cardiopulmo-
nary exercise test (CPET) to evaluate patients’ cardiopulmo-
nary function has attracted increased attention [5]. CPET is a 
dynamic and noninvasive evaluation method that evaluates 
the cardiopulmonary system under rest and stress. It is con-
sidered the criterion standard for measuring human dynam-
ic oxygen consumption [6]. Multiple physiological indexes can 
be observed at the same time, including respiratory parame-
ters, heart rate, and respiratory gas composition. At present, 
the application of CPET can help guide clinical decision mak-
ing. Its common uses include assessing the severity of exer-
cise intolerance and dyspnea and identifying damage asso-
ciated with heart failure and chronic obstructive pulmonary 
disease [7]. CPET is also used as a preoperative risk assessment 
tool to predict postoperative mortality, length of hospital stay, 
and complication rates [8]; however, its accuracy still needs 
further experiments to verify these results. In this study, CPET 
will be conducted twice, before and after surgery, to evaluate 
the effects of EIT-guided PEEP titration on cardiopulmonary 
exercise capacity of elderly patients undergoing laparotomy.

For patients with mechanical ventilation during general anes-
thesia, a protective ventilation strategy is often adopted dur-
ing surgery, and a low level of PEEP is used to reduce alveolar 
collapse, which can effectively reduce the occurrence of atel-
ectasis [9]. However, the use of PEEP has also led to the oc-
currence of lung injury in some patients. The research shows 
that the inhomogeneity of pulmonary ventilation during me-
chanical ventilation is common, and atelectasis and lung hy-
perinflation can occur at the same time. The application of a 
fixed PEEP level may not be the best ventilation strategy, and 

can even lead to the increase of lung injury [10]. Therefore, 
the best scheme of intraoperative lung protection ventilation 
might be an individualized ventilation strategy for patients. This 
requires that the patients can be monitored in real time. The 
existing intraoperative pulmonary function monitoring meth-
ods have limitations. Conventional imaging monitoring, such 
as X-ray and computed tomography scanning, which are lim-
ited to the conditions of equipment and the operation room, 
are inconvenient to use; however, there are radiation safety 
problems. The anesthesia machine can routinely monitor air-
way pressure, but the changes of gas distribution in the lungs 
cannot be observed directly. EIT technology is a recently de-
veloped technology for real-time imaging of the lung [11]. It 
has the advantages of being noninvasive and providing real-
time imaging. It can observe the gas distribution state of the 
lung in real time, diagnose atelectasis and hyperinflation, and 
be applied to monitor the state of the lung during surgery. In 
this study, we intend to determine the effect of an individu-
ated PEEP setting on postoperative cardiopulmonary exercise 
capacity and other postoperative complications in elderly pa-
tients undergoing laparotomy surgery.

Material and Methods

Trial Design

This is a single center, prospective, randomized controlled tri-
al, which is planned to include 80 patients. The research will 
be conducted in Beijing Shijitan Hospital, Capital Medical 
University. This research complies with the Declaration of 
Helsinki and the guidelines for human biomedical research. 
It was reviewed by the hospital Ethics Committee (approval 
no. sjtky11-lx-2022[17]). The trial is registered at www.chic-
tr.com.org.cn (registration no. ChiCTR2200058293) on April 4, 
2022. The study complies with the Consolidated Standards of 
Reporting Trials (CONSORT) diagram [12] (Figure 1) and con-
forms to the Recommendations for Interventional Trials (SPIRIT 
2013) reporting guidelines [13-15].

Study Population

We will randomly select 80 patients aged 65 years or older, re-
gardless of sex, with elective laparotomy under general anes-
thesia and an estimated operation time ³2 h. The patients will 
be divided into 2 groups: an intervention group and a control 
group. At least 2 researchers will participate in the study: one 
for intraoperative mechanical ventilation management and the 
other for blind enrollment and follow-up. The Assess Respiratory 
Risk in Surgical Patients in Catalonia (ARISCAT) score will be used 
to screen patients at intermediate and high risk before surgery, 
with a score ³26 [16,17]. The exclusion criteria are laparoscop-
ic surgery, estimated operation time of <2 h, body mass index 
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(BMI) >35kg/m2, younger than 65 years old, American Society 
of Anesthesiologists Physical Status of IV or higher, existing or-
thopedic or neuromuscular disorders, preoperative bronchiec-
tasis/respiratory infection, contraindications to the use of EIT 
(eg, pacemaker, automatic implantable defibrillator, implant-
able pump), preoperative hemodynamic instability, suspected 
PEEP titration intolerance, involvement in another clinical study, 
or refusal to participate. All patients signed informed consent.

Randomization and Intervention

The patients will be randomly divided into the 2 groups, inter-
vention and control, with equal numbers. A computer gener-
ated randomization table will be used, with 20 blocks of 4 pa-
tients per block. Distributions will be stored in numbered, sealed, 
and opaque envelopes. Patients will be included and assigned 
in numerical order. Before anesthesia, the anesthesiologist 
will open the envelope to determine the grouping of patients. 
Intraoperative EIT will be used to monitor the optimal PEEP for 
titration 5 min after intubation in the intervention group. The 
control group used a fixed PEEP of 3 to 5 cmH2O. The rest of the 
management procedure will be consistent between the 2 groups.

Standard Process

Eligible patients will be enrolled during the preoperative eval-
uation. All patients in the 2 groups will receive the same 

perioperative management process (Table 1). CPET will be 
completed at least 1 day before surgery. Prevention and treat-
ments of nausea and vomiting and postoperative analgesia will 
be performed after surgery. The anesthetic procedure will be 
undertaken by the anesthetists in the same subspecialty an-
esthesia team for both the intervention and control groups. 
The anesthesia scheme of the 2 groups will be intravenous 
rapid induction of endotracheal intubation, mechanical ven-
tilation, and intraoperative intravenous inhalation combined 
with maintenance anesthesia. Standard intraoperative mon-
itoring will be used, including ECG, blood pressure, invasive 
radial artery pressure, bispectral index, pulse oximetry, con-
tinuous monitoring, and urine volume. Ventilation parame-
ters monitored by anesthesia machine will be the fraction of 
inspired oxygen (FiO2), tidal volume (Vt), the respiratory rate 
(RR), PEEP, plateau pressure (Pplat), peak airway pressure, 
and respiratory system compliance. Postoperative monitor-
ing will include at least ECG, pulse oximetry and noninvasive 
blood pressure measurements. Preoxygenation will be with 
FiO2 1.0 for 5 min before induction of intraoperative respira-
tory management. The volume-controlled mode will be used 
after intubation: Vt 8mL/(predicted body weight) and Pplat of 
25 cmH2O. If the Pplat ³25 cmH2O, the Vt will decrease at the 
level of 1 mL/kg to achieve the target of Pplat <25 cmH2O. The 
RR will be maintained with an inspiratory to expiratory ratio 
of 1: 2 at the end expiratory carbon dioxide partial pressure 
(ETCO2) between 35 and 45 mmHg. In the whole process, FiO2 
will be set to 0.5. If SpO2 <95%, FiO2 will be raised by 0.1 un-
til SpO2 is higher than 95%.

Alveolar Recruitment Maneuvers

The alveolar recruitment maneuvers will be performed at 5 
min, 1 h, and 2 h after intubation and at the end of the oper-
ation. The ventilator mode will be changed from volume-con-
trolled ventilation to pressure-controlled ventilation, with driv-
ing pressure of 20 cmH2O, respiratory rate of 15 times/min, 
inspiratory to expiratory ratio of 1: 1, PEEP 5 cmH2O, and FiO2 
remaining unchanged. The PEEP level will be increased by 5 
cmH2O every 10 respiratory cycles to 20 cmH2O, and the maxi-
mum airway pressure will be set to 40 cmH2O and maintained 
for 15 respiratory cycles [18]. If hemodynamic instability oc-
curs in the rehabilitation period (cardiac index or mean arte-
rial pressure decreases by 50%), norepinephrine or ephedrine 
will be given. When the hemodynamics are stable, other alve-
olar recruitment maneuvers will be performed. Then the indi-
vidualized PEEP group will titrate the best PEEP through the 
decreasing PEEP test.

PEEP Titration

At the end of the alveolar recruitment maneuvers, volume-
controlled ventilation mode will be set, with Vt 8 mL/kg, RR 

Old patients scheduled for non-
laparoscopic abdominal surgery

Informent consent

Exclusion

Exclusion

Preoperative assessment

Post-operative follow-up
Day 1, 3, 7 and last

day before discharge

Intervention group
(n=40)

Control group
(n=40)

Randomized 80 patients

Indiviual PEEP
(PEEP titration)

Fixed PEEP
(3-5)

Figure 1.  1 CONSORT diagram of this study. Made by Microsoft® 
Word 2210 Build, Statement and permission from 
http://www.consort-statement.org/.
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of 15 respirations per min, and expiratory ratio of 1: 2. After 
that, PEEP will be decreased by 2 cmH2O every 1 min from 
20 to 0 cmH2O, monitoring the changes in the slope of the EIT 
tracing. A decrease in slope indicates derecruitment, where-
as an increase in slope indicates recruitment. When we get 
a horizontal tracing, it corresponds to a stable end-expirato-
ry lung volume and indicates that PEEP is optimum [19,20]. 
This individual PEEP will be maintained throughout mechan-
ical ventilation.

CPET

From study recruitment to the day before surgery, patients will 
receive a doctor-supervised symptom-limited incremental CPET 
on a computer-controlled electromagnetic braking cycle dyna-
mometer [21,22]. Before CPET, each patient will undergo a lung 
activity measurement of forced inspiratory and expiratory flow 
volume circulation. The subsequent incremental exercise test 
will take 8 to 12 min to complete. During this period, patients 
will sit on a bicycle dynamometer and have cardiovascular and 

Study period
Close-out

Enrolment Allocation Post-allocation

Timepoint
Preoperative 

visit
Before 

anesthesia
After 

intubation
During 

anesthesia
End of 
surgery

POD1 POD3 POD7
Before 

hospital 
discharge

Hospital 
discharge

Enrollment

Eligibility screen X

Informed 
consent 

X

Demographic 
data

X

ARISCAT score X

Allocation X

Interventions

Intervention 
group

X

Control group

Assessments

Cardiopulmonary 
exercise test

X X

Respiratory 
parameters

X

Electrical 
impedance 
tomography

Blood gas 
analysis

X X X X X X

Hemodynamic 
variables

Incidence of 
postoperative 
complications

X X X

Adverse events

Hospital stay/ 
Intensive Care
Unit stay

X

Table 1. The schedule of enrollment, interventions, and assessments.

POD – postoperative day; ARISCAT – Assess Respiratory Risk in Surgical Patients in Catalonia.
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respiratory measurements taken, followed by 3 min unloaded cy-
cling as a warm-up. At the test sites where the circulating power 
meter cannot be set to unloaded cycling, the no-load cycle stage 
will be set to the lowest possible working load on the local cir-
culating power meter. Then, the pedal resistance will be grad-
ually increased every minute, and the ramp scheme will be ad-
opted. During this process, patients will pedal at a speed of 60 
rotations per min. Typically, untrained individuals increase their 
productivity by 10 watts per min, while participants who reg-
ularly participate in sports activities increase their productivity 
by 20 to 30 watts per min [23,24]. The main recorded indicators 
are, peak oxygen consumption (VO2peak), and anaerobic threshold.

The same test will be performed again the day before dis-
charge from hospital, and VO2peak and anaerobic threshold 
will be recorded.

Primary Outcomes

The primary outcomes of the study will be change of postop-
erative cardiopulmonary exercise capacity (VO2peak and anaer-
obic threshold).

Secondary Outcomes

The secondary outcomes will be incidence of pulmonary com-
plications and other postoperative complications in 1, 3, and 
7 days after surgery, length of hospital stay, and intensive 
care unit stay.

Pulmonary Complications

Pulmonary complications in the study are as follows: (1) atel-
ectasis: a chest X-ray shows pulmonary opacity, mediastinum, 
hilum, or diaphragm offset to the affected areas and compen-
satory hyperinflation of adjacent non-atelectasis lungs; (2) hy-
poxemia: SpO2 less than 92% with FiO2 0.21 or SpO2 less than 
95% with FiO2 0.5; (3) acute respiratory distress syndrome: de-
fined by Berlin definition [25]; (4) pneumonia: new pulmonary 
infiltration or progression of previous infiltration confirmed by 
chest X-ray, with at least 2 of the 3 criteria: (i) blood leukocy-
tosis ³12×109/L or <4×109/L, (ii) temperature >38.5°C or <36°C, 
(iii) increased secretion with purulent sputum; (5) pneumotho-
rax: displacement of air and mediastinum in pleural cavity (chest 
X-ray examination for suspected hoarseness); (6) pleural effusion: 
the costophrenic angle becomes blunt, the adjacent anatomical 
structures are displaced on the chest radiographs; (7) aspira-
tion pneumonia: respiratory failure after inhalation of reflux; (8) 
bronchospasm: use bronchodilators to treat expiratory wheez-
ing; and (9) early extubation failure or need for re-intubation.

Other postoperative complications will have follow-up with the 
Postoperative Morbidity Survey instrument [26].

Baseline variables, including age, sex, height, weight, BMI, 
American Association of Anesthesiologists grade physical 
condition, ARISCAT risk score, medical history, and type of in-
tervention, will be recorded. The parameters recorded at 4 
points during surgery (5 min, 60 min, and 120 min after in-
duction and the end of the operation) are FiO2, arterial blood 
gas, SpO2, respiratory parameter, and hemodynamics param-
eters. Additional data will be recorded, such as urine volume 
and pharyngeal temperature, the type of narcotic drugs, the 
type and amount of fluid, blood loss and transfusion, the de-
mand for vasoactive drugs, operation time, mechanical venti-
lation time, the times of alveolar recruitment maneuvers, and 
the need for rescue treatments.

Data and Statistical Analysis

According to previous studies [27,28], it is estimated that the 
incidence of postoperative cardiopulmonary exercise capaci-
ty declines in elderly patients, with intermediate or high risk 
of 30% to 45%. Based on these reports and the results of a 
preliminary trial, we assume that titration of iPEEP will reduce 
the decline of postoperative cardiopulmonary exercise capac-
ity by 50% of fixed PEEP. The sample size calculation is based 
on a=0.05 allowing type 1 errors, b=0.2 allowing type 2 er-
rors, and power=80%. Both groups require 36 cases, accord-
ing to the mean value of the 2 groups in the literature, using 
the PASS 21.0 software. Considering patients who could be 
lost to follow-up, 40 patients in each group will be enrolled.

First, the baseline variables of these patients will be described, 
and the homogeneity of the groups will be assessed using ap-
propriate statistical tests due to the types of variables analyzed 
(proportional mean difference, chi-square, analysis of variance, 
confidence interval of 95%). Second, calculating the bivariate 
variables association between patient characteristics, primary 
endpoints, and secondary endpoints, and in the case of quan-
titative results, analysis of variance (ANOVA) tests will be used.

Then, the relevance of the intervention to the primary and sec-
ondary results will be analyzed, the corresponding odds ratio 
will be calculated, and the ANOVA of quantitative results will 
be used. In all cases, the respective means or proportions will 
be estimated with their respective 95% confidence intervals. 
The primary outcomes, pulmonary complication, non-pulmo-
nary complications, and mortality measurements analysis will 
be repeated using a multivariable logistic regression model and 
will be adjusted for any patient characteristics with clinical rel-
evance shown in previous bivariate analysis.

Data Management

This study consists of a chief researcher and other research-
ers who participate in the design of this research scheme, the 
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experimental process, and recording of the experimental data. 
The data collection will be conducted by an external indepen-
dent researcher who will not participate in the quality control 
of this study. Monitors will assess the progress of the study 
and verify the accuracy and completeness of data records. All 
research data will include consent, and case report forms will 
be retained for 10 years after the trial ends at Beijing Shijitan 
Hospital. Finally, the original data and results will be released 
at www.medresman.org.

Discussion

This study is designed to verify that individualized PEEP is su-
perior to the traditional lung protective ventilation strategy 
(low tidal volume + fixed low PEEP) in cardiopulmonary ex-
ercise capacity and postoperative pulmonary complications 
in elderly patients undergoing mechanical ventilation during 
surgery. Previous studies [18,19,35,36] have shown that indi-
vidualized PEEP has certain advantages for patients with me-
chanical ventilation under general anesthesia. But there is lit-
tle research of elderly patients undergoing major laparotomy 
surgery under general anesthesia, and there are no reports on 
the changes of cardiopulmonary exercise capacity after sur-
gery. In this study, cardiopulmonary exercise capacity will be 
tested before and after surgery to test whether the protective 
effect can be observed.

Postoperative pulmonary complications and other postopera-
tive complications are common problems in elderly patients. 
Mechanical ventilation can cause lung injury [16,29,30]. Patients 
can have atelectasis, pneumonia, acute respiratory distress 
syndrome, and other pulmonary complications after surgery. 
During ventilation, the inflated part of the lung receives the 
high tidal volume, potentially causing alveolar expansion, ex-
cessive tension, and pressure of the alveolar. The alveolar in 
a noninflated atelectasis area repeatedly collapse and re-ex-
pand, resulting in alveolar shear stress and diffused lung inju-
ry [17,31]. This can trigger the inflammation response, which 
leads to ventilator-induced lung injury. There are evidences 
that protective mechanical ventilation strategies can reduce 
lung injury and systemic inflammation response, decreasing 
the morbidity of these complications [32]. Low Vt as a lung 
protective mechanical ventilation strategy can reduce over ex-
pansion and lung injury not only in patients with acute respi-
ratory distress syndrome, but also in intraoperative patients 
with non-injured lungs before surgery [33,34]. The use of low 
Vt can cause atelectasis, so the use of PEEP becomes anoth-
er key point of the lung-protective ventilation strategy [35]. 
However, the optimal PEEP level is still unclear because of 
the high degree of heterogeneity in previous trials on differ-
ent PEEP levels and the method of PEEP settings. Alveolar re-
cruitment maneuvers are beneficial to reopen the collapsed 

alveoli. After the collapsed alveoli recover, it is necessary to 
select an appropriate PEEP level to maintain and prevent the 
alveoli from collapsing again. Inappropriate PEEP levels can 
cause alveoli to dilate or collapse, causing lung injury or atel-
ectasis. Hence, it is essential to explore the optimal PEEP lev-
el in clinical practice.

The volume of tissue and gas can be calculated by measuring 
CT scan values. However, CT scans during surgery are difficult, 
and there are radiation hazards. EIT can monitor the changes 
of intrathoracic impedance caused by ventilation to see the 
gas distribution and mechanical characteristics [36,37]. EIT has 
the benefits of being noninvasive, real-time, and bedside and 
has no radiation hazards, compared with CT scans. EIT can in-
tuitively evaluate the collapse and re-extension of lung tissue, 
so as to determine the correlation between lung volume and 
respiratory mechanics [38].

In previous studies [18-20,39-44], several measurements for 
PEEP titration by EIT have been reported, but none of them are 
currently accepted. In this study, the incremental PEEP meth-
od will be used for ventilator-driven alveolar lung supplement. 
Considering the feasibility and relative accuracy of surgery, we 
chose this method for PEEP titration. Optimal PEEP for patients 
can be set by titration [19,20]. Previous studies have shown that 
individualized PEEP titration has certain advantages for post-
operative complications in elderly patients, which is usually re-
flected in respiratory physiological parameters and pulmonary 
complications, while it usually does not improve the length of 
hospital stay, mortality, and extrapulmonary complications. In 
previous perioperative studies, CPET was mainly used for pre-
operative evaluation and prediction of postoperative complica-
tions and it has been proven to predict postoperative mortal-
ity and postoperative pulmonary complications [45,46]. CPET 
is also commonly used to evaluate the recovery of cardiopul-
monary capacity after cardiac surgery [47], but there are few 
studies on the comparison of cardiopulmonary exercise capac-
ity in patients undergoing non-cardiac surgery. This study will 
use cardiopulmonary exercise capacity as the primary outcome 
to explore the relationship between perioperative cardiopul-
monary exercise capacity and pulmonary complications to fur-
ther explore the methods to improve prognosis.

Conclusions

In conclusion, we hypothesis that EIT monitoring for titration 
of individualized PEEP in elderly patients during open abdom-
inal surgery could improve cardiopulmonary exercise capaci-
ty and reduce postoperative pulmonary complications, com-
bined with other lung protection strategies. If this trial data 
is in accordance with the hypothesis, our study would provide 
evidence for perioperative management in elderly patients.
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Trial Status

The study is currently recruiting patients. Recruitment began 
July 01, 2022.

Declaration of Figures’ Authenticity

All figures submitted have been created by the authors, who 
confirm that the images are original with no duplication and 
have not been previously published in whole or in part.
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