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Abstract
BACKGROUND: The intraoperative cardiorespiratory effect of ventilation with individualised positive end-
expiratory pressure guided by dynamic compliance (Cdyn) remains unde�ned. We investigated whether
individualised protective ventilation would protect the heart and lung more e�ciently than standard
protective ventilation during abdominal laparoscopic surgery with Trendelenburg positioning.

METHODS: Forty patients undergoing abdominal laparoscopic surgery were randomly divided into two
groups: Group T (titrimetric PEEP) and Group I (intentional PEEP, 5 cmH2O).
Parameters of right ventricular function were measured via transoesophageal echocardiography,
including tricuspid annular plane systolic excursion (TAPSE), early �lling-to-late �lling ratio of the right
ventricle, and right ventricular end-diastolic area/left ventricular end-diastolic area (RVEDA/LVEDA) ratio.
Cdyn, driving pressure (∆P), ratio of dead space to tidal volume (VD/VT), and partial pressure of arterial
oxygen to inspiratory oxygen fraction (PF) ratio were measured during mechanical ventilation.

RESULTS: The RVEDA/LVEDA ratio in all patients increased signi�cantly at T2 compared with T0, but
there were no signi�cant differences in TAPSE or E/A ratio between groups during the whole procedure
(P>0.05). Cdyn, ∆P, and VD/VT ratios in Group T were signi�cantly improved compared to those in Group
I at T2 (P<0.05). There was no signi�cant difference in the PF ratio between groups (P>0.05).

CONCLUSIONS: Intraoperative lung-protective ventilation with Cdyn-guided PEEP improved Cdyn, ∆P, and
VD/VT ratio without obvious side effects on right ventricular function compared to standard protective
ventilation during laparoscopic surgery with Trendelenburg positioning, which suggests that it is a
circulation-friendly way to titrate PEEP for intraoperative lung protective ventilation.

TRIAL REGISTRATION:

Trial registration date: 13/09/2020;

Trial registration number: ChiCTR2000038212.

Background
Pulmonary ventilation can be further impaired by the application of mechanical ventilation,
pneumoperitoneum (PNP), and position during laparoscopic abdominal surgery.[1–3] Mechanical
ventilation that combines low tidal volume and recruitment manoeuvres with an individualised positive
end-expiratory pressure (PEEP) has demonstrated favourable lung-protective effects in patients with
previously normal lung function.[4–9] However, the optimal PEEP level varies among individuals and
surgical types. An inadequately high level of positive airway pressure has the potential to distend non-
dependent lung areas[10] and impair cardiac performance.[11–14] The latter can manifest as reduced
cardiac output and acute cor pulmonale.[15]
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Alternatively, protective ventilation, in which the PEEP level is tailored to the respiratory system’s dynamic
compliance (Cdyn) after a recruitment manoeuvre, has resulted in favourable physiological effects when
used intraoperatively.[8, 16] However, the actual in�uence of individualised PEEP on circulation in patients
during laparoscopic abdominal surgery remains unclear.

Based on the above, we hypothesised that protective ventilation with Cdyn-guided PEEP would protect
cardiopulmonary function more e�ciently than standard protective ventilation with intentional PEEP (5
cmH2O) during laparoscopic abdominal surgery in the Trendelenburg position.

Methods
Ethics, consent, and permission

The study was registered on 13/09/2020(ChiCTR2000038212) on chictr.org.cn, and was approved by the
Medical Ethics Committee of Shanghai General Hospital with approval number [No. 202036]. All research
procedures adhered to the CONSORT guidelines, and written informed consent was obtained from all
patients. All methods were carried out in accordance with Declaration of Helsinki

Study design and patient population

The study included consecutive patients with American Society of Anesthesiologists physical status I-II
who underwent elective laparoscopic abdominal surgery, including rectal or colon resection. The
exclusion criteria were as follows: age <20 years or >65 years; obesity (>28 kg/m2); previous known
respiratory or cardiovascular disease; or throat, oesophageal, or any other disorders that may affect
transoesophageal echocardiography (TEE).

Randomisation and masking

This was a randomised controlled study. Randomisation was carried by a computer-generated allocation
sequence. Participants were divided into two groups (n=20/group). People who had access to the
randomisation information were not involved in any experimental trial procedure. 

The patients were blinded to the treatment allocation. Intraoperative data were collected by an unblinded
investigator. TEE measurements were performed and recorded using a multiplane 5-MHz and an
echocardiographic device (Vivid 7 Dimension; GE Vingmed Ultrasound AS, Horten, Norway). All
measurements were performed by the same examiner who was blinded to the allocation and were
recorded on video. The saved results were reviewed postoperatively by two experienced
echocardiographers who were not involved in the study.

Anaesthesia management 

The duration of preoperative fasting was 8-10 h. Upon arrival in the operating room, patients received 5
mL/kg Ringer’s lactate solution. The �uid treatment was continued at 5 mL/kg/h during surgery.
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[17] Electrocardiogram (ECG), heart rate (HR), non-invasive blood pressure, end-tidal CO2 pressure,
peripheral oxygen saturation, and bispectral index (EEG VISTA monitor, Covidien, Boulder, CO) were
measured. Arterial blood samples were collected to assess partial pressures of CO2 and O2 (PaCO2 and
PaO2, respectively).

Anaesthesia was induced with midazolam (1-2 mg), sufentanyl (0.2-0.4 μg/kg), propofol (1.5-2.5 mg/kg),
and rocuronium (0.6-1 mg/kg), and maintained with sevo�urane (0.8-1.0 minimum alveolar
concentration) and remifentanil (0.5 μg/kg/h). Su�cient levels of muscle relaxation and analgesia during
surgery were achieved using increments of rocuronium (0.2 mg/kg) according to the twitch monitor
(Innervator, Fisher & Paykel, Laguna Hills, CA). 

Ventilation settings and study protocol

Pre-oxygenation was performed for 5 min at a fraction of inspired oxygen (FiO2) of 1.0 with a tightly
sealed face mask. The lungs were ventilated after a recruitment manoeuvre of 40 cmH2O continuous
positive airway pressure applied for 30 s by hand bagging with FiO2 of 60% in a volume-controlled mode.
The tidal volume (VT) was 6-8 mL/kg of ideal body weight calculated as 50+0.91 × (height [cm] – 152.4)
for men and 45.5+0.91 × (height [cm] – 152.4) for women [18] and VT and respiratory rate were adjusted
to maintain peak inspiratory pressure (PIP) below 35 cmH2O and end-expiratory PaCO2 (PetCO2) between
35 and 45 mmHg throughout the procedure. After intubation, a TEE probe was inserted into the
oesophagus. 

Patients were changed to a steep Trendelenburg position after PNP was induced. The intra-abdominal
pressure (IAP) was maintained up to 12 mmHg (UHI-4, Olympus Medical Systems, Tokyo, Japan). After
the second recruitment manoeuvre, the PEEP increment trial was initiated in the study group (Group T)
with steps of 2 cmH2O from 5 cmH2O until the maximal Cdyn was obtained. Volume-controlled
ventilation and individualised PEEP levels were then established after the third recruitment manoeuvre
and maintained throughout the study period. In the control group, the same procedures were followed,
except for PEEP titration; PEEP was set at a �xed level of 5 cmH2O (Fig. 1). 

Measurements

An S/5 monitor (GE Healthcare, Chicago, IL) was used to monitor the mean arterial pressure, HR, PetCO2,
VT, RR, PIP, and plateau inspiratory pressure continuously. The gas sampling tube using the side-stream
technique to record Cdyn was connected to the respiratory circuit. Arterial blood samples were collected
for blood gas analysis to record arterial PaCO2 and arterial PaO2. Each measurement was obtained and
recorded at three time points including: immediately after anaesthesia induction (T0), 5 min after PNP
and Trendelenburg positioning (T1), and 30 min after mechanical ventilation with PEEP (T2). 

Tricuspid annular plane systolic excursion (TAPSE) was measured using the M-mode from a standard
apical four-chamber view centred on the right ventricle (RV). The cursor was aligned parallel to the
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longitudinal displacement of the tricuspid valve plane with the RV free wall carefully. Electronic callipers
were used to calculate the displacement between the most basilar position of the tricuspid annulus at
end-diastole and at end-systole with the leading-edge method (Fig. 2A). 

A four-chamber view was used to measure the RV end-diastolic area (RVEDA) and the left ventricular (LV)
end-diastolic area (LVEDA) by tracing the endocardium in the end-diastole period. The RVEDA/LVEDA
ratio was calculated from these values (Fig. 2B). 

Pulsed-wave Doppler ultrasonography was used to measure the ratio of the tricuspid peak velocity of
early �lling (E) to the peak velocity of late �lling (A) (E/A ratio) by scanning from the apical four-chamber
view with the sample volume positioned at the valvular lea�et tips (Fig. 2C).

All measurements were performed on �ve consecutive beats during sinus rhythm. 

Other derived variables were calculated according to the following equations:

ΔP = Pplat–PEEP; [19]

VD/VT = 1.14 × (PaCO2 – PetCO2)/PaCO2 – 0.005, [20] where VD is dead space; and

PF=PaO2/FiO2 [21]

Statistical analysis

No studies to date have speci�cally studied parameters of RV function in relation to changes in PEEP
during laparoscopic abdominal surgery. We calculated from a pilot study that 18 participants in each
group would be su�cient to identify a difference of 0.4 in TAPSE between individualised and intentional
PEEP groups with α and β errors of 0.05 and 0.2, respectively, with a power of 0.8 using PASS software
(version 11.0.7, NCSS, Kaysville, UT). Considering the potential loss to follow-up and missing data, the
sample size of each group was increased to 20.

Numbers with percentages in parentheses are used to present categorical data. Continuous data are
presented as mean ± standard deviation; otherwise, medians with interquartile ranges are used. 

Statistical analyses were performed using Prism 8.0 (GraphPad Software, San Diego, CA). We used the
Kolmogorov-Smirnov test to verify the normality of data. Comparisons between groups or different
timepoints were performed using two-way repeated-measures analysis of variance, and comparisons of
categorical variables between groups were performed using the chi-squared test. A P value less than 0.05
was accepted as statistically signi�cant.

Results
Patient characteristics
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Fifty-three patients were recruited; nine refused to participate and four were excluded due to failure to
insert the TEE probe in time. We studied 40 patients, all of whom completed the protocol successfully
without complications (Fig. 3). The demographics and clinical data are presented in Table 1. There were
no signi�cant differences in hemodynamic measurements between the groups at any timepoint (Table 2).

Right ventricular parameters

During the study, there was no change in the TAPSE or E/A ratio of the RV (P > 0.05) (Fig. 4A, 4C). The
RVEDA/LVEDA ratio increased signi�cantly at T2 compared with T0 in both groups (Group I, P = 0.0018;
Group T, P = 0.0208) (Table 3, Fig. 4B).

Pulmonary parameters

After the PEEP increment trial, the optimal Cdyn-guided PEEP for Group T reached an average
of 7.88 cmH2O (Table 3).

The Cdyn decreased signi�cantly from T0 to T1 (P < 0.001) without a difference between the groups (P >
0.05). After recruitment manoeuvre and ventilation with different PEEP, improvements in Cdyn were
obtained in both groups at T2 compared to T1 (P < 0.001) (Table 3), and Group T had a signi�cantly
higher Cdyn than Group I (P = 0.029) (Fig. 5D).

There were signi�cant increases in the ΔP and VD/VT ratio in both groups at T1 compared to T0 in all
patients (P < 0.001). There were increases in VD/VT and ΔP in Group I after ventilation with PEEP (PΔP <
0.001; P VD/VT ratio = 0.019) (Table 3). However, the ΔP and VD/VT ratio of Group T dropped, with no
signi�cant differences compared to T0 (P > 0.05), (Table 3). At T2, the ΔP and VD/VT ratio differed
between groups (PΔP < 0.001; P VD/VT ratio = 0.002) (Fig. 5E, 5F).

However, no signi�cant changes in the PF ratio were found (P > 0.05) (Table 3, Fig. 5G).

Discussion
This is the �rst clinical study to investigate whether mechanical ventilation affects right heart function
assessed by TEE in healthy patients undergoing laparoscopic abdominal surgery with Trendelenburg
positioning randomised to Cdyn-guided PEEP or �xed PEEP. Our study suggests that Cdyn-guided PEEP
mechanical ventilation was su�cient to maintain the normal intraoperative systolic and diastolic
function of the RV, resulting in better Cdyn, lower VD/VT, and driving pressure compared to standard lung-
protective mechanical ventilation.

PNP induced before laparoscopic surgery by insu�ating CO2 into the abdomen together with the special
surgical position are known to affect both the respiratory and cardiac systems.[22] Rist et al.[23]
conducted an observational trial in patients in the lithotomy position during lower abdominal
laparoscopic surgery. They found that RV function deteriorated because of PNP and position changes. In
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our study, the RVEDA/LVEDA ratio was chosen to evaluate right heart function because it can provide
information about combined systolic and diastolic function,[24] and about preload and afterload
independently in non-acute conditions.[25] Our results showed that all enrolled patients experienced an
increase in the RVEDA/LVEDA ratio at 30 min after mechanical ventilation, suggesting that signi�cant
myocardial dysfunction was found with �xed PEEP but not with individualised PEEP.

Ventilation strategies, including PEEP at an appropriate level, can reduce pulmonary vascular resistance
and enhance the washout of expiratory CO2. Russo et al.[22] concluded that PEEP can improve cardiac
function in laparoscopic surgery. Bernard et al.[26] demonstrated that suitable PEEP can provide a
moderate elevation of intrathoracic pressure, which may prevent vessel collapse and restore the pressure
gradient between the intrathoracic and intra-abdominal compartments. In other words, PEEP may act as a
shield against the negative cardiopulmonary effects induced by PNP. However, it is not easy to �nd a
“balanced” PEEP between cardiac function and pulmonary function. An arbitrary decision usually made
by clinicians to set a higher level of PEEP aiming for an “open lung” may contribute to overdistension and
haemodynamic instability.[27] Decreased cardiac output during PEEP is mediated by increased
intrathoracic pressure and a reduction in venous return, because of decreased RV preload and increased
RV afterload.[28–31] Severe depression of cardiovascular function appears to be critical in patients who
are treated with high PEEP and require haemodynamic support.[12]. A multicentre randomised controlled
trial suggested that the use of a high level of PEEP and recruitment manoeuvres does not reduce the
incidence of postoperative pulmonary complications and more frequently results in unwanted
haemodynamic side effects.[32] In our study, we employed dynamic compliance to guide intraoperative
PEEP selection. Cdyn appeared to be superior in determining the “ideal” PEEP because of its holistic
response to heart-lung reactions. Cdyn, when shown as “slope” or “�exibility” in a pressure-volume curve,
has a single-peak type of relation with PEEP, indicating that adverse effects of PEEP were clearly evident
when Cdyn deteriorated.[33] In our results, RV systolic and diastolic functions, as expressed by TAPSE
and the E/A ratio obtained from TEE, were not signi�cantly affected by gas insu�ation or position
change. Cdyn-guided PEEP ventilation ameliorated RV systolic function compared to �xed PEEP
ventilation at 30 min after PEEP according to the TAPSE normality threshold of greater than 1.7 mm.[34]
Therefore, Cdyn-guided PEEP ventilation seemed to be su�cient to maintain the normal function of the
RV by offsetting the effects of an augmented IAP on pulmonary vascular resistance.

On the other hand, ventilation strategies including PEEP are conventionally recommended to mitigate the
respiratory effects of PNP.[35] The lung-protective effects of PEEP are established by the increase in the
dependent lung areas, the reduction of atelectasis and re-expansion, and the improvement of gas
exchange. Similar to the result from electrical impedance tomography-guided PEEP (7.88 vs. 8 cmH2O),
[10] our results also showed that Cdyn-guided PEEP could improve ventilation in patients undergoing
laparoscopic surgery.

The main limitations of our study are the relatively small number of patients involved the and short-term
follow-up. Similarly, we set FiO2 at 0.6 during the surgery. An FiO2 of 0.6 was adequate to maintain the
intraoperative oxygen supply and consumption balance and to avoid the potential deleterious effects of
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hypoxia. However, a recent systematic review revealed that arterial hyperoxia maybe associated with poor
hospital outcomes.[36] Therefore, more convincing data are needed to provide tailored concentration of
oxygen to expand upon our study.

Conclusions
This is the �rst published study attempting to compare the cardiopulmonary effect of Cdyn-guided PEEP
and �xed PEEP together with low VT and recruitment manoeuvres in patients with good functional status
undergoing abdominal laparoscopic surgery in the Trendelenburg position. Cdyn-guided PEEP was also
su�cient to maintain the normal systolic and diastolic function of the RV, and led to better Cdyn, lower
driving pressure, and a better VD/VT ratio. Based on these results, we recommend consideration of Cdyn-
guided PEEP together with low tidal volume and recruitment manoeuvres as the cardiopulmonary-
protective ventilation of choice for patients undergoing the abdominal laparoscopic surgery in the
Trendelenburg position.
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Table.1. Baseline characteristics of the patients (n=40)  
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Characteristics and clinical data Group I Group T

Age (yr), mean (SD) 49±12 51±10

Male, n (%) 10 (50) 11 (55)

BMI (kg·m-2), mean (SD) 23.8±2.8 24.2±3.1

LAP rectectomy, n (%) 9 (45) 9 (45)

LAP colectomy, n (%) 11 (55) 11 (55)

Pneumoperitoneum duration (min), mean (SD) 119±21 117±20

Operative time (min), mean (SD) 143±25 148±21

Lactated Ringer’s solution (ml), mean (SD)  1405±265 1435±242

Urinary output (ml), mean (SD) 130±20 125±25

Blood loss(ml), median (IQR) 60 (20, 150)  65 (20, 150)

Use of vasoactive drugs, n (%)    

Ephedrine, n (%) 3(15) 4(20)

Dose (mg·kg-1), median (IQR) 0.10 (0.10-0.33) 0.15 (0.09-0.33)

Sinus rhythm, n (%)  20(100) 20(100)

Data are given as the mean (SD) when normally distributed, otherwise the median with interquartile
ranges is used. Numbers are presented with n (%).  Group I, control group (PEEP=5cmH2O); Group T, Cdyn-

guided PEEP. BMI, body mass index, weight (kg)·height-2(m); LAP, Laparoscopic; IQR, interquartile range.

Table. 2. Intraoperative hemodynamic characteristics (n=40)

  Measurements T0 T1 T2

Group I MAP (mmHg), mean (SD) 83.9±10.5 85.3±10.1 82.2±11.2

HR (bpm), mean (SD) 63.8±9.9 66.6±9.6 65.0±8.8

Group T MAP (mmHg), mean (SD) 82.6±10.9 84.2±12.3 80.6±10.9

HR (bpm), mean (SD) 65.8±±10.6 67.6±9.2 69.3±9.0

Data are given as the mean±SD when normally distributed, otherwise the median with interquartile ranges
is used. Numbers are presented with n (%).  Group I, control group (PEEP=5cmH2O); Group T, Cdyn-guided
PEEP. T0, 15min after intubation. T1, 15min after pneumoperitoneum and position change; T2, 30min
after ventilation with different PEEP. MAP, mean arterial pressure ; HR, heart rate.
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Table. 3. Intraoperative respiratory and right heart function characteristics (n=40)

  Parameters T0 T1 T2

Group I Cdyn (ml/cmH2O) 49.12±10.98 27.96±8.26 * 32.40± 8.43*†

Driving pressure (cmH2O) 13.08±2.14 19.88±2.76* 17.76±2.65*†

VD/VT(%) 10.80±4.51 19.52±4.22* 24.04±4.53*†

PF (mmHg) 461.60±65.99 430.64±115.36 454.36±115.36

TAPSE (cm) 1.55±0.32 1.63±0.28 1.50±0.39

RVEDA/LVEDA 0.54±0.01 0.56±0.02 0.62±0.06*

E/A  1.45±0.12 1.51±0.13 1.34±0.38

PEEP (cmH2O) 0±0 0±0 5.00±0.00

Group T Cdyn (ml/cmH2O) 49.84±10.88 27.56± 4.86* 36.04±6.67*†§

Driving pressure (cmH2O) 13.04±2.34 19.68±4.04* 13.76±2.86#§

VD/VT(%) 11.80±8.12 20.14±7.16* 18.16±6.68*§

PF (mmHg) 471.40±126.15 427.36±114.71 443.32±98.58

TAPSE (cm) 1.55±0.42 1.75± 0.42 1.84±0.35

RVEDA/LVEDA 0.53±0.02 0.57±0.02 0.60±0.06*

E/A 1.44±0.17 1.45±0.11 1.60±0.55

PEEP (cmH2O) 0±0 0±0 7.88±1.54

Data are given as the mean (SD). Group I, control group (PEEP=5cmH2O); Group T, Cdyn-guided PEEP. T0,
15min after intubation. T1, 15min after pneumoperitoneum and position change; T2, 30min after
ventilation with different PEEP.  *, P<0.05 as compared to T0 within the group; †, P<0.05 as compared to
T1 within the group; §, P<0.05 as compared to Group I at T2. Cdyn, dynamic compliance; VD/VT, dead
space; PF, partial pressure of arterial oxygen to inspiratory oxygen fraction; TAPSE, tricuspid annular
plane systolic excursion; RVEDA/LVEDA, right ventricular end-diastolic area to left ventricular end-
diastolic area ratio; E/A, peak velocity of early �lling to peak velocity of late �lling ratio of right ventricle;
PEEP, positive end-expiratory pressure. 

Figures
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Figure 1

PEEP titration. T0, 15min after intubation; T1, 15min after pneumoperitoneum and position change; T2,
30min after ventilation with different PEEP. PEEP, positive end-expiratory pressure.
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Figure 2

A Tricuspid annular plane systolic excursion (TAPSE) 30min after ventilation with PEEP. TAPSE was
measured by 2-dimensional echocardiography-guided M-mode recordings from theapical 4-chamber view,
with the cursor placed at the free wall of the tricuspid annulus. Maximal TAPSE was determined by the
total excursion of the tricuspid annulus from its highest position after atrial ascent to the lowest point of
descent during ventricular systole. RV, right ventricle; LV, left ventricle.

B Right ventricular end-diastolic area/left ventricular end-diastolic area (RVEDA/LVEDA) ratio 30min after
ventilation with PEEP. RVEDA/LVEDA ratio were measured by tracing the RV and LV endocardium in the 4-
chamber view. RV, right ventricle; LV, left ventricle.

C Peak velocity of early �lling (E) to peak velocity of late �lling (A) (E/A) ratio 30min after ventilation with
PEEP. E/A ration of right ventricle was scanned from the 4-chamber view with the sample volume
positioned at the tricuspid valvular lea�et tips using pulsed-wave Doppler. RA, right atrium; RV, right
ventricle.
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Figure 3

Study �owchart. Group I, control group (PEEP=5cmH2O); Group T, Cdyn-guided PEEP group. PEEP, positive
end-expiratory pressure.
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Figure 4

Intraoperative right heart function parameters between groups at T0, T1, and T2. (A) tricuspid annular
plane systolic excursion(TAPSE). (B) right ventricular end-diastolic area/left ventricular end-diastolic
area(RVEDA/LVEDA) ratio. (C) peak velocity of early �lling (E) to peak velocity of late �lling (A)(E/A) ratio
of right ventricle. Box and whisker plot showing changes between Group I (blank box) and Group T
(sloped lined box). The boxes represent the interquartile range, the horizontal line within the boxes
represents the median, and whiskers represent 10-90% error bars. *, P<0.05 as compared to T0 within the
group. Group I, control group (PEEP=5cmH2O); Group T, Cdyn-guided PEEP. T0, 15min after intubation; T1,
15min after pneumoperitoneum and position change; T2, 30min after ventilation with different PEEP.
PEEP, positive end-expiratory pressure.
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Figure 5

Intraoperative respiratory function parameters between groups at T0, T1, and T2. (D) dynamic
compliance(Cdyn). (E) driving pressure(ΔP) . (F) dead space (VD/VT) ratio . (G) partial pressure of arterial
oxygen to inspiratory oxygen fraction (PF) ratio. Box and whisker plot showing changes between Group I
(blank box) and Group T (sloped lined box). The boxes represent the interquartile range, the horizontal
line within the boxes represents the median, and whiskers represent 10-90% error bars. *, P<0.05 as
compared to T0 within the group; #, P<0.05 as compared to T1 within the group; ^, P<0.05 as compared to
Group i at T2. Group i, control group (PEEP=5cmH2O); Group t, Cdyn-guided PEEP. T0, 15min after
intubation; T1, 15min after pneumoperitoneum and position change; T2, 30min after ventilation with
different PEEP. PEEP, positive end-expiratory pressure.


