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Abstract

During pneumoperitoneum, intra-abdominal pressure (IAP) is usually kept at 12–14 mmHg. There is no clinical benefit in IAP
increments if they do not increase intra-abdominal volume IAV. We aimed to estimate IAV (DIAV) and respiratory driving pressure
changes (DPRS) in relation to changes in IAP (DIAP). We carried out a patient-level meta-analysis of 204 adult patients with avail-
able data on IAV and DPRS during pneumoperitoneum from three trials assessing the effect of IAP on postoperative recovery
and airway pressure during laparoscopic surgery under general anesthesia. The primary endpoint was DIAV, and the secondary
endpoint was DPRS. The endpoints’ response to DIAP was modeled using mixed multivariable Bayesian regression to estimate
which mathematical function best fitted it. IAP values on the pressure–volume (PV) curve where the endpoint rate of change
according to IAP decreased were identified. Abdomino-thoracic transmission (ATT) rate, that is, the rate DPRS change to DIAP
was also estimated. The best-fitting function was sigmoid logistic and linear for IAV and DPRS response, respectively. Increments
in IAV reached a plateau at 6.0 [95%CI 5.9–6.2] L. DIAV for each DIAP decreased at IAP ranging from 9.8 [95%CI 9.7–9.9] to
12.2 [12.0–12.3] mmHg. ATT rate was 0.65 [95%CI 0.62–0.68]. One mmHg of IAP raised DPRS 0.88 cmH2O. During pneumoperi-
toneum, IAP has a nonlinear relationship with IAV and a linear one with DPRS. IAP should be set below the point where IAV
gains diminish.

NEW & NOTEWORTHY We found that intra-abdominal volume changes related to intra-abdominal pressure increase
reached a plateau with diminishing gains in commonly used pneumoperitoneum pressure ranges. We also found a linear
relationship between intra-abdominal pressure and respiratory driving pressure, a known marker of postoperative pulmo-
nary complications.
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INTRODUCTION

In laparoscopic surgery, carbon dioxide (CO2) is insufflated
into the peritoneal cavity. Insufflated CO2 generates a working
space for surgeons to monitor and perform the intervention.
Intra-abdominal pressure (IAP) during pneumoperitoneum
usually exceeds the intra-abdominal hypertension (IAH) syn-
drome threshold, that is, 12mmHg and thus exposes patients
to the harmful effects of increased IAP (1, 2).

The abdominal compartment has a combination of rigid
borders, including the spine, rib cage, and pelvis, and semi-
rigid borders like the muscles in the abdominal wall and the
pelvis and the diaphragm. The abdominal compartment
shows anisotropic behavior during pneumoperitoneum (3–5).
Typically, there is an initial phase wheremarginal gains in vol-
ume according to the applied pressure, that is, abdominal
compliance (Cabd) follow a linear relationship (6). Then,
according to biomechanics laws, materials undergoing a strain
eventually reach their maximum stretching capabilities, that
is, yield stress, after which applying additional pressure leads
to diminishing gains in volume (7, 8). Identifying this critical
point at which gas insufflation should be limited is crucial to
maximizing surgical working space while minimizing injur-
ious IAP effects. Such effects include decreased pulmonary
function, abdominal perfusion, and cardiac output and
increased intracranial, thoracic, and ocular pressure (9).

A rise in IAP leads to an upward shift of the diaphragm,
increasing airway pressures (Paw), and decreasing chest wall
compliance (CCW) and lung volumes (10–12). The diaphragm
shift can be partially outweighed by applying a sufficient posi-
tive end-expiratory pressure (PEEP) level during mechanical
ventilation, although how much PEEP and when to apply it,
that is, before or after pneumoperitoneum insufflation or
lung recruitment maneuvers (13). Previous preclinical trials
assessing the effect of IAPs ranging from 5 to 25mmHg on Paw

found that the abdomino-thoracic transmission (ATT) rate,
that is, the proportion of abdominal pressure transmitted to
the thorax for peak and plateau pressure (Ppeak and Pplat)
ranges from 40% to 50% in animal models (14, 15) and was
20% for Pplat (16) and 62% for Ppeak (17) in physiologic proof of
concept trials performed in humans. These studies were car-
ried out after inducing acute respiratory distress syndrome
(ARDS) (6) and without neuromuscular blockade (NMB) (14–
20), and none focused on respiratory driving pressure (DP).

Nonlinear statistical models can be used to describe a vari-
ety of processes in various fields (21). Their advantage resides
in that their parameters can easily be linked to biologically
meaningful variables. We aimed to determine whether a
mathematical function can describe IAP and IAV and IAP
and DP relationships during pneumoperitoneum insufflation
by analyzing patient-level data from three previously pub-
lished studies (22–24). The primary objective was to assess
the relationship between IAP and IAV, and the secondary
objective was to study the relationship between IAP and re-
spiratory driving pressure (DPRS).

METHODS

Study Design and Context

The protocol and statistical analysis plan of thismeta-anal-
ysis are available in the Supplemental Material (the

Statistical Analysis Plan and all supplemental figures and
tables are available at https://doi.org/10.6084/m9.figshare.
13270118), and these were planned and prespecified before
data opening and registered at clincaltrials.gov (study identi-
fier: NCT04468698). The overall characteristics of the studies
are shown in Supplemental Table S1 IPPColLapSe I was a
multicenter cohort study assessing the feasibility of an indi-
vidualized pneumoperitoneum (IPP) strategy in laparoscopic
colorectal surgery (22). IPPColLapSe II was a multicenter
randomized clinical trial comparing an IPP strategy with a
standard pneumoperitoneum pressure (SPP) strategy with
respect to postoperative recovery in laparoscopic colorectal
surgery (23). IPPColLapSe III was a single-center crossover
trial comparing fixed five cmH2O positive end-expiratory
pressure (PEEP) to IAP-targeted PEEP at various IAP levels in
laparoscopic cholecystectomies (24). Written informed con-
sent before enrolment and compliance with the Helsinki
Declaration and Spanish legislation for biomedical research
wasmandatory in all studies.

All patients in all three studies underwent an initial stand-
ardized insufflation maneuver under deep NMB, which con-
sisted of: i) peritoneum insufflation through a leakproof
Hasson trocar (Kii balloon, Applied Medical, Orange County,
CA or VersaOne, Covidien, Dublin, Ireland) up to 15mmHg
of IAP for abdominal wall prestretching; ii) patients position-
ing in 20� Trendelenburg (22, 23), or 20� anti-Trendelenburg
(24); iii) IAP decrease from 15 down to 12 and then to 11, 10, 9,
8mmHg (22, 23), or IAP increase up from 8 to 12 and then
15mmHg (24). Insufflation was carried out at constant low
flow, that is, 3L·min�1 to derive the compliance from the
slope of the dynamic pressure–volume curve applying a clas-
sical technique used in respiratory mechanics (25–27). In all
studies, patients’ legs were placed in padded leg-holder sup-
ports with hips flexed before the initial insufflation. Also,
NMB degree was assessed by quantitative monitoring to
maintain a posttetanic count (PTC) between one and five.

During the initial insufflation sequence, mechanical venti-
lation (Avance or Aisys CS2, GE Healthcare, Chicago, IL) was
performed in volume-controlledmode (VCV) with a tidal vol-
ume of 7–8 mL kg�1, with a respiratory rate of 12 beats per
minute, inspiration to expiration (I:E) ratio of 1:2, an inspira-
tory pause of 20% of the inspiratory time and 5 cmH2O of
PEEP. A lung recruitment maneuver and PEEP settings
changes were performed only in IPPcolLapse III according to
the original protocol; however, only data from 5 cmH2O
PEEP recordings were used for driving pressure analysis.

The details of the insufflation sequence are reported in
Supplemental Table S1.

Inclusion Criteria

Data from patients that participated in the three parent
studies were eligible for the current analysis. Patients in
whom the initial insufflation procedure was incomplete
were excluded.

Data Collection

During the initial insufflation maneuver, IAV was recorded
at each mmHg of IAP, while during stepwise changes in IAP,
Pplat was recorded at each IAP level. DP was calculated as Pplat

minus PEEP. The following baseline characteristics were
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retrieved from the original databases: patients’ age, gender,
and body mass index (BMI). We also retrieved waist–hip cir-
cumference ratio where possible.

Endpoints

The primary objective was the relationship between IAP
and IAV, and the secondary objective was the relationship
between IAP and respiratory driving pressure (DPRS).

Statistical Analysis

We included all available data from patients in the trials
without formal sample size calculation. Also, as the purpose
of the investigation was exploring a physiological hypothe-
sis, we did not specify any a priori effect size.

Continuous variables are reported as median [25th–75th
percentile]. Normality was checked by quantile–quantile plots
examination. Categorical variables are reported as percen-
tages and proportions. In the case of more than 5% of missing
data, imputation by chained equations was prespecified.

To determine which function adapted better to data,
Bayesian multivariable mixed models with either linear, expo-
nential, or sigmoid response distribution were fitted. Age, gen-
der, BMI, and study, that is, IPPColLapSe I, II, or III, were
introduced as covariables and patients as a random effect. Full
details on the models are reported in the statistical analysis
plan (SAP), available in the Supplementary Material. The best-
fitting model was chosen by visual inspection of IAP marginal
effect and leave-one-out (loo) cross-validation, which is the
more robust method in case of weak priors and influential
observations (28). We assessed the following functions: linear,
logistic for sigmoid response, or asymptotic exponential for ex-
ponential response. We then estimated the relationship
between IAP and IAV and IAP and DPRS fitting the selected
mathematical function. According to the chosen function, we
calculated the dependent variable, that is, IAV or DPRS, accord-
ing to the function parameters. According to the function type,
the following parameters were determined: i) slope parameter,
that is, the amount of variation in y for a unit-increase in xwas
determined for the linear function; ii) maximum reachable y
value and y rate of increase, that is, half-life parameter, for the
asymptotic exponential function; iii) higher asymptote, inflec-
tion point, that is, x value halfway between the lower and
upper asymptote points, slope parameter, and the upper criti-
cal point, that is, x value where the slope changes reflecting a
decrease in y response to x increments with three proposed for-
mulas: maximum deceleration point (MDP), asymptotic decel-
eration point (ADP) (29), Venegas sigmoidal equation (30).
Details on mathematical calculations are provided in the SAP
in the Supplemental Material, and a graphical depiction of the
used functions and points is shown in Fig. 1.

To assess the effect of visceral fat on the relation between
IAP and IAV, we estimated a Bayesian and nonlinear model
with the same specifications reported for the main analysis
in a subsample of patients for which waist–hip circumfer-
ence ratios were available. We tested the model introducing
waist–hip circumference ratio and BMI alternatively.

All analyses were performed with R software version
4.0.2 (R Foundation for Statistical Computing, www.r-
project.org). No correction for multiple comparisons was
performed. Statistical uncertainty was expressed by showing

the 95%—confidence or 95%—credible intervals for frequent-
ist and Bayesian analysis, respectively. Statistical significance
was set for two-tailed at P< 0.05.

RESULTS

This patient-level meta-analysis included 204 patients
undergoing pneumoperitoneum insufflation for laparo-
scopic surgery under general anesthesia. Baseline character-
istics are reported in Table 1. In total, 10.866 and 1.065 data
points were analyzed for IAV and DPRS, respectively. We did
not observe any episode of mean arterial pressure below
60mmHg during the assessment.

The marginal effects of IAP on IAV and of IAP on DPRS

for the three fitted Bayesian models are reported in
Supplemental Figs. S1 and S2. The effect of IAP on IAV fol-
lowed a sigmoid shape, whereas the effect of IAP on DPRS fol-
lowed a linear shape. Loo cross-validation results showed
that the best-fitting model for IAP and IAV relationship was
the logistic one, while logistic and linear were comparable for
IAP and DPRS (Supplemental Table S2). We finally choose a
linear relationship for DPRS based on themarginal effect.

By fitting a three-parameter logistic function to IAV data,
we found that the inflection point was at an IAP of 6.7 [95%
CI 6.6–6.8] mmHg, the upper asymptote was at an IAV of 6.0
[95%CI 5.9–6.2] L and the scale parameter was 2.3 [95%CI
2.3–2.4]. MDP, Venegas, and ADP critical points were at IAP
of 9.8 [95%CI 9.7–9.9], 11.5 [95%CI 11.3–11.5], and 12.2 [95%CI
12.0–12.3] mmHg, respectively. The logistic function-fitting
curve with critical points and Bayesian estimation are
reported in Fig. 2 and full Bayesian and nonlinear logistic
models’ estimation in Supplemental Tables S3A and S3B.
Among the introduced covariables, the original study was
significant with IPPColLapse III showing higher intra-ab-
dominal volumes (0.64, 95%CI 0.41–0.85).

We included 58 patients in the waist–hip ratio sensitivity
analysis from IPPColLapse I study, baseline characteristics
are reported in Supplemental Table S4. Median waist–hip
ratio was 0.97 [0.90–1.01]. The estimated marginal effects
of waist–hip circumference ratio and BMI were small
(0.26 [95%—credible interval, CI—1.10–1.66] and �0.01
[95%CI �0.04–0.01], respectively). Full models’ estima-
tion is presented in Supplemental Tables S5 and S6.
Critical points calculated from the logistic function-fitting
curve were similar (MDP 9.1 [95%CI 8.9–9.4] and 9.2 [95%
CI 9.1–9.2], Venegas 10.6 [95%CI 10.4–10.9] and 10.7 [95%
CI 10.6–10.7], and ADP 11.3 [95%CI 11.0–11.6] and 11.3
[95%CI 11.2–11.3] for models fitted with waist–hip circumfer-
ence ratio and BMI, respectively, Supplemental Fig. S3).

By fitting a linear function to DPRS data, we found that an
increase in IAP was significantly associated with an increase
in DPRS (effect estimate=0.65, [95%CI 0.62–0.68] and that
age and BMI were significantly associated with an increase
in DPRS. In contrast, the original studies did not show a sig-
nificant effect. Linear mixed model estimates and fitting to
the data are reported in Table 2 and Fig. 3.

DISCUSSION

The main findings of this patient-level meta-analysis in
subjects undergoing pneumoperitoneum for laparoscopic
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surgery under general anesthesia can be summarized as fol-
lows: during pneumoperitoneum, i) the effect of IAP on IAV
volume follows a sigmoidal function and by obtaining the
parameters of this function we can ii) describe an upper
threshold for IAV and iii) identify the specific point where
marginal gains in volume for each increase in pressure is
diminishing; Moreover, iv) in standard pneumoperitoneum
pressure range rising IAP leads to a linear increase in DPRS.

This analysis has several strengths. We used a standar-
dized insufflation maneuver in all three studies providing a
comparable and granular data set for models’ estimation.
Indeed, although this is not the first study on IAV and IAP
relationship carried out in humans (6), it analyzes the largest
data set to our knowledge. Moreover, we carried out a multi-
variable analysis, therefore, obtaining less biased effect esti-
mates and chose the modeling functions by a data-driven
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Figure 1. Graphic representation of the assessed functions. A: logistic function, B: linear function, C: negative exponential, D: all functions on the same
graph. ADP, asymptotic deceleration point; MDP, maximum deceleration point. X and y scales are arbitrary and are picked for visual purposes and do
not report actual data.

Table 1. Baseline characteristics

IPPColLapSe I (n = 92) IPPColLapSe II (n = 85) IPPColLapSe III (n = 27) Overall (n = 204) SMD

Age, yr 66 [58–76] 68 [58–74] 66 [55–74] 67 [58–74] 0.184
Gender (female) 41% (38/92) 32% (27/85) 67% (18/27) 41% (83/204) 0.503
BMI, kg·m�2 26.6 [23.8 to 29.0] 26.9 [24.2 to 29.8] 27.0 [25.1 to 31.0] 26.8 [24.2 to 29.0] 0.223
Surgical position Trendelenburg Trendelenburg Anti-Trendelenburg – –

BMI, body mass index; SMD, standardized mean difference.

ABDOMINAL PRESSURE-VOLUME AND LUNG INTERACTION

724 J Appl Physiol � doi:10.1152/japplphysiol.00814.2020 � www.jap.org
Downloaded from journals.physiology.org/journal/jappl at SLUB Dresden (141.076.249.179) on March 23, 2021.

http://www.jap.org


process, that is, by testing several functions on data to pick
the best performing one. Moreover, we used nonlinear func-
tions with easily interpretable parameters with a clear bio-
logical meaning (21, 31). Also, the analysis was predefined,
and we had no deviations from the original plan.

Our findings show how IAV can be related to an increase
in IAP in a nonlinear fashion. Higher pressure does not
always generate steadily higher volumes. Despite clinical
guidelines recommending to set the IAP at the lowest level
providing adequate surgical working space during laparo-
scopy (32), pneumoperitoneum commonly becomes being
an iatrogenic IAH condition. IAH and abdominal compart-
ment syndrome (ACS) are well-defined clinical conditions
proven to be associated with increased morbidity and mor-
tality in critically ill patients (33). IAH can lead to
decreased abdominal perfusion and organ injury (17, 34–
36) and increased pressure in other body compartments
such as the thorax, eye, or cranium (6, 37). Furthermore,
animal data show that mechanical ventilation alters dia-
phragm perfusion by reducing blood flow and increasing
vascular resistance. This effect is partially reversed by low-
ering IAP (38). Altered diaphragm perfusion is already
present after thirty minutes of mechanical ventilation (39)
and is considered one of the leading causes of ventilation-

induced diaphragm dysfunction (40). For these reasons,
the trade-off between additional working space and IAP-
related potential injury should be carefully evaluated in
each case.

Interestingly, a recent physiologic proof of concept study
in robotic laparoscopic surgery has shown how peritoneal
capillary circulationmay be impaired at IAP above 10mmHg
(41), drawing an interesting physiological parallel with our
findings. Recent studies focus on titrating IAP to the mini-
mum effective value as a sensible clinical management of
pneumoperitoneum. Indeed, a recent meta-analysis showed
moderate evidence for better pain scores in patients who
underwent surgery with pneumoperitoneum pressure as low
as 6mmHg (9).

According to the fittedmodel, we found that IAV increases
toward a ceiling value of 6.0 [95%CI 5.9–6.2] L as IAP rises.
This finding is in line with biomechanics reflected in preclin-
ical and clinical studies that showed the anisotropic struc-
ture of the abdominal wall muscles with a lower stiffness at
the rectus sheath and linea alba level compared to the
oblique and transversus abdominis muscles (42, 43). The
bulk of the response to IAP increments results from reshap-
ing the anterior structures, that is, rectus muscles and linea
alba (4, 5), up to a threshold where collagen fibers tissue
bonds are stretched to the limit. No further changes are pos-
sible, yielding a nonlinear stress–strain relationship (44–46).
Previous studies illustrated that a working space of �3L is
sufficient to ensure optimal surgical field conditions (6, 22);
thus, a considerable safety window to the upper limit volume
remains. An initial assessment of the actual volume that
grants an adequate surgical field could guide IAP settings
during laparoscopic surgery.

Our results show that the pressure–volume (PV) relation-
ship during pneumoperitoneum has some analogies with the
respiratory system PV curve during mechanical ventilation
(47), confirming the nonlinear behavior determined in an
animal model of hypertension (20). As in the respiratory sys-
tem PV curve, we found a sigmoid shape with a linear central
portion and an upper inflection point that determines a
threshold not to be exceeded to avoid barotrauma. Following
the same analogy, IAP levels on the linear part of the PV
curve warrant the best Cabd, yielding the best volumetric
response to IAP rise. Furthermore, we observed bending of
the curve at commonly used pneumoperitoneum pressure
levels, that is, between 10 and 12mmHg depending on the
calculation method. The threshold where the volume expan-
sion is diminishing should be established in each case to
ensure the best marginal gains from IAP levels.
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Figure 2. Scatterplot of intra-abdominal volume data according to intra-ab-
dominal pressure changes. Green solid line, intra-abdominal pressure
effect estimation with three-parameter logistic function. Blue solid line,
intra-abdominal pressure Bayesian multivariable mixed model marginal
effect estimation with three-parameter logistic function. Gray band, 95%
credible interval. Red symbols, critical points with change of rate in the
function with decreasing y response to x increase calculated with different
formulas. Red square, maximum deceleration point; red triangle, Venegas
equation (30); red circle, asymptotic deceleration point (27).

Table 2. Bayesian mixed model with a random factor for individual patient and a linear effect for intra-abdominal
pressure as main dependent variable with respiratory system driving pressure as dependent variable

Variable Estimate Std. Error Lower 95% CI Upper 95% CI

(Intercept) �2.46 2.17 �6.73 1.77
Intra-abdominal pressure 0.65 0.01 0.62 0.68
Age 0.05 0.02 0.01 0.10
BMI 0.35 0.07 0.22 0.48
Gender (female) 0.65 0.59 �0.48 1.80
Study (reference category IPPColLapse I)
IPPColLapse II �0.94 0.60 �2.09 0.23
IPPColLapse III 0.79 0.88 �0.93 2.50

Widely applicable information criterion = 3273.117; BMI, body mass index; CI, credible interval; Std., standard.
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We carried out a sensitivity analysis to assess whether the
main analysis adjusted estimations could be influenced by a
different parameter, for example, waist–hip circumference
ratio as a proxy for visceral fat. Our results show that waist–
hip circumference’s marginal effect is small and does not
yield a considerable change in IAV nor critical points estima-
tion. In general, IAP’s marginal effect is far greater than any
of the covariables introduced in the model. Of note, we car-
ried out this analysis in a subsample from a single study.

Our data show a linear relationship between IAP and DPRS.
We found that the ATT is 0.65 [95%CI 0.62–0.68], confirming
previous estimations from small studies (12). DPRS is associ-
ated with an increased incidence of postoperative pulmo-
nary complications in patients undergoing mechanical
ventilation for surgery (48). Considering the conversion fac-
tor between units of measure, that is, 1mmHg equals 1.36
cmH2O, and the linear coefficient estimated from the model
for IAP, for each additional mmHg of IAP, we can expect a
1.36� 0.65=0.88 cmH2O rise in DPRS. A recent large prospec-
tive multicenter trial carried out in robotic laparoscopy
found that driving pressure was increased in patients at high
risk of postoperative pulmonary complications and these
patients had a higher incidence of such complications (49).
This provides a further reason why each increase in IAP
should be justified by corresponding gains in surgical work-
ing space during laparoscopy to avoid an unnecessary
increase in driving pressure.

Several limitations of this study have to be acknowledged.
First, as inherent to any meta-analysis, the results have the
internal and external validity of the three original studies.
For instance, the exact effect of hip flection or patient posi-
tioning could not be assessed. Despite the adjusted analysis,
we cannot exclude that all confounding factors have been
included. Also, although we did not observe severe arterial
hypotension during study assessment, cardiac output or vas-
cular resistance data were not collected; thus, a precise cor-
relation between hemodynamic status and abdominal
pressure value cannot be ascertained. Second, during the
insufflation maneuver, we did not collect clinical nor pre-
clinical outcomes; thus, the abdominal and systemic effect
of the IAP level could not be assessed. Besides, although

leakproof equipment was used, we did not record leak quan-
titatively during insufflation. Third, we did not collect IAV
and airway pressures during the surgery; thus, dynamic
changes or the potential effect of other perioperative meas-
ures such fluid balance could not be studied. Fourth, the
results of the sensitivity analysis on waist–hip circumference
ratio have to be confirmed on amore comprehensive sample,
and the effect of other variables such as parity, abdominal
wall, or more extended ranges of BMI values thickness have
to be explored. Fifth, we estimated a nonlinear model based
on a three-parameter logistic function which assumes sym-
metry. Sixth, the original protocols did not specify IAP mea-
surement through a bladder catheter; therefore, respiratory
swings in IAP were not assessed. Seventh, pneumoperito-
neum was studied relying on deep neuromuscular blockade;
thus, extrapolation to different levels of neuromuscular
blockade must be done with great caution. Eighth, esopha-
geal pressures were only recorded in one of the original stud-
ies; hence, a global assessment of transpulmonary driving
pressure and lung compliance was not feasible. Ninth,
although we introduced patients’ positioning in the fitted
models since the original protocols prespecified different
positions after the initial insufflation, we cannot specifically
assess the effect of position changes on driving pressure.
Lastly, to limit the heterogeneity of our data, we only used
respiratory driving pressure data at 5 cmH2O of PEEP. Thus,
the IAP effect on abdominal volume or respiratory driving
pressure at different levels of PEEP must be further investi-
gated as ventilation at different PEEP levels or recruitment
maneuvers can influence these associations (50).

In conclusion, during pneumoperitoneum for laparo-
scopic surgery under general anesthesia, IAV has a nonlinear
relationship with IAP. There is a threshold of diminishing
gains in IAV at commonly used pressure levels. Increase IAP
is associated with a linear increase in DPRS. IAP during pneu-
moperitoneum should be kept in the best abdominal compli-
ance range.
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