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Abstract

INTRODUCTION: Mechanical power (MP) does not account
for aerated lung volume, potentially limiting its accuracy as
a marker of ventilator-induced lung injury (VILI). In obese
patients undergoing laparoscopic surgery, ventilation power
density (VPD) may offer a more reliable predictor of postop-
erative pulmonary complications (PPCs). OBJECTIVE: To vali-
date the calculation of ventilation power density (mechanical
power indexed to the aerated lung volume) and to evaluate
its prognostic value for PPCs in obese women undergoing
laparoscopic pelvic surgery. MATERIALS AND METHODS:
This retrospective cohort study included 64 women (age
35-58 years, ASA II-1ll, body mass index (BMI) = 30 kg/m?).
MP was calculated using the volume-controlled ventilation
formula by L. Gattinoni et al. VPD was derived as MP divided
by aerated lung volume, the latter computed as: RV + Cstat x
PEEP + 0.5 x VT, where RV — residual volume, Cstat — static
respiratory system compliance, PEEP — positive end-expi-
ratory pressure, VT — volume tidal). The primary endpoint
was PPC occurrence within 48 h postoperatively. ROC curve
analysis and logistic regression were performed. RESULTS:
PPCs occurred in 18 patients (28.1 %). VPD was significant-
ly higher in the PPC group (11.2 £ 1.6 vs 8.7 + 2.0 J-L-"minT,
p < 0.001). The area under the ROC curve (AUC) for VPD was
0.864 (95 % Cl 0.762-0.949), significantly outperforming MP
(AUC 0.588; DelLong p < 0.001). An optimal VPD threshold
of 29.9 J-.L-"min-"yielded 88.9 % sensitivity and 76.1 % spec-
ificity. Each 1 J-L=min-" increase in VPD was associated with
higher PPC risk (odds ratio [OR] 2.256; 95 % Cl 1.43-3.57;
p = 0.04). CONCLUSIONS: Ventilation power density is a
superior predictor of PPCs compared with absolute MP, with a
clinically relevant threshold of = 9.9 J-.L-"-min-". These findings
may inform future strategies for personalized intraoperative
ventilation management, pending prospective validation.
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AKTYAJIbHOCTb: MexaHuyeckas MowwHocTb (MM) BeHTU-
NALMM HE Y4UTbIBAET aspupyeMblii 06beM Nerkmx u MoxeT
6bITb HeA0CTaTO4YHO TOYHBIM MapKepoOM BEHTUAATOP-WUHAY-
LMpOBaHHOro nospexaeHus nerkux (BUMJ). Mpu oxupe-
HUX 1M NanapoCKOMUYECKMX BMeLLaTeIbCTBax, CONPOBOXAa-
IOLMXCA CHMKEeHMEM GYHKLMOHANbHOW eMKOCTU NIerkux,
yAeNbHaA MexaHW4eckas MoLHOCTb (YMM) BeHTUAALMKM —
oTHoweHne MM Kk aspupyeMoMy 0b6beMy — MnpejcTaB/f-
eTCA MepCrneKTUBHbIM MOKasaTenem 1A NPOrHO3MPOBaHMA
MOC/IEOMNEPALMOHHBIX  JIETOYHBIX  OCNOXHeHW  (OJ10).
LE/Ib NCCNEAOBAHUA: Onpesennts NPOrHOCTUYECKYIO
LeHHocTb YMM BeHTMAAUMM, Kak MM, HopMupOBaHHOW
Ha WHTpaonepaLWOHHbI aspupyeMblii 06beM, B OLleHKe
pucka MOJIO y MeHWMH C OXMPeHUEM MPKU NanapocKonm-
4ecKux onepaumax Ha opraHax masoro tasa. MATEPUAJIbI
M METO/bI: PeTpocneKkTBHOE KOrOpTHOE UCC/ieA0BaHme
64 eHwuH (so3pact — 35-58 ner, ASA II-lll, nHaexc mac-
cbl Tena (MIMT) = 30 kr/M?). PaccunTbiann MM no dopmyne
L. Gattinoni AnA BEHTUAALMM B pexK1Me No 06 beMy, 3aTeM, Bbl-
4ncaafa oTHoweHe MM Kk aspupyemMoMy ob6beMy, onpeens-
v YMM. AspupyeMbiii o6beM Bbluncasam kak: OO + Cstat x
MNAKB + 0,5 x [1O, rae OO — ocTaTouyHbIN 06beM, Cstat —
CTaTMYeCKMI KOMMIAEHC AblxaTenbHon cuctemsl, MAKB —
NONOXMTENbHOE AaBNeHNe B KOHLLe BblAoxa, 1O — abixaTesb-
HbIlt 06beM. NepBrYHan KOHeYHas To4ka — passuTue MOJ10
B TeyeHue 48 u. MNpumeHann ROC-aHanus 1 NOrnCTUYeCKyto
perpeccuio. PE3Y/IbTATbI: ¥ 18 naumenTok (28,1 %) 3ape-
ructpupoBatbl [MOJ10. YMM 6bina Bbiwe B rpynne ¢ [MOJ10
(11,2+1,6 vs 8,7 £ 2,0 x-n~-mun~"; p < 0,001). Mnowags nog
ROC-kpusoit (AUC — Area Under the Curve) YMM cocra-
Buna 0,864 (95 %-i gosepuTenbHbIn UHTepBan [95% AN]
0,762-0,949), npesbicue MM (AUC 0,588; p < 0,001).
B Hawen KoropTte onTuManbHbIi nopor = 9,9 [x-n~"MuH-"!
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Introduction

Mechanical ventilation, while indispensable for replac-
ing the respiratory function during general anaesthesia, is at
the same time a potential source of ventilator-induced lung
injury (VILI) and contributes to the risk of postoperative
pulmonary complications (PPCs). In turn, PPCs remain
among the most severe and costly complications of general
anaesthesia, since even subclinical impairment of lung aer-
ation increases the incidence of hypoxaemia, the need for
oxygen support and the length of hospital stay [1-4].

The concept of the mechanical power (MP) of venti-
lation, proposed by L. Gattinoni et al. in 2016, has broad-
ened the understanding of VILI mechanisms. MP integrates

DOI: 10.21320/1818-474X-2026-3-92-107

obecneynn 4yBCTBUTENBHOCTb 88,9 % U cneunPpu4HOCTb
76,1 %. Kaxabih Jx-n~"-Muu~! yBeanyenna YMM accouymu-
poBascs ¢ nosbilweHnem pucka MOJIO B 2,3 pasa (oTHoLwe-
Hue waHcoe [OR — odds ratio] 2,256; 95% /AW 1,43-3,57;
p = 0,04). BbIBOAbl: YMM Bentunauuu ssasetcs 6onee
nHpopMaTuBHEIM NpegukTopoM OO, YeM abcontoTHble
3HaYeHMa MM, ¢ KMHWMYECKM 3HAa4YMMbIM MOPOrOBbIM 3HaYe-
HueM = 9,9 [x-n~1-MuH-1. TlonyyeHHble pesyabTaTtsl GopMu-
PYIOT NPeAnoChIIKM ANA AaNbHENLWErO U3yyYeHna poam YMM
B NepCoHaNM13aLmMm MHTpaonepaLMOHHON BEHTUAALUN.

K/IFOYEBBIE C/IOBA: BEHTUNATOP-UHAYLMPOBAHHOE
NOBPEeXAeHWe NerknX, NCKYCCTBEHHAaA BEHTUAALMA
Nerkux, Noc/aeonepaLmnoHHble OC/IOXHEHNA, OXUPeHNe,
NanapocKonua, MexaHnyecKkas MOLHOCTb BEHTUAALMM,
YAeNbHaa MexaHnyecKkas MOLWHOCTb BEHTUAALMMK
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three key components of the ventilatory load — pressure,
volume and rate — and represents the total amount of en-
ergy delivered to the respiratory system per minute [5].
Accumulating evidence, however, has highlighted the lim-
itations of MP as a universal indicator of ventilation safety:
the risk of VILI and of clinical outcomes is determined not
only by the absolute amount of energy, but also by its distri-
bution relative to the functional lung volume and by venti-
lation inhomogeneity [6].

In laparoscopic gynaecological surgery in obese pa-
tients, the pathophysiological conditions favouring VILI
are established in advance: pneumoperitoneum and the
Trendelenburg position displace the diaphragm cranially
and reduce functional residual capacity (FRC), while obe-
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sity adds a restrictive component and further decreases
compliance [7, 8]. As a result, part of the lung parenchyma
enters a state of cyclic collapse and recruitment, creating
conditions for atelectrauma and concentration of mechan-
ical energy on the smaller “available” volume of lung tissue.
The reported incidence of PPCs in obese patients undergo-
ing laparoscopic surgery remains high — 12-24 % in large
studies [9-11].

The conceptual difference between MP and ventilation
power density (VPD) is the following: VPD represents the
ventilatory power per unit of aerated lung volume (dimen-
sion — J-L-1-min-1!). If the absolute ventilatory power is the
same but the aerated volume differs, the mechanical stress
and strain applied to a unit of lung tissue will be different.
Hence, in perioperative medicine — where the “lung” may
rapidly become “smaller” because of positional and surgi-
cal factors — indexing power to the aerated volume appears
physiologically necessary.

The present study was designed to test the calculation
of MP normalized to the aerated lung volume and to evalu-
ate its prognostic value for identifying patients at high risk
of PPCs, with the hypothesis that VPD has greater discrim-
inatory performance than absolute MP.

Objective

To validate the calculation of ventilation power density
(mechanical power normalized to the aerated lung volume)
and to evaluate the prognostic value of this index for post-
operative pulmonary complications in obese women under-
going laparoscopic pelvic surgery.

Materials and methods

Study design

A single-centre retrospective cohort study was con-
ducted at the Kulakov National Medical Research Center for
Obstetrics, Gynecology and Perinatology of the Ministry of
Health of the Russian Federation (Moscow) between March
2025 and December 2025. The study included 64 women
who underwent laparoscopic gynaecological surgery un-
der carboxyperitoneum and in the Trendelenburg position.
Patients were stratified into cohort subgroups according to
the occurrence or absence of PPCs. The study protocol was
not registered prospectively in any public clinical-trial regis-
try. The study was approved by the local Ethics Committee
of the Kulakov National Medical Research Center for
Obstetrics, Gynecology and Perinatology (protocol No. 4
dated April 24, 2025).

Each patient went through three assessment stages:
preoperative (written informed consent, history taking,
three spirometry manoeuvres, calculation of preoperative
pulmonary-complication risk using the Assess Respiratory
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Risk in Surgical Patients in Catalonia (ARISCAT) score),
intraoperative (standard monitoring of vital functions, an-
aesthetic course, recording of mechanical ventilation pa-
rameters, duration of surgery, and intraoperative blood
loss), and postoperative (standard monitoring of vital
functions, need for respiratory support, and registration of
PPCs) (Figure 1).

Inclusion criteria were: women aged 18-60 years;
body mass index (BMI) > 30 kg/m?; elective laparoscopic
pelvic surgery (myomectomy — 42 %, ovarian resection —
19 %, excision of foci of external genital endometriosis —
39 %); ASA physical status I-III (American Society of
Anesthesiologists).

Exclusion criteria were: BMI > 45 kg/m?, conver-
sion to laparotomy, blood loss > 300 mL, surgery dura-
tion < 90 min or > 180 min, ARISCAT > 45 points, pre-
operative SpO, < 96 %, and COPD GOLD stage II-IV
according to the Global Initiative for Chronic Obstructive
Lung Disease classification.

Spirometry was performed preoperatively. The proto-
col required at least three technically acceptable manoeu-
vres with confirmed reproducibility (difference between
the two best values of FEV, and FVC < 150 mL). If repeat-
ability criteria could not be met after eight attempts, the pa-
tient was excluded. The highest values obtained were used
as the final results [12].

Intraoperative period

Standard monitoring of vital functions (Mindray
BeneVision N17, China) was performed in all patients
at every stage of anaesthesia: electrocardiography, heart
and respiratory rate, non-invasive blood pressure, and
pulse oximetry (SpO,). Diuresis was monitored after blad-
der catheterisation, with hourly urine output recorded.
Capnography, capnometry and the minimum alveolar con-
centration of the inhalational anaesthetic were monitored
with the gas analyser of the Mindray A7 anaesthesia work-
station (China).

Anaesthesia was induced with the patient in the ramped
position (20° head-up tilt) after preoxygenation with con-
tinuous positive airway pressure (CPAP) of 8 cmH,O,
followed by intravenous administration of 1 % propofol
2-2.5 mg per kg of lean body weight, fentanyl 150-200 pg
and rocuronium bromide 1 mg per kg of lean body weight.
After full neuromuscular block was achieved, tracheal in-
tubation was performed under videolaryngoscopy with an
endotracheal tube of 8 mm internal diameter.

Respiratory support was provided with the Mindray
A7 anaesthesia workstation in volume-controlled ventila-
tion (VCV) mode with the following settings: tidal volume
(VT) 6-8 mL per kg of ideal body weight; respiratory rate
12-28 min~! to maintain normocapnia; positive end-expira-
tory pressure (PEEP) 10 cmH,0; inspired oxygen fraction
40 %; inspiratory-to-expiratory ratio (I: E) from 1 : 1.5 to
1 : 2. After establishment of carboxyperitoneum with an in-
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Initial patient screening, n = 300
(laparoscopic gynecological surgery, 2025)

|

Meeting inclusion criteria, n = 82
(BMI = 30, age 18-60 years, ASA I-lll, elective laparoscopy)

|

Application of exclusion criteria, n = 18 excluded
BMI > 45: n = 4 | ARISCAT > 45: n =3 | SpO, <96 %: n =3
Surgery <90 min: n =3 | > 180 min: n = 2
Blood loss > 300 mL: n =2 | COPD GOLD II-IV:n=1

I

Final cohort, n = 64
(data source: electronic medical records)

|

Intraoperative stage
Recording of ventilation parameters 30 min after capnoperitoneum
+ Trendelenburg position
Calculation of MP, VPD and AEELVrecr

|

A\

Postoperative period (48 h)
Diagnosis of PPCs

J

!

Subgroup without PPCs
n =46 (71.9 %)

!

Subgroup with PPCs n = 18 (28.1 %)
Hypoxemia: 10
Acute respiratory failure: 5
Atelectasis: 2 | Bronchospasm: 1

[ Statistical analysis j

Fig. 1. Flowchart of the research sequence

Note: ARISCAT — Assess Respiratory Risk in Surgical Patients in Catalonia; SpO, — peripheral oxygen saturation; AEELVrecr. — absolute in-
crement of recruited volume; BMI — body mass index; CP — carboxyperitoneum; MP — mechanical power; ARF — acute respiratory failure;
PPCs — postoperative pulmonary complications; VPD — ventilation power density; COPD GOLD — chronic obstructive pulmonary disease
(Global Initiative for Chronic Obstructive Lung Disease classification).

tra-abdominal pressure of 12 mm Hg, patients were placed
in the Trendelenburg position with a 20° table tilt. PEEP
was then individualized by minimization of the driving
pressure (AP — the difference between plateau pressure
(Pplat) and PEEP); ventilation parameters were set to
keep Pplat < 30 cmH,0 and AP < 15 cmH,0. End-tidal CO,
(EtCO,) was maintained in the range 35-45 mm Hg.

To assess recruitment during PEEP individualization,
the absolute increment of the recruited end-expiratory
lung volume (AEELVrecr) was calculated. The underly-
ing principle is the following: if increasing PEEP led only
to overdistension of already aerated units without open-

ing new alveoli, respiratory-system compliance would re-
main unchanged, and the volume increase would equal
Cstat x APEEP. However, when the increase in pressure re-
cruits previously collapsed alveoli, additional parenchyma
is engaged in gas exchange, compliance rises, and the actual
volume increase exceeds the expected one. The difference
between the actual and the expected increase represents the
recruited volume:

AEELVrecr = (Cstat_IND - Cstat_10) x APEEP,

where Cstat_10 is the static compliance at the baseline
PEEP of 10 cmH,O after establishment of carboxyperitone-
um and the Trendelenburg position; Cstat_IND is the static
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compliance at the individualized PEEP; and APEEP is the
difference between PEEP levels. AEELVrecr reflects the ad-
ditional aerated volume engaged in gas exchange owing to
recruitment when switching from baseline to individualized
PEEP, taking into account the change in respiratory-system
compliance. This parameter was entered as an independent
variable into the multivariable logistic-regression models.

Baseline anaesthesia was maintained with desflurane
(0.9-1.0 MAC). Analgesia was achieved with fentanyl
0.005 %-50 pg every 20 min, with an additional bolus of
50 pg in case of a haemodynamic response to surgical stim-
ulation. Intraoperative haemodynamics showed little vari-
ability and did not require correction. Neuromuscular block
was maintained with rocuronium bromide 0.1 mg/kg ad-
ministered when 1-2 responses appeared on Train-of-Four
(TOF) monitoring.

Calculation of mechanical power and ventilation
power density

Thirty minutes after the start of the main surgical phase
(establishment of carboxyperitoneum and Trendelenburg
positioning) — when changes in respiratory mechanics
caused by surgical factors and body position are most pro-
nounced — ventilation parameters were recorded and MP
and VPD were calculated.

Mechanical power was calculated using the L. Gattinoni
equation for volume-controlled ventilation [5]:

MP = 0.098 x RR x VT x (Ppeak — 0.5 x (Pplat — PEEP)),

where MP is the mechanical power (J-min-!); RR is the
respiratory rate (min-1); VT is the tidal volume (L); Ppeak
is the peak airway pressure (cmH,0); Pplat is the plateau
pressure (cmH,0); and PEEP is the positive end-expiratory
pressure (cmH,0).

To calculate VPD, the resulting MP value was normal-
ized to the aerated lung volume. Direct measurement of this
volume requires accurate techniques such as electrical im-
pedance tomography (EIT), computed tomography (CT),
or measurement of end-expiratory lung volume (EELV) by
gas dilution/washout methods [15]. However, the use of
these techniques in clinical practice — particularly in the
operating room — is markedly limited. The main barriers
are the high cost of the equipment, the need for specially
trained personnel and the organizational difficulty of per-
forming measurements during anaesthesia. CT imaging ad-
ditionally involves radiation exposure. Thus, there is a clear
need for a clinically available surrogate that can be used for
the rapid calculation of the aerated volume.

Under general anaesthesia in obese patients during
carboxyperitoneum in the Trendelenburg position, FRC
decreases mainly because of a reduction in the expiratory
reserve volume, while the residual volume (RV) remains
relatively stable [7, 16-18]. A detailed discussion of the
pathophysiological mechanisms underlying this phenome-
non is given in the Discussion.
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In an experimental model of acute respiratory distress
syndrome (ARDS) it has been shown that EELV and the
PEEP-induced volume increase, based on measurements
with the inert-gas washout/wash-in technique, agree well
with lung volumes derived from CT [15]. After PEEP indi-
vidualization — when the maximum number of recruitable
alveoli is engaged in gas exchange — compliance reaches
its highest values and the pressure — volume (P-V) curve
lies in its quasi-linear region [14]. Under these conditions,
a linear relationship between pressure and volume is main-
tained, which allows the end-expiratory lung volume to be
estimated by a calculation (EELVcalc). This volume can
be expressed as the sum of RV and the volume induced by
PEEP:

EELVcalc = RV + PEEP x Cstat,

where Cstat is the static respiratory-system compli-
ance. The term Cstat x PEEP physically corresponds to the
volume of gas kept in the lungs by the applied PEEP above
the lower boundary — the RV — in accordance with the
definition of static compliance [13, 14]. This approximation
is valid as long as the PEEP level lies on the linear part of the
pressure — volume curve.

For a correct calculation of ventilation power density,
the absolute mechanical power must be normalized to the
lung volume to which this energy is delivered.

EELVcalc — calculated from compliance (EELVcalc =
RV + PEEP x Cstat) — represents the volume immediately
before the onset of inspiration. During VCV with a square
inspiratory flow, lung volume increases linearly through-
out inspiration, reaching EELVcalc + VT at end-inspira-
tion. Assuming a linear volume rise, the mean lung volume
during inspiration (Vmean) can be expressed as the arith-
metic mean of the end-expiratory and end-inspiratory vol-
umes:

Vmean = (EELVcalc + (EELVcalc + VT)) /
2 =EELVcalc + VT/2.

Accordingly, VPD was calculated as:
VPD = MP / (RV + PEEP x Cstat + 0.5 x VT).

Because the residual volume is relatively stable, RV
reference values from the Global Lung Function Initiative
(GLI) 2021 equations [19] were used as the baseline value,
without direct measurement (gas dilution, body plethys-
mography). A limitation of this approach is the absence of
direct validation of GLI reference RV values in obese wom-
en under pneumoperitoneum and the Trendelenburg posi-
tion.

Fentanyl and rocuronium were stopped 20 minutes be-
fore the anticipated end of surgery; on completion of the
operation, desflurane was discontinued and the operating
table was placed in a modified head-up tilt of 20°. The ven-
tilation mode was changed to pressure support (PS) with a
flow trigger of 1 L-min-!, pressure support of 8 cmH,0 and
PEEP of 8 cmH,0.



Ventilation power density for predicting pulmonary complications in obese patients undergoing laparoscopic gynecological surgery...

Neuromuscular block was reversed with sugammadex
when the TOF ratio was below 90 %. On meeting the full
Gale’s triad, patients were extubated in the operating room
and then transferred to the anaesthesiology and intensive
care unit ward provided that haemodynamic and respirato-
ry parameters were stable.

Postoperative period

During the first 48 hours after surgery, vital functions
were monitored and symptomatic therapy was provided as
indicated.
The primary endpoint was the occurrence of PPCs
within 48 hours after surgery. PPCs were defined ac-
cording to the standardized definitions and endpoints in
perioperative medicine developed by the joint task force
of the European Society of Anaesthesiology (ESA) and the
European Society of Intensive Care Medicine (ESICM) —
the European Perioperative Clinical Outcome (EPCO)
definitions [20]. PPCs were recorded in a binary fashion
(present/absent). The composite endpoint comprised the
following components, each with clearly defined diagnostic
criteria:
= hypoxaemia — SpO, < 90 % on room air lasting > 30 sec-
onds;

= acute respiratory failure — PaO, < 60 mm Hg and/or
SpO, < 90 % despite oxygen therapy, or the need for
non-invasive or invasive ventilation;

s bronchospasm — a clinically meaningful increase in air-
way resistance requiring bronchodilator therapy;

= atelectasis — opacification with signs of loss of lung vol-
ume confirmed by chest radiography or ultrasound;

s pleural effusion — sonographically confirmed fluid in the
pleural cavity;

= pulmonary oedema — clinical and radiographic signs of
extravascular fluid in the lungs;

= acute respiratory distress syndrome — according to
the Berlin definition [21]: PaO,/FiO, < 300 with PEEP
> 5 cmH,0, bilateral opacities on chest imaging, and ex-
clusion of cardiogenic oedema.

The binary approach (without grading of severity) was
chosen for the following reasons:
= it complies with the EPCO 2015 methodology and en-

sures reproducibility of results;
= with a sample size of n = 64, ranking complications by
severity (Clavien-Dindo or CTCAE scales) would have
led to a critical loss of statistical power in each subgroup;
= the aim of the study was to assess the association of VPD
with the occurrence of any respiratory complication,
rather than with its severity.

Statistical analysis

The distribution of variables was assessed with the
Shapiro-Wilk test. Parametric data are presented as
M £ SD; non-parametric data as Me (Q1; Q3). Categorical

variables were compared with the ¥ test or Fisher’s exact
test, and quantitative variables with Student’s ¢-test or the
Mann-Whitney U-test. Correlations between non-normally
distributed variables were analysed using Spearman’s coef-
ficient.

The discriminatory ability of predictors was assessed by
construction of ROC curves with calculation of the area un-
der the curve (AUC) and its 95% confidence interval (95%
CI). Optimal cut-off values were determined by the Youden
index, and AUCs were compared with the DeLong meth-
od. To evaluate predictors of PPCs, logistic regression was
used with calculation of odds ratios (OR) and 95% CIs. The
minimum sample size was estimated using the Hsieh, Bloch
& Larsen formula assuming a = 0.05, power = 0.80, an ex-
pected PPC rate of 30 % and an error of 10 %, yielding 61
patients. The significance level was set at p < 0.05. Patients
were divided into two subgroups according to the presence
or absence of PPCs for comparative analysis. Analyses were
performed in R (version 4.x, packages rms and pROC) and
MedCalc v23.2.1 (Belgium).

To assess the independent contribution of predictors,
multivariable logistic regression was carried out using two
models:

m VPD + absolute increment of recruited volume;
m MP + absolute increment of recruited volume.

The discriminatory ability of the models was evalu-
ated by the AUC of the ROC curve. Internal validation of
the models was performed by leave-one-out cross-valida-
tion (LOO-CV) with calculation of the optimism (appar-
ent AUC — LOO-CV AUC) and the number of events per
variable (EPV). For the clinical threshold of VPD > 10.0
J-L-I.min-!, the sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV) were
calculated. The results are reported in accordance with the
STROBE (Strengthening the Reporting of Observational
Studies in Epidemiology) statement for cohort studies [22].

Results

A total of 82 obese patients (BMI > 30 kg/m?) sched-
uled for laparoscopic gynaecological surgery were ini-
tially screened; after application of the exclusion criteria,
64 patients were included in the final analysis. Baseline
characteristics of the cohort are presented in Table 1.
The Shapiro-Wilk test showed normal distribution for
age, height, BMI, respiratory rate, PEEP, AP, Pplat, MP
and VPD; weight, VT and compliance were non-normal-
ly distributed. Data are reported as M £ SD for normally
distributed variables and as Me (Q1; Q3) for non-normally
distributed variables.

Demographic parameters, baseline respiratory func-
tion indices and baseline ventilation settings did not differ
between the groups. PPCs occurred in 18 patients (28.1 %).
The spectrum of complications included hypoxaemia
(n = 10), acute respiratory failure requiring supplemental
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oxygen (n = 5), atelectasis diagnosed by lung ultrasound
(n = 2), and bronchospasm with tachypnoea (n = 1). All
cases were managed conservatively; no patient required in-
vasive ventilatory support.

Ventilation parameters are presented in Table 2. The
tidal volume indexed to ideal body weight (IBW) was
non-normally distributed, with a median of 7.03 mL-kg-!
IBW (6.81; 7.20) and a range of 6.57-7.77 mL-kg-l.
Mechanical power did not differ between subgroups
(p = 0.452). When subgroups were compared, statistically
significant differences were found in ventilation power den-

sity: VPD was higher in the PPC group (11.2 £ 1.6 vs. 8.7
+ 2.0 J-L-min-!; p < 0.001). The absolute increment of
the recruited volume (AEELVrecr) in the whole cohort was
55.7 + 14.2 mL. In the PPC group AEELVrecr was lower
than in the non-PPC group: 49.5 £ 11.0 mL vs. 58.7 + 15.3
mL (p = 0.043). Multivariable logistic regression confirmed
the independent value of AEELVrecr: each 10 mL increase
in the recruited volume was associated with a reduction in
PPC risk (OR 0.953; 95% CI 0.914-0.995; p = 0.029).
ROC-curve analysis demonstrated the superiori-
ty of ventilation power density over MP in predicting

Table 1. Baseline characteristics of the study groups b
Variable All (n=64) No PPCs (n=46) PPCs (n=18)
Age, years 453+59 452 +6.1 456+54
Height, cm 162.6 £3.6 162.7 +3.5 162.3+3.8
BMI, kg/m?2 373+26 37128 37.6+23
Weight, kg 96.6 (90.8; 105.5) 98.3 (90.9; 106.0) 95.4 (90.9; 105.0)
ASA class I, n (%) 44 (68.8) 32 (69.6) 12 (66.7)
ASA class IIl, n (%) 20 (31.2) 14 (30.4) 6(33.3)
ARISCAT score, points, Me (Q1; Q3) 28 (22; 35) 27 (21;34) 28 (22;38)
Preoperative SpO,, % (M + SD) 97.8 +1.1 979+12 976+10
Preoperative haemoglobin, g-.L-' (M = SD) 116.5+£11.3 1171+11.5 114.9+10.8
Duration of surgery, min, Me (Q1; Q3) 112 (98; 139) 118 (105; 145) 110 (95; 135)
Intraoperative blood loss, mL, Me (Q1; Q3) 100 (75; 150) 110 (80; 160) 100 (70; 140)
Intraoperative fluid load, mL (M + SD) 1355+ 385 1350 + 370 1360 + 380
Sugammadex administration, n (%) 10 (15.6) 7(15.2) 3(16.7)
Note: M + SD, mean = standard deviation; Me (Q1; Q3), median (Ist; 3rd quartile).
BMI — body mass index; ASA — American Society of Anesthesiologists physical status; ARISCAT — Assess Respiratory Risk in Surgical Patients in
Catalonia; SpO, — peripheral oxygen saturation; PPCs — postoperative pulmonary complications.
~
Table 2. Mechanical ventilation variables and ventilation power density

Parameter All (n=64) No PPCs (n=46) PPCs (n=18) p-value
VT, mL 387.5 (375.0; 400.0) 375.0 (375.0; 400.0) 400.0 (375.0; 400.0) 0.961
RR, min-1 19.5+35 19.4+3.8 19.8+3.0 0.689
PEEP, cmH,0O 16.1+£2.8 16.1+£3.1 16.2+22 0.921
AP, cmH,O 13.4+17 13.2+17 14.0£15 0.074
Pplat, cmH,O 295+42 292+46 302+29 0.430
Cstat, mL-cmH,0-" 28.6 (26.7;31.3) 28.8 (26.8;32.8) 28.6 (26.7;30.3) 0.115
MP, J-min- 199+6.3 195+67 20.9+5.0 0.452
VPD, J-.L-"min- 9.4+22 8.7+20 1.2+16 < 0.001
AEELVrecr, mL 55.7+14.2 587+153 49.5+11.0 0.043

recruited end-expiratory lung volume; PPCs — postoperative pulmonary complications.

Note: VT — tidal volume; RR — respiratory rate; PEEP — positive end-expiratory pressure; AP — driving pressure; Pplat — plateau pressure;
Cstat — static respiratory-system compliance; MP — mechanical power; VPD — ventilation power density; AEELVrecr — absolute increment of the
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PPCs (Table 3). The AUC of VPD was 0.864 (95% CI
0.762-0.949); MP showed minimal discriminatory abili-
ty (AUC 0.588) (Figure 2). DeLong comparison of AUCs:
VPD vs. MP — p = 0.001.

ROC Curves: PPC Predictors
1.0+

Optimal threshold}of > 9.9 JxL-*xmin-t
Sensitivity 88.9 % :
Specificity 76.1 % R

0.8

o
(o)}
|

_____
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o
SN
|

0.2

T T
0 0.2 0.4 0.6 0.8 1.0
Specificity
—— VPD (AUC = 0.864) ---- MP (AUC = 0.588)

Fig. 2. ROC curves for the prediction of postoperative pulmonary
complications
Note: AUC — area under the curve; MP — mechanical power;

PPCs — postoperative pulmonary complications; VPD — venti-
lation power density.

The optimal VPD cut-off, identified by the Youden in-
dex, was > 9.9 J-L-!-min-!, with a sensitivity of 88.9 % and
a specificity of 76.1 % (Figure 3). At a threshold of > 10.0
J-L-'-min-! — more convenient for clinical use — sensitivity
was 83.3 % and specificity 81.4 %, allowing more reliable
identification of the high-risk subgroup.

Stratification of the cohort by VPD thresholds showed a
statistically significant increase in PPC rate in the subgroup
with VPD > 9.9 J-L-1-min~!: 59.3 % vs. 5.4 % (p < 0.001, x2
test).

Results of univariate logistic regression are shown in
Table 4. VPD was significantly associated with PPCs: each 1
J-L-1.min~! increase in ventilation power density was asso-
ciated with a higher probability of complications (OR 2.256;
95% CI 1.43-3.57; p = 0.04) (Figure 4). Mechanical power
showed a weak association (OR 1.034, p = 0.448).

Sensitivity analysis (two-variable model): when VPD
and AP were entered together, VPD retained statistical sig-
nificance (OR 1.89; 95% CI 1.24-2.88; p = 0.003), whereas
AP contributed no independent effect (OR 1.18; 95% CI
0.76-1.84; p = 0.46). The Hosmer-Lemeshow test yielded
P =024

In multivariate logistic regression, Model 1 (VPD + ab-
solute increment of the recruited volume) yielded an AUC
of 0.913 (95% CI 0.843-0.985), exceeding the AUC of the
univariate VPD model (0.864). Within the model, VPD re-
mained a significant predictor (OR 3.273; 95% CI 1.744—
6.141; p < 0.001) and the absolute increment was a protec-
tive factor (OR 0.892; 95% CI 0.828-0.962; p = 0.003). At
a predicted-probability cut-off identified by the Youden in-
dex, the model provided 94.4 % sensitivity and 80.4 % spec-
ificity. The Akaike information criterion (AIC) for Model 1
was 46.6, and McFadden’s pseudo-R2 was 0.466.

Table 3. Receiver operating characteristic (ROC) analysis of the predictive variables

Variable AUC Optimal cut-off Sensitivity, % Specificity, %
VPD, J-L-min-1 0.864 9.9 88.9 76.1
MP, J-min-t 0.588 16.2 83.3 413

Note: MP — mechanical power; VPD — ventilation power density; AUC — area under the receiver operating characteristic curve.

Table 4. Logistic regression results

Variable Coefficient OR 95% ClI Interpretation p-value
VPD, J-L-min-1 0.814 2.256 1.43-3.57 +125.6 % 0.04
AP, cmH,0O 0.319 1.375 0.96-1.96 +37.5% 0.08
MP, J-min-t 0.034 1.034 0.95-1.14 +3.4 % 0.448
Cstat, mL-cmH,0O-" -0.170 0.844 0.71-1.00 =157 % 0.057
AEELVrecr, mL -0.048 0.954 0.91-1.00 -4.6 % 0.029

Note: Significance threshold: p < 0.05.

OR — odds ratio; 95% Cl — 95% confidence interval; VPD — ventilation power density; AP — driving pressure; MP — mechanical power;
Cstat — static respiratory-system compliance; AEELVrecr — absolute increment of the recruited end-expiratory lung volume.
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Fig. 3. S-shaped curve of the probability of postoperative pulmonary complications as a function of ventilation power density. The
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Note: PPCs — postoperative pulmonary complications; VPD — ventilation power density.

VPD —

AP (driving pressure) —|
Compliance (Cstat) —
AEELVrecr —

MP (mechanical power) —
Pplat (plateau pressure) —
RR (respiratory rate) —

BMI —

. l OR 2.26 (1.43-3.57), p = 0.040
| | | |
+~———— OR 1.38 (0.96-1.96), p = 0.080
| | |

—l- OR0.84 (0.71-1.00), p;= 0.057

B ORO0.05 (0.91L1.00), ;3 - 0.029

I OR i.os (0.9:5—1.13),3 p= o.4A:r6
~- OR1.06 (0.92-1.21), p = 0.424
@ OR'1.03 (0.88-1.21), p = 0.683
—m— oiR 1.07 (:0.87—1.3:2), p= 0:.536

0.5

| i i i i
1 15 2 25 3
Odds ratio (OR)

Fig. 4. Forest plot of odds ratios for postoperative pulmonary complications from univariate logistic regression
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Model 2 (MP + absolute increment of the recruited
volume) had an AUC of 0.731 (95% CI 0.593-0.870). In this
model, MP did not reach statistical significance (OR 1.115;
95% CI 0.999-1.244; p = 0.052), while the absolute incre-
ment remained significant (OR 0.932; 95% CI 0.885-0.981;
p =0.007). AIC = 72.5, pseudo-R2 = 0.125.
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Internal validation using the LOO-CV method showed
that the optimism of Model 1 was 0.024 (apparent AUC
0.913, LOO-CV AUC 0.889); the corrected AUC was 0.889.
The optimism of Model 2 was 0.056 (apparent AUC 0.731,
LOO-CV AUC 0.675). Cross-validation losses of 0.024 for
Model 1 and 0.056 for Model 2 indicate the robustness
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of Model 1. The EPV was 18 events / 2 predictors = 9.0.
Although formally EPV is slightly below 10, the optimism
of Model 1 (0.024) is minimal and LOO-CV losses do not
exceed 0.03, confirming the absence of meaningful over-
fitting. The clinical threshold VPD > 10.0 J-L-!-min-! pro-
vided sensitivity 83.3 %, specificity 81.4 %, PPV 62.5 % and
NPV 92.5 %.

Discussion

Postoperative pulmonary complications remain one
of the key causes of an unfavourable early postoperative
course in obese patients. Large studies have shown that the
risk of PPCs in obese patients is substantially higher than in
patients with normal body weight; in particular, PROBESE
reported an almost twofold increase in risk compared with
normal/overweight patients, and the cumulative incidence
of PPCs in the obese surgical population is around 21-
24 % [9-11, 23]. The PPC rate in our cohort (28.1 %) for
laparoscopic pelvic surgery in obese women fits the expect-
ed range for a high-risk population and is clinically mean-
ingful, given that even “moderate” PPCs are associated
with prolonged hospitalization and additional respiratory
support [1]. The high prevalence of preoperative atelectasis
in obese patients, demonstrated by CT and lung ultrasound
in candidates for bariatric surgery, underscores that many
patients already have a reduced aerated lung volume at the
start of surgery [24].

The concept of mechanical power was proposed as an
integrated metric combining the contributions of tidal vol-
ume, pressure, flow, PEEP and respiratory rate, and there-
fore — potentially — reflecting the risk of ventilator-in-
duced injury [5, 6]. However, in clinical situations where
the “available” ventilated lung volume is reduced (obesi-
ty, pneumoperitoneum, Trendelenburg position), MP in
the present study had no clinically useful predictive value
for PPCs (AUC = 0.588), whereas normalizing MP to the
aerated volume disclosed significant between-group differ-
ences and showed substantially better discrimination. VPD
was higher in patients with PPCs (11.2 £ 1.6 vs. 8.7 £ 2.0
J-L-min-!; p < 0.001) and outperformed absolute MP
in terms of predictive performance. Logistic regression
showed an increase in the odds of PPCs with rising VPD
(OR 2.256; 95% CI 1.43-3.57). When driving pressure
(AP) was added to the model, VPD retained statistical sig-
nificance, while AP made no independent contribution —
pointing to the independent predictive value of ventilation
power density.

At the same time, several authors emphasize that me-
chanical power as a single index cannot fully capture the
risk of lung injury under the mechanical heterogeneity of
parenchyma that characterizes ARDS and atelectasis [26].
The uneven distribution of energy within a heterogeneous
lung means that regions with different compliances experi-
ence different levels of mechanical stress for the same global

ventilatory power [27]. These observations are consistent
with the VPD concept, which takes into account the vol-
ume of lung available for ventilation and therefore indirect-
ly reflects the concentration of energy per unit of aerated
tissue.

Within the stress — strain framework, ventilation pow-
er density and the absolute increment of the recruited vol-
ume describe two independent mechanisms of VILI [5, 6].
Strain is the change in lung volume relative to the baseline
aerated volume (AV/FRC) — that is, the degree of tissue
stretch with each breath. Dynamic strain — its repetitive
component, driven by tidal volume and respiratory rate —
is recognized as the main injurious factor in volutrauma [5,
27]. In the present study, VPD quantitatively characterizes
precisely this mechanism: the intensity of energy repeat-
edly transferred to lung tissue with each breath and dissi-
pated within the parenchyma, sustaining cyclic stretch and
strain-related injury [6, 30, 31]. Stress is the static force
applied to a unit area of lung tissue and is determined by
the elastic properties of the tissue: the lower the respirato-
ry-system compliance, the higher the pressure required to
maintain a given volume. With low compliance, the applied
pressure manifests not as volumetric expansion but as me-
chanical stress in the alveolar walls [5, 8, 26]. The absolute
increment of the recruited volume (AEELVrecr) in our
study is a surrogate marker of this latter component. A low
AEELVrecr in response to increased PEEP indicates that
the lung is stiff: pressure is not consumed by the opening
of new alveoli but only raises stress within already aerated
units [8, 13, 14].

Thus, VPD and AEELVrecr describe two distinct axes
of VILI pathogenesis. VPD characterizes the intensity of re-
petitive cyclic strain — the energy repeatedly transmitted
to the lung tissue with each respiratory cycle and realized
through kinetic-energy dissipation. AEELVrecr reflects the
extent to which the lung can safely respond to applied pres-
sure with a volume increase. When this response is small,
the pressure fails to expand the functional volume of paren-
chyma and overloads the existing one — generating baro-
trauma and injury at the heterogeneous border between
aerated and atelectatic regions.

Critically, these mechanisms are independent: a patient
with high VPD and preserved recruitment is exposed pre-
dominantly to strain load, whereas with low AEELVrecr
even moderate VPD is accompanied by high tissue stress in
a stiff, non-recruitable system. For this reason, both indi-
ces retained independent significance in the multivariable
model: OR 3.273 for VPD (each J-L-!-min~! raising the risk
through strain) and OR 0.892 for AEELVrecr (each millilitre
of increment reducing the risk by lowering stress); a model
including both predictors (AUC 0.913) outperformed mod-
els with each variable alone — supporting the additive na-
ture of the two pathways of injury.

In the pathophysiological context of calculating the aer-
ated volume, it should be noted that the decrease in FRC
under general anaesthesia, carboxyperitoneum and the
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Trendelenburg position is mainly driven by a reduction in
expiratory reserve volume (ERV) [8, 16, 25]. This compo-
nent of FRC is sequentially diminished by three factors: ex-
cess body weight exponentially reduces ERV — at BMI > 30
kg/m? it is less than 47 % of the predicted value [7, 16];
general anaesthesia with neuromuscular block abolishes
the tonic activity of the diaphragm that normally maintains
FRC in the awake state; and cranial displacement of the
diaphragm by pneumoperitoneum and the Trendelenburg
position further decreases the expiratory reserve [8, 25].
The relative stability of RV is determined by the dynamic
compression and collapse of the small airways at the end
of expiration [16, 18]. Once the transpulmonary pressure
drops below the intraluminal pressure within the non-car-
tilaginous segments of the bronchioles, the airways close
and the gas trapped distal to the collapse point forms the
volume that cannot be voluntarily exhaled [16, 18]. In obese
women, FRC can approach RV already in the preoperative
period [7, 16, 17]. This mechanism explains why, despite a
pronounced reduction in FRC under the clinical conditions
considered here, the residual volume remains relatively sta-
ble and can be used as the starting point for the calculation
of the end-expiratory lung volume.

Although the surrogate used is not a direct measure-
ment of the true aerated volume, it captures the key phe-
nomenon: in obesity and pneumoperitoneum, the func-
tionally available lung volume shrinks and the same amount
of energy is concentrated on this smaller volume. These
observations are consistent with the physiological effects
of obesity and laparoscopy (increased pleural pressure, de-
creased compliance and functional residual capacity, and a
tendency to atelectasis), which set the stage for an increase
in VPD with apparently similar ventilator settings [7, 8, 16,
17, 25].

Comparison with the results of large randomized tri-
als underscores the practical value of such an approach. In
the IMPROVE study, intraoperative protective ventilation
in abdominal surgery reduced the rate of PPCs [28]. In
PROBESE, a strategy of “high PEEP + recruitment” im-
proved several intraoperative parameters but did not lower
the PPC rate compared with low PEEP [10]; likewise, in
PROVHILO, high PEEP with recruitment did not reduce
PPCs and was accompanied by haemodynamic adverse
effects (hypotension and a higher need for vasoactive sup-
port) [29]. Taken together, these data are consistent with
the view that fixed “universal” strategies (and/or reliance
on isolated surrogate parameters) may be insufficient to
prevent PPCs in heterogeneous settings, where the vol-
ume of available lung becomes the key constraint. In this
context the intensive-care experience is noteworthy: in a
PLoS One study, mechanical power normalized to dynamic
compliance (as a surrogate of lung size) was independently
associated with adverse outcome (weaning failure) and pro-
posed as a more individualized measure of ventilatory load
than “raw” MP [30]. Several approaches to normalizing
MP to the size of the functioning lung have been suggest-

102

ed. S. Coppola et al. (2020) demonstrated an association
between MP normalized to respiratory-system compli-
ance (MP/Crs) and mortality in ARDS [31]. Z. Zhang et
al. (2019) and Y. Zhu et al. (2021) showed the prognostic
value of MP normalized to predicted body weight (norm-
MP = MP/PBW) in ICU patients [32, 33]. However, both
approaches have limitations in obesity and laparoscopic
surgery. A recent MIMIC-IV database analysis also report-
ed an independent association of higher mechanical power
with short-term mortality in ARDS patients [34].

In this regard, studies in which the aerated volume is
increased by PEEP individualization to the lowest driving
pressure or to the highest compliance are of particular inter-
est. A network meta-analysis in abdominal surgery showed
that recruitment manoeuvres followed by individualized
PEEP selection are associated with better intraoperative
ventilation indices (notably respiratory mechanics and ox-
ygenation) compared with alternative schemes [35]. The
physiological cross-over study by C. Boesing et al. in the
Trendelenburg position shows that PEEP individualiza-
tion may be especially relevant in conditions of increased
respiratory load and reduced aerated volume [36]. The ran-
domized clinical trial by T.B. Xavier et al. in obese patients
undergoing laparoscopic surgery demonstrated a reduction
in driving pressure and improved oxygenation with individ-
ualized PEEP, without significant changes in mean arterial
pressure [37]. Our work conceptually continues this line —
in an intraoperative population with obesity, where the
contribution of the chest wall and the reduction in aerated
volume are particularly important and where individualiza-
tion of ventilation parameters is especially relevant, on a par
with respiratory support in ARDS.

The practical implication is that monitoring of VPD can
be considered as both a risk-stratification tool and a physi-
ologically grounded target for personalizing ventilation in
obese patients undergoing laparoscopic surgery: above the
threshold value, it is logical to prioritize measures that in-
crease the aerated volume and reduce cyclic closing/open-
ing (PEEP individualization, recruitment when indicated,
optimization of positioning and minimization of excess
minute ventilation), together with closer early postoper-
ative monitoring. A VPD threshold of > 10.0 J-L-!-min-!
could be used as a standardized clinical cut-off; however,
the proposed approach requires validation against accurate
methods of aerated-volume measurement (CT volumetry,
electrical impedance tomography, gas washout) and testing
in a larger population.

Internal validation of the multivariable model
(VPD + absolute increment of the recruited volume) con-
firmed the robustness of the results: the LOO-CV-corrected
AUC was 0.889 with an optimism of only 0.024. Even at a
formally suboptimal EPV = 9.0 (18 events for 2 predictors),
the minimal cross-validation loss (0.024) indicates the ab-
sence of meaningful overfitting. The model that included
absolute MP in place of VPD showed substantially lower
and less stable discrimination (AUC 0.731; LOO-CV AUC
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0.675; optimism 0.056), which further supports the advan-
tage of normalizing power to the aerated volume.

Limitations

The study has a retrospective design and was conduct-
ed at a single centre in a relatively small sample, which in-
cluded only obese women undergoing laparoscopic pelvic
surgery. The inclusion/exclusion criteria created a potential
selection bias. Patients at very high anaesthetic/surgical
risk (ARISCAT > 45, BMI > 45, preoperative SpO, < 96 %,
COPD GOLD II-1V) were excluded, which may have led
to an underestimation of the overall PPC rate and limits ex-
trapolation to very high-risk patient groups. This restricts
the external validity of the results and precludes causal in-
ference: the observed association between VPD and PPCs
needs confirmation in prospective studies that control for
potential confounders (fluid load, anaesthetic and analgesic
technique, variability of intraoperative interventions affect-
ing respiratory mechanics).

A second limitation is that MP was calculated using
the L. Gattinoni equation [5], which treats the respiratory
system as a linearly elastic system and may be inaccurate in
the presence of substantial non-linearity of the P-V curve.
All MP equations, including the L. Gattinoni formula,
treat the respiratory system as a continuously open circuit
and do not account for the phenomenon of airway open-
ing pressure (AOP). In morbid obesity combined with the
Trendelenburg position and carboxyperitoneum, AOP may
reach 17 cmH,0 [36]. In our study, the individualized PEEP
was 16.1 * 2.8 cmH,0 — matching the median AOP report-
ed in a comparable population — which makes it highly un-
likely that cyclic airway closure occurred during the mea-
surements. Nevertheless, AOP was not directly verified in
individual patients.

A third limitation concerns the assessment of the aer-
ated volume. Residual volume was estimated from the GLI
(2021) reference equations and was not measured direct-
ly (gas dilution, body plethysmography). The surrogate
of the aerated volume used here, although physiologically
grounded, was not validated against accurate measurements
such as measured EELV. Direct ventilation imaging/map-
ping techniques (e.g. EIT or CT) were not available, and
transpulmonary pressure was not measured, which pre-
cluded apportioning the contributions of the lung and the
chest wall and estimating the fraction of power actually dis-
sipated within the lung tissue.

A fourth limitation is that VPD inherently incorporates
components (Cstat, PEEP, VT) that are also embedded in
the MP calculation through peak pressure, creating poten-
tial multicollinearity when these predictors are compared
in separate univariate models. Ventilation parameters were
recorded only once, 30 minutes after establishment of car-
boxyperitoneum, which does not capture the dynamics of
respiratory mechanics over the entire duration of surgery
(90-180 min).

The use of preoperative RV from GLI (2021) norms
as the lower boundary of EELV is justified by the stabili-
ty of RV during anaesthesia, carboxyperitoneum and the
Trendelenburg position, as well as by the baseline depletion of
ERV in patients with BMI > 30 kg/m2, in whom FRC effec-
tively approaches RV already before anaesthesia [16, 37, 38].
Direct verification of intraoperative EELV was not performed.

A central methodological limitation of the study is the
absence of direct validation of the proposed surrogate of the
aerated lung volume (EELVcalc) against accurate instru-
mental techniques (CT volumetry, electrical impedance
tomography, inert-gas washout/dilution) — specifically in
the studied population of obese patients and specifically un-
der carboxyperitoneum combined with the Trendelenburg
position. Although the physiological rationale for the
EELVcalc formula is presented above, it should be regard-
ed as a surrogate model that has not been validated under
these particular conditions. Any VPD thresholds derived in
the present study are tied to this specific denominator cal-
culation method and cannot be automatically transferred to
clinical practice until a validation study with direct EELV
measurement has been performed.

Finally, PPCs were assessed during the first 48 hours af-
ter surgery; later complications and their severity may have
been underestimated [1, 20]. The VPD effect shown in the
study refers to the risk of any PPC subtype with a predomi-
nance of mild forms; severity and duration were not ranked.
Despite these limitations, the study provides preliminary
data on the predictive value of ventilation power density in
a specific clinical population at high risk of PPCs and serves
as a rationale for planning larger prospective multicentre
studies with broader inclusion criteria and longer follow-up.

Conclusion

Ventilation power density — defined as the ratio of me-
chanical power to the aerated lung volume — demonstrated
statistically significant superiority over absolute mechanical
power in predicting postoperative pulmonary complica-
tions in obese women undergoing laparoscopic gynaecolog-
ical surgery (AUC 0.864 vs. 0.588; DeLong p < 0.001). In the
studied cohort, the optimal threshold of > 9.9 J-L-!-min-!
provided 88.9 % sensitivity and 76.1 % specificity, and each
1 J-L-'-min-! increase in VPD was associated with higher
odds of PPCs (OR 2.256; 95% CI 1.43-3.57; p = 0.04). The
incidence of PPCs in the cohort was 28.1 %, which is con-
sistent with the literature on high-risk populations. The ret-
rospective design and the use of a surrogate measure of the
aerated lung volume limit the direct implementation of the
proposed threshold in clinical practice. Our findings gener-
ate the hypothesis that intraoperative ventilation could be
personalized on the basis of VPD and warrant prospective
validation in a multicentre study that uses direct measure-
ment of the aerated lung volume (electrical impedance to-
mography, inert-gas washout/wash-in, or CT volumetry).
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