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Abstract

Background Robotic-assisted laparoscopic radical prostatectomy (RALP) requires pneumoperitoneum and steep Trende-
lenburg position. Our aim was to investigate the influence of the combination of pneumoperitoneum and Trendelenburg
position on mechanical power and its components during RALP.

Methods Sixty-one prospectively enrolled patients scheduled for RALP were studied in supine position before surgery, dur-
ing pneumoperitoneum and Trendelenburg position and in supine position after surgery at constant ventilatory setting. In a
subgroup of 17 patients the response to increasing positive end-expiratory pressure (PEEP) from 5 to 10 cmH,0O was studied.
Results The application of pneumoperitoneum and Trendelenburg position increased the total mechanical power (13.8 [11.6
—15.5]vs9.2[7.5-11.7] J/min, p <0.001) and its elastic and resistive components compared to supine position before sur-
gery. In supine position after surgery the total mechanical power and its elastic component decreased but remained higher
compared to supine position before surgery. Increasing PEEP from 5 to 10 cmH,O within each timepoint significantly
increased the total mechanical power (supine position before surgery: 9.8 [8.4 —10.4] vs 12.1 [11.4 — 14.2] J/min, p <0.001;
pneumoperitoneum and Trendelenburg position: 13.8 [12.2 — 14.3] vs 15.5 [15.0 — 16.7] J/min, p < 0.001; supine position
after surgery: 10.2 [9.4 — 10.7] vs 12.7 [12.0 — 13.6] J/min, p <0.001), without affecting respiratory system elastance.
Conclusion Mechanical power in healthy patients undergoing RALP significantly increased both during the pneumoperito-
neum and Trendelenburg position and in supine position after surgery. PEEP always increased mechanical power without
ameliorating the respiratory system elastance.
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Glossary of terms EtCO, End-tidal carbon dioxide partial pressure
RALP Robotic-assisted laparoscopic radical Vit Tidal volume

prostatectomy RR Respiratory rate
PEEP  Positive end-expiratory pressure MP Mechanical power
BIS Bispectral index score MPgris Resistive mechanical power component
VILI  Ventilator-induced lung injury MPyg;  Elastic mechanical power component
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Italy death worldwide [1]. Traditionally, open radical prostatec-
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radical prostatectomy (RALP) has been found to be asso-
ciated with better outcomes compared to laparoscopic or
open radical prostatectomy [2]. Nowadays, more than 85%
of radical prostatectomies are performed by robotic-assisted
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procedures [3]. RALP requires a lower degree of pneumop-
eritoneum compared to laparoscopy, but a steep Trendelen-
burg position for several hours in order to facilitate surgical
access [4]. Consequently, this extreme position could have
a negative impact on cardio-respiratory function, especially
in elderly patients and in the presence of comorbidities [5].
Regarding the respiratory function, Brandao et al. showed
that pneumoperitoneum and Trendelenburg position signifi-
cantly increased driving pressure due to an increase in lung
and — to a greater extension—chest wall elastance [6]. In
addition the functional residual capacity and the respiratory
system compliance and its components (i.e. lung and chest
wall) might decrease up to 50% compared to pneumoperi-
toneum in supine position promoting lung atelectasis and
derecruitment [7, 8].

Similarly to open surgery, it has been suggested to apply
a lung protective ventilatory strategy, with low tidal volume,
low driving pressure and higher positive end-expiratory
pressure (PEEP), also during RALP, to minimize lung stress
and reduce postoperative complications [5, 9-13]. However,
previous randomized clinical studies evaluating the effects
of intraoperative lung protective ventilation in a non-robotic
setting have showed conflicting results [5, 14]. Therefore, it
has been proposed that the extent of ventilator-induced lung
injury (VILI) may be more related to the total amount of
energy delivered from the ventilator to the patient, defined
as mechanical power [15, 16]. Mechanical power depends
on tidal volume, respiratory rate, driving pressure, inspira-
tory flow and PEEP [16, 17] as well as on the intrinsic res-
piratory system characteristics of the patient. Two post-hoc
analyses of large randomized trials and a retrospective study
of patients undergoing open abdominal surgery found that a
higher mechanical power was significantly associated with
a greater risk of postoperative respiratory failure [18-20].
However, the influence of the steep Trendelenburg position
with pneumoperitoneum on mechanical power and its com-
ponents (i.e. the elastic and resistive) in patients undergo-
ing RALP has not been evaluated. The aim of this study
was to investigate the influence of the combination of the
steep Trendelenburg position and pneumoperitoneum dur-
ing RALP on respiratory mechanics, particularly mechanical
power, gas exchange and hemodynamics.

2 Materials and Methods
2.1 Study design

Prospective non-randomized study. All consecutive adult
patients scheduled for RALP with the da Vinci surgical
system at San Paolo University Hospital, Milan, Italy,
were considered eligible for the study. Exclusion criteria
were: American Society of Anesthesiologists (ASA) score
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equal to or higher than 3, history of severe chronic obstruc-
tive pulmonary disease, previous lung surgery. The study
was approved by the Institutional Review board of our
hospital (Comitato Etico Interaziendale Milano Area A,
2023/ST/057) and written informed consent was obtained
according to the Italian regulations before the beginning
of the surgery.

2.2 Anesthesia and surgical protocol

General anaesthesia and paralysis were induced with
Propofol 2 mg/kg, Fentanyl 2 mcg/kg and Rocuronium
1 mg/kg. Balanced general anaesthesia was performed
with a continuous infusion of Rocuronium of 0.2 mg/kg/h
to ensure a bispectral index score (BIS) value between
45-55 and a post tetanic count of less than 8, respec-
tively. Patients were ventilated using volume-controlled
ventilation with a tidal volume between 8—10 ml/kg ideal
body weight, an inspiratory ratio of 1:2 and a PEEP of 5
cmH,0. Respiratory rate was adjusted to achieve an end-
tidal carbon dioxide partial pressure (EtCO,) between
35-45 mmHg. A fluid infusion of 2 ml/kg/h of crystalloid
was maintained throughout the procedure. Pneumoperito-
neum was induced using an Air Seal insufflation system
(ConMed, Drogenbos, Belgium) with an intraperitoneal
pressure of 10 mmHg. Lithotomy with a steep Trende-
lenburg position (head down between 26-30 degree) was
performed when the surgeon declared ready to start the
operative phase.

2.3 Data collection

Demographic and clinical data were collected from
the hospital medical records. Intraoperative data were
recorded 10 min after the intubation, in the supine posi-
tion (supine position before surgery timepoint), 10 min
after induction of pneumoperitoneum and Trendelenburg
position after the docking (pneumoperitoneum and Tren-
delenburg position timepoint) and 10 min after return to
supine position with pneumoperitoneum at the end of the
surgery (supine position after surgery timepoint). In a
subgroup of patients, after each measurement timepoint at
5 cmH,0 of PEEP, positive end-expiratory pressure was
transiently increase at 10 cmH,O for 10 min to evaluate
the effects of two PEEP levels on respiratory mechan-
ics, gas exchange and hemodynamics. A low (5 cmH,0)
and high (10 cmH,0) level of PEEP were applied as
extremes levels to assess the possible beneficial or det-
rimental effects. The reported values are the average of
3 measurements obtained within 2 min at each measure-
ment timepoint.
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2.4 Measurements

At each measurement timepoint, the following variables
were recorded:

e Respiratory mechanics: airway peak inspiratory pres-
sure, airway plateau pressure after a 5-s end-inspiratory
hold and total PEEP after a 5-s end-expiratory hold were
recorded.

e Hemodynamics: Systolic, diastolic and mean arterial
pressure and heart rate.

e Peripheral oxygen saturation and EtCO,.

2.5 Calculations of mechanical power

Mechanical power (MP) was computed according to a previ-
ously described simplified formula:

Driving Pressure

MP = 0.098 X Vt X RR X (Peak Pressure — 3

where Vt is tidal volume, RR is respiratory rate and driv-
ing pressure is computed as the difference between airway
plateau pressure and total PEEP. Mechanical power was also
partitioned in the resistive (MPggg) and elastic (MPy; ) com-
ponents, as follows:

MPgps = 0.098 X Vt X RR X (Peak Pressure — Plateau Pressure)

Driving Pressure

MPg; = 0.098 X Vit X RR X ( 5

Mechanical power ratio was calculated as the ratio
between measured and ideal mechanical power; the latter
was derived from a previously published linear regression
in a population of heathy patients undergoing general anes-
thesia, accounting for age, sex and height [21].

2.6 Statistical analysis

From a preliminary analysis, we calculated that a sample
size of 50 patients would have provided the study a power
of 0.80 with a confidence level of 0.05 to detect a varia-
tion of mechanical power of 30% within measurement time-
points. Continuous variables are reported as median [IQR],
while categorical variables as % (number). Differences
within measurement timepoints were assessed by One-
Way Repeated Measures ANOVA or Friedmann Test, as
appropriate. In a subgroup of patients, differences within
measurements timepoint and PEEP were assessed by Two-
Ways Repeated Measures ANOVA or mixed linear effect
model, assuming timepoint and PEEP as fixed within effect
and the patient as a random effect. Multiple comparisons

were performed with pairwise Student’s T test or Wil-
coxon-Mann—Whitney U test with Bonferroni correction,
as appropriate. A p value <0.05 was considered statistically
significant.

3 Results

Eighty patients were prospectively screened for eligibility;
after excluding 19 patients, 61 patients were enrolled; in a
subgroup of 17 patients two levels of PEEP were tested at
each timepoint. Their main clinical characteristics are shown
in Table 1. The median BMI was 26 [24 — 26] kg/m2 and 5
(8%) of the patients had a BMI higher than 30 kg/m>. The
applied tidal volume was 9.9 [9.3 — 10.5] mL/kg of predicted
body weight with 5 cmH,0O of PEEP, resulting in a driv-
ing pressure of 8 [6 — 10] cmH,O and a respiratory system
elastance of 15 [12 — 18] cmH,O/L. The total mechanical
power was 9.2 [7.5 — 11.7] J/min, with a resistive and elas-
tic component of 3.0 [2.1 —4.7] and 6.1 [5.1 — 7.4] J/min,
respectively.

3.1 Effects of pneumoperitoneum
and Trendelenburg position

The applied tidal volume did not change among the three
timepoints, whereas the respiratory rate was slightly higher
during pneumoperitoneum and Trendelenburg and after

Table 1 Baseline characteristics of the study population. BMI: body
mass index; ASA: American Society of Anesthesiologists

n=61
Age, years 68 [64 —74]
Weight, kg 78 [73 - 83]
Height, cm 175 [168 — 180]
BMI, kg/m? 26 [24 - 26]
BMI classification, % (n)
<185 2
18.5-25.0 38 (23)
25.0-30.0 52 (32)
>30.0 8(5)
ASA classification, % (n)
1 10 (6)
2 77 (47)
3 13 (8)
Comorbidities, % (n)
Hypertension 46 (28)
Diabetes 11 (7)
Chronic artery disease 8(5)
Cerebrovascular disease 5@03)

Total anesthesia time, min 285 [255 -337]
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surgery compared to supine position before surgery time-
point (Table 2). Airway peak inspiratory pressure, driving
pressure and respiratory system elastance were signifi-
cantly higher during pneumoperitoneum and Trendelenburg
compared to supine position before surgery timepoint
(Fig. 1). Total mechanical power, as well as the resistive
and elastic components, were significantly higher during

Table 2 Respiratory mechanics, gas exchange and hemodynamics
according to measurement timepoint. PBW: predicted body weight;
PEEP: positive end-expiratory pressure; EtCO,: end-tidal carbon
dioxide partial pressure; SpO,: peripheral oxygen saturation. One-
way repeated measures ANOVA or Friedman Test with post-hoc mul-

pneumoperitoneum and Trendelenburg compared to supine
position before surgery timepoint (Table 2).

In supine position after surgery timepoint, airway peak
inspiratory pressure, driving pressure and mechanical power
were significantly lower compared to pneumoperitoneum
and Trendelenburg. However, airway peak inspiratory pres-
sure, driving pressure and respiratory system elastance were

tiple comparisons. *: p <0.05 vs supine before surgery timepoint; °:
p<0.05 vs Pneumoperitoneum and Trendelenburg position. Statisti-
cal results for tidal volume and tidal volume per PBW are omitted, as
tidal volume is kept constant throughout the whole study

Supine position
before surgery

Pneumoperitoneum
and Trendelenburg position

Supine position after surgery p

Tidal volume, mL

550 [510 - 600]

550 [510 - 600]

550 [510 - 600] -

Tidal volume per PBW, mlL/kg 9.919.3-10.5] 9.919.2-10.7] 9.8 9.1 -10.7] -
Respiratory rate, bpm 12 [12-14] 13 [12-14]* 13 [12-14]* 0.001
Minute ventilation, L/min 6.8 [6.2-7.6] 7.1[6.6 —7.8]* 7.216.7-7.8]* 0.001
Peak inspiratory pressure, cmH,0 18 [15-22] 28 [26-31] 19 [17-21]*° 0.001
Plateau pressure, cmH,0 13 [11-15] 23 [4, 11, 20-23]" 15 [13-16]*° 0.001
Driving pressure, cmH,0 8 [6-10] 16 [15-19]* 9 [8-11]*° 0.001
Respiratory system elastance, cmH,0/L 15 [12-18] 31 [25-32]* 16 [14-20]*° 0.001
Airway resistance, cmH,0/L/sec 13 [11-17] 15 [11-22]* 13 [8-19]° 0.001
Mechanical power, J/min 9.2[7.5-11.7] 13.8 [11.6 — 15.5]* 10.0 [8.5 — 11.9]*° 0.001
Resistive mechanical power, J/min 3.0[2.1-4.7] 4.0[2.6-5.6]* 3.3[1.8-4.6]° 0.001
Elastic mechanical power, J/min 6.1 [5.1-74] 9.6 [8.3-11.0]* 7.0 6.0 —7.9]*° 0.001
Mechanical power ratio 1.0[0.9-1.4] 1.6 [1.4-1.9]* 1.2 [1.0 - 1.4]*° 0.001
EtCO,, mmHg 34 [30-35] 36 [31-37]* 35 [31-33]*° 0.001
Sp0O,, % 99 [98 - 100] 98 [96 — 99]* 98 [97 — 100] 0.001
Systolic arterial pressure, mmHg 113 [102 - 130] 125 [119 — 136]* 113 [100 — 130]° 0.032
Diastolic arterial pressure, mmHg 69 [62 — 74] 78 [69 — 86]* 65 [56 —73]° 0.001
Mean arterial pressure, mmHg 82 [74 -91] 95 [86 — 103]* 81 [70 —90]° 0.001
Heart rate, bpm 63 [56 - 71] 60 [56 — 69] 61 [58 — 66] 0.500

A 50 p <0.001 B p <0.001 c . p <0.001

p = 0.044 p =0.002 p <0.001
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Supine position
before surgery
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Fig. 1 Peak inspiratory pressure (A) and plateau pressure (B) among measurement timepoints
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significantly higher compared to supine position before sur-
gery timepoint. Partitioning mechanical power into elastic
and resistive components, both significantly increased dur-
ing pneumoperitoneum and Trendelenburg position compared
to supine position before surgery; both the resistive and the
elastic components decreased in supine position after sur-
gery timepoint, but only the resistive component returned
to basal value. Considering mechanical power ratio, it was
significantly higher during pneumoperitoneum and Trende-
lenburg compared to supine position before and after surgery
timepoints (1.6 [1.4-1.9]vs 1.0 [0.9-1.4] or 1.2 [1.0-1.4],
p=0.001). Although minute ventilation was significantly
higher in pneumoperitoneum and Trendelenburg timepoint,
EtCO, was significantly higher compared to supine position
before surgery. However, EtCO, remained significantly higher
in supine position after surgery timepoint.

3.2 Effects of increasing PEEP within timepoints

Both at 5 and at 10 cmH,O of PEEP, comparing pneumoper-
itoneum and Trendelenburg position to supine position both
before and after surgery timepoints, airway peak inspiratory
pressure, driving pressure, respiratory system elastance and
mechanical power were significantly higher in pneumoperi-
toneum and Trendelenburg position (Table 3).

Comparing the effects of increasing PEEP within each of
the timepoints, 10 cmH,O of PEEP significantly increased
airway peak inspiratory pressure, airway plateau pres-
sure and total and elastic mechanical power compared to
5 ecmH,0 of PEEP, while driving pressure and respiratory
system elastance did not change compared to 5 cmH,0O of
PEEP (Table 3). Increasing PEEP within each time point
increased the elastic component of mechanical power, while
did not affect the resistive component.

4 Discussion

The main findings of this study are: 1) pneumoperitoneum
and Trendelenburg position increased respiratory system
elastance, total mechanical power and mechanical power
ratio compared to supine position before and after surgery;
2) respiratory system elastance and total mechanical power
were significantly higher in supine position after surgery
compared to supine position before surgery timepoint and 3)
the application of 10 cmH,O of PEEP compared to 5 cmH,O
in pneumoperitoneum and Trendelenburg position signifi-
cantly increased mechanical power, although not affecting
respiratory system elastance.

Nowadays, RALP has become the most common proce-
dure for prostate cancer due to a more precise dissection and
to better recovery after surgery [1, 2]. However, in addition
to pneumoperitoneum, RALP requires the use of a steep

Trendelenburg position, which could impair the respiratory,
cardiovascular and central nervous system [5]. In particular,
the use of pneumoperitoneum and of a steep Trendelenburg
position promote a decrease in lung and chest wall compli-
ance at different extents, by increasing intrathoracic pressure
and moving the diaphragm to a more cranial position [22,
23]. These negative effects could decrease lung gas volume
(i.e. functional residual capacity), promote hypoxaemia,
increase stress and strain, driving pressure, thus promot-
ing ventilator-induced lung injury, and increase postopera-
tive pulmonary complication rates. Therefore, it has been
recommended to avoid intrabdominal pressure higher than
12 mmHg during pneumoperitoneum and Trendelenburg
position to minimize the negative respiratory effects [4, 11].

Previous studies reported that a higher intraoperative
driving pressure during general anesthesia could promote
postoperative pulmonary complications [10, 24]. However,
during controlled ventilation, tidal volume, inspiratory flow,
respiratory rate and PEEP also contribute to VILI, in addi-
tion to driving pressure [16]. In passive conditions, accord-
ing to the equation of motion, the pressure required to inflate
the patient is used to overcome the resistive and elastic com-
ponents of the respiratory system. When the product of this
pressure for the inflated volume is calculated for every breath
in one minute, it is defined as mechanical power. Mechanical
power is thus a unifying tool that takes into account all the
components of the ventilation (tidal volume, respiratory rate,
driving pressure, inspiratory flow and PEEP), along with the
intrinsic characteristics of the lung [16, 17]. Previous experi-
mental data in animal and in ARDS patients showed that
VILI and outcome were related to the amount of mechanical
power [15, 25, 26]. More recently in surgical patients under
general anesthesia, mechanical power was also found to be
associated to postoperative pulmonary complications and
reintubation [18-20]. However, it is not clear if a intraopera-
tive ventilatory strategy based on mechanical power could
improve outcomes. Additionally, simpler indices have been
proposed [27].

In the present study, we focused only on RALP and on
the changes in total mechanical power and its components.
Total mechanical power increased significantly during
pneumoperitoneum and Trendelenburg position as com-
pared to the supine position, both before and after surgery,
mainly due to the changes in the intrinsic properties of the
respiratory system. The observed increase in mechanical
power was similar to a previous study in patients undergo-
ing major non-cardiothoracic non-neurosurgical surgery, in
which the computed median value was 9 [7-0 to 11.4] J/
min [18-20]—obviously lower than in ARDS patients [25].
At present, there is no clear threshold for mechanical power
as a risk factor in modulating VILI during general surgery
compared to ARDS patients [25]. In healthy patients during
general anesthesia every increase of 5 J/min in mechanical
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Table 3 Respiratory mechanics, gas exchange and hemodynamics accord-
ing to measurement timepoints and PEEP levels. PBW: predicted body
weight; PEEP: positive end-expiratory pressure; EtCO,: end-tidal carbon

dioxide partial pressure; SpO,: peripheral oxygen saturation. Two-ways

repeated measures ANOVA with post-hoc multiple comparisons. *:
p<0.05 vs supine position before surgery timepoint; °: p<0.05 vs Pneu-
moperitoneum and Trendelemburg position; %: p<0.05 vs PEEP 5 cmH,0

Supine position before surgery Pneumoperitoneum and Supine position after surgery prye Ppeep  PINT
Trendelenburg position

Peak pressure, cmH,0
5 cmH,0 of PEEP 19 [17-22] 28 [25-28]* 20 [18-22]° 0.001 0.001 0.484
10 cmH,O of PEEP 23[21-251° 31 [27-311% 24 111,22, 231°%

Plateau pressure, cmH,0
5 cmH,0 of PEEP 14 [12-16] 22 [4, 11, 20-23]* 16 [14-17]° 0.001 0.001 0.318
10 cmH,O of PEEP 19 [16-207* 25 [4, 11, 24-26]** 19 [17-201°%

Driving pressure, cmH,0
5 cmH,0 of PEEP 8 [7-11] 16 [15-20]* 11 [9-11]*° 0.001 0.079 0.278
10 cmH,O of PEEP 9 [6-10] 15 [14-18]* 9 [7-10]°

Respiratory system elastance,
cmH,0/L
5 ecmH,0 of PEEP 15 [12-21] 33 [26-34]* 19 [16-23]*° 0.001 0.070 0.286
10 cmH,0 of PEEP 15 [12-20] 29 [4, 24-32]* 16 [13-18]°

Airway resistance, cmH,0/L/
sec
5 cmH,0 of PEEP 13 [12-17] 16 [10-20] 14 [8-19] 0.571 0.398 0.624
10 cmH,0 of PEEP 12 [11-16] 14 [11-18] 13 [8-18]

Mechanical power, J/min
5 cmH,0 of PEEP 9.8 [8.4-10.4] 13.8 [12.2 - 14.3]* 10.2[9.4 -10.71° 0.001 0.001 0.871
10 cmH,0 of PEEP 12.1[11.4-14.2)° 15.5[15.0 - 16.7]* 12.7 [12.0 - 13.6]°%

Resistive mechanical power, J/
min
5 emH,0 of PEEP 2.7[24-3.7] 3.7[2.3-5.3] 3.3[1.6-4.0] 0.320 0.528 0.655
10 cmH,0 of PEEP 2.7[24-3.1] 3.5[2.3-43] 2.6[2.2-4.0]

Elastic mechanical power, J/min
5 emH,O of PEEP 6.5[5.8-7.1] 9.1[83-11.2]* 7.0[6.3-7.9]° 0.001 0.001 0.528
10 cmH,O of PEEP 9.7[9.0 - 10.8]° 12.7[11.2 - 13.5]%% 9.7 [8.9 — 10.5]°*

Mechanical power ratio
5 emH,0 of PEEP 1.1[0.9-1.3] 1.6[1.4-1.7]* 1.2[1.0-1.3]° 0.001 0.001 0.883
10 cmH,0 of PEEP 14[13-1.7]° 1.8 [1.7 - 2.0]* 1.5[1.4-1.6]°

EtCO,, mmHg
5 cmH,0 of PEEP 34 [30-35] 36 [33-35] 36 [33-38]* 0.011 0.514 0.808
10 cmH,0 of PEEP 34 [30-35] 36 [32-36] 36 [33-37]*

Sp0O,, %
5 ecmH,0 of PEEP 99 [98 — 100] 99 [98 — 100] 99 [98 — 100] 0.113 0.866 0.891
10 cmH,0 of PEEP 99 [98 — 100] 99 [98 — 99] 99 [98 — 100]

Systolic arterial pressure,
mmHg
5 cmH,0 of PEEP 112 [101 - 127] 126 [117 - 132]* 110 [101 - 130] 0.021 0.269 0.946
10 cmH,0 of PEEP 110 [98 — 120] 120 [107 - 130]* 111 [101 - 127]

Diastolic arterial pressure,
mmHg
5 emH,0 of PEEP 72 [69 —76] 76 [69 — 86] 66 [55 - 73]° 0.001 0.179 0.727
10 cmH,O of PEEP 68 [59 —74] 73 [68 — 88] 66 [53 - 70]°

Mean arterial pressure, mmHg
5 emH,O of PEEP 88 [79 - 90] 92 [85-101] 82 [69 - 92]° 0.001 0.485 0.948
10 cmH,0 of PEEP 82 [73 - 90] 90 [80 —102] 78 [70 - 89]°
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Table 3 (continued)

Supine position before surgery Pneumoperitoneum and Supine position after surgery prye Ppeep  PINT
Trendelenburg position

Heart rate, bpm
5 cmH,0 of PEEP
10 cmH,0 of PEEP

63 [60 — 80]
61 [60 - 80]

60 [58 — 69]
60 [54 - 72]

62 [59 - 68]
62 [57 - 66]

0.497 0.454 0.310

power increased the odds of reintubation by 31% [19]. In
the present study, we tried to better evaluate the changes in
mechanical power in a standardized way through mechani-
cal power ratio, computed as the ratio between the actual
mechanical power and the expected mechanical power given
similar patient’s baseline characteristics. Mechanical power
ratio increased with pneumoperitoneum and Trendelenburg
position, but always remained below 2.0. This small increase
in mechanical power ratio in healthy patients during a rela-
tively short period of general anaesthesia was not associated
with major pulmonary complications, such as reintubation,
which never occurred in our study population.

In addition, mechanical power is constituted of two com-
ponents: 1) the power to overcome the airway resistance
(i.e. resistive mechanical power), and 2) the power to inflate
the respiratory system during each breath and to maintain
airway inflation for a given PEEP (i.e. elastic mechanical
power). Resistive mechanical power is the amount of energy
dissipated during the inspiration and is mainly determined
by the patient’s resistance and inspiratory flow. The observed
increase in resistive mechanical power during pneumoperito-
neum and Trendelenburg position was mainly due to a slight
increase in respiratory rate, which increased inspiratory flow.
Similarly, during robotic-assisted abdominal surgery, resis-
tive mechanical power was shown to increase during pneu-
moperitoneum as compared to supine position; this increase
was significantly higher in obese compared to lean subjects
[28]. The potential role of resistive mechanical power in
modulating the VILI is currently unknown [29]. The elastic
component of mechanical power increased significantly dur-
ing pneumoperitoneum and Trendelenburg position while
keeping tidal volume constant throughout the study, due to
an increase in respiratory system elastance by approximately
twice the baseline value.

Although lung protective ventilatory strategy suggests the
application of a PEEP level, optimal PEEP and the technique
to individualize it in each patient remains controversial.
During mechanical ventilation, PEEP levels usually do not
exceed 5 cmH,0, which can be not sufficient to avoid lung
atelectasis and prevent VILI [22]. Previous studies suggested
to select PEEP achieving the maximal respiratory system
compliance, the lower driving pressure or according to the
intrabdominal pressure [9, 22, 30-32]. When PEEP was
individualized, resulting in levels between 12—-14 cmH,0,

arterial oxygenation and respiratory system compliance were
higher compared to a lower fixed level (i.e. 5 cmH,0) [22,
31, 33, 34]. However, in the same position, increasing PEEP
to 10 cmH,O raised total mechanical power compared to 5
cmH,O of PEEP, although respiratory system elastance did
not change. Thus, at the same time, the increase in PEEP
caused a decrease in driving pressure while increasing
the total and the elastic component of mechanical power.
Without partitioning mechanical power at different levels
of PEEP, it could not have been possible to evaluate the dif-
ferential effect of PEEP on elastic and resistive components.
Thus, although the increase of PEEP may have beneficial
effects in the short term - mainly on oxygenation -, it should
be balanced by an increase in mechanical power, with a
higher requirement of fluids and hemodynamic impairment
[15]. Of note, previous studies demonstrated that PEEP lev-
els of 10 cmH,0 or lower were not associated with relevant
hemodynamic effects [35].

After the patient returned in supine position, a significant
increase in respiratory elastance was found, probably due
to basal lung atelectasis occurring in Trendelenburg posi-
tion [7, 36]. The use of pneumoperitoneum, especially when
applied for several hours, can lead to CO, absorption, pro-
moting hypercapnia and acidemia. To prevent acidemia, the
titration of minute ventilation by close intraoperative moni-
toring of EtCO, is necessary. In order to improve the surgery
field and reduce CO, absorption as much as possible, the
AirSeal system was used. This system is able to reduce the
CO, flow up to 3 L/min during pneumoperitoneum when
the set pressure is reached [37, 38]. During RALP, arte-
rial oxygenation and carbon dioxide can be affected due to
ventilation-perfusion mismatch, increased shunt and dead
space [7]. Typically, the increase in arterial CO, is due to
increased CO, production (the effect of CO, insufflation
for the pneumoperitoneum) and decreased CO, elimination
from the lung. Usually, clinicians increase minute ventila-
tion to avoid a significant increase in CO,. In the present
study, EtCO, did not return to its baseline value at the end
of the pneumoperitoneum; this could be due to a reduction
of CO, elimination, as a result of an increase in ventilation-
perfusion mismatch and a significant amount of CO, stored
in the extravascular compartment during surgery, which is
subsequently released [37].
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5 Limitations

The induction of pneumoperitoneum with or without
Trendelenburg position are known factors that promote an
increase in chest wall and lung elastance at different extents.
Unfortunately, in the present study we did not assess the
transpulmonary pressure, so it was not possible to under-
stand whether the increase in respiratory system elastance
was mainly due to chest wall or lung stiffness increase.

6 Conclusions

Calculation of mechanical power, which can be obtained
by assessing common indicators of mechanical ventila-
tion, provides more information than individual ventila-
tory parameters. Mechanical power in healthy patients
undergoing RALP significantly increased both with pneu-
moperitoneum in Trendelenburg position and in supine
position after surgery. Positive end-expiratory pressure
always increased mechanical power without ameliorating
the respiratory system elastance.
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