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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Pneumoperitoneum and steep Trendelenburg during laparoscopic
prostatectomy shift the diaphragm cephalad and cause atelectasis
in the dorsal lungs

e The ability of positive end-expiratory pressure to mitigate these
effects remains controversial

What This Article Tells Us That Is New

e |n patients undergoing robot-assisted laparoscopic prostatectomy,
15 but not 5¢m H,0 of positive end-expiratory pressure increased
ventilation in the dorsal parts of the lung, resulting in more normal
lung mechanics and gas exchange

e High positive end-expiratory pressure did not improve postoperative
lung function

Robot—assisted laparoscopic prostatectomy is commonly
used and widely accepted as a minimally invasive
technique for the surgical treatment of prostate cancer.'™
However, it usually requires pneumoperitoneum and a
steep Trendelenburg position to gain sufficient sight of the
surgical field, which results in adverse effects on cardiopul-
monary function.* It has been demonstrated that pneumo-
peritoneum leads to a cranial shift of the diaphragm and the

formation of atelectasis in dorsal parts of the lungs>—both

ABSTRACT

Background: Pneumoperitoneum and a steep Trendelenburg position
during robot-assisted laparoscopic prostatectomy have been demonstrated to
promote a cranial shift of the diaphragm and the formation of atelectasis in the
dorsal parts of the lungs. However, neither an impact of higher positive end-
expiratory pressure (PEEP) on preserving the ventilation in the dorsal region
nor its physiologic effects have been fully examined. The authors hypothe-
sized that PEEP of 15¢cm H,0 during robot-assisted laparoscopic prostatec-
tomy might maintain ventilation in the dorsal parts and thus improve lung
mechanics.

Methods: In this randomized controlled study, 48 patients undergoing
robot-assisted laparoscopic prostatectomy were included in the analysis.
Patients were assigned to the conventional PEEP (5 cm H,0) group or the high 5
PEEP (15cm H,0) group. Regional ventilation was monitored using electrical ;
impedance tomography before and after the establishment of pneumoperito- g
neum and 20° Trendelenburg position during the surgery. The primary end- &
point was the regional ventilation in the dorsal parts of the lungs while the 2
secondary endpoints were lung mechanics and postoperative lung function.
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Results: Compared to that in the conventional PEEP group, the fraction of
regional ventilation in the most dorsal region was significantly higher in the 3:.,\3
high PEEP group during pneumoperitoneum and Trendelenburg position (mean &
values at 20 min after taking Trendelenburg position: conventional PEEP, 5.5 é
+ 3.9%; high PEEP, 9.9 + 4.7%; difference, —4.5%; 95% Cl, —7.4 to —1.6%; 23
P =0.004). Concurrently, lower driving pressure (conventional PEEP, 14.9 + :3_’
2.5¢m H,0; high PEEP, 11.5 + 2.8cm H,0; P < 0.001), higher lung dynamic%
compliance, and better oxygenation were demonstrated in the high PEEP =
group. Postoperative lung function did not differ between the groups.
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Conclusions: Application of a PEEP of 15cm H,0 resulted in more homo-
geneous Vventilation and favorable physiologic effects during robot-assisted
laparoscopic prostatectomy but did not improve postoperative lung function.

(AnesTHESIoLoGY 2020; 132:476-90)

alter lung mechanics, increase airway pressure, and cause
static elastances of the lung and chest wall while decreasing
lung volume.®"" These side effects are accentuated by the
steep Trendelenburg position.'>"?

The changes in lung mechanics during surgery can aug-
ment the risk of stress and strain on the lungs, leading to venti-
lator-induced lung injury. Lung protective strategy, consisting
of limited tidal volumes (V) and sufficient positive end-ex-
piratory pressure (PEEP), plays a role in preventing postoper-
ative pulmonary complications and acute respiratory distress
syndrome in the operating room."* However, clinical research
seeking better ventilatory settings to minimize the adverse
effects of pneumoperitoneum and steep Trendelenburg
position during robot-assisted laparoscopic prostatectomy is
still controversial. In several studies, a recruitment maneuver
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accompanied by the application of PEEP has been shown
to counterbalance the diaphragm’s cranial shift, increase lung
volume, and decrease respiratory system elastance compared
with no recruitment maneuver or PEEP.!“!! However, it has
also been demonstrated that a PEEP of 10 cm H,O was insuf-
ficient to keep the lungs free from collapse during periods
of elevated intra-abdominal pressure.' Situations known to
affect lung mechanics might require even higher PEEP levels
to establish lung-protective ventilation.'®!'” Furthermore, the
contribution of better intraoperative ventilatory settings to
postoperative lung function, which is in general affected by
persistent atelectasis and reduced lung volume after surgery,
has not been fully investigated.

The purpose of our study was to investigate the effect
of a PEEP of 15cm H,O on the distribution of ventilation
lung mechanics during robot-assisted laparoscopic prosta-
tectomy. We hypothesized that a PEEP of 15cm H,O is
needed to achieve better ventilation of the dorsal parts of
the lungs and a more favorable lung physiology than a con-
ventional PEEP level of 5cm H,O.We applied two bedside
monitoring techniques, electrical impedance tomography
for the monitoring of regional ventilation, and esophageal
pressure measurement to evaluate lung mechanics in dif-
ferent body positions throughout the surgery. Additionally,
a lung function test was performed to reveal the impact of
different PEEP during robot-assisted laparoscopic prosta-
tectomy on postoperative lung function.

Materials and Methods

This randomized, parallel-arm, nonblinded, single-center
study was registered at www.umin.ac.jp/english/ (trial
registration: UMINO000022005). After receiving approval
from the Ethics Committee of Shimane University, [zumo,
Japan (20160115-2), we obtained written informed con-
sent from consecutive patients scheduled for robot-as-
sisted laparoscopic prostatectomy between September
2016 and December 2017.The inclusion criteria were age
18 yr or older and American Society of Anesthesiology
Physical Status I or II. Patients with impaired lung func-
tion (chronic obstructive pulmonary disease grade greater
than 3, forced expiratory volume in 1s less than 1,000 ml)
or chronic heart failure (cardiac index less than 1.8 1/m?)
were excluded from the study. Patients were randomly
assigned to two groups. One was ventilated during surgery
with a PEEP of 5cm H,O (conventional PEEP), and one
with a PEEP of 15cm H,O (high PEEP). Randomization
was performed by computer-generated random number
allocation, and the allocations were sealed in an opaque
envelope. The corresponding author and coauthors eval-
uated eligibility, obtained informed consent, and enrolled
the participants. An anesthesiologist attending each par-
ticipant’s surgery opened the envelope and followed the
procedure, in accordance with the group assignment. The
corresponding author and coauthors collected and ana-
lyzed all data.

Distribution of Ventilation in Pneumoperitoneum

Anesthesia

Upon the arrival of patients to the operating room, stan-
dard monitoring was established. The radial artery was can-
nulated for continuous monitoring of blood pressure after
induction of anesthesia. The arterial line was connected to a
FloTrac/Vigileo system (Edwards Lifesciences, USA), which
allows continuous monitoring of the cardiac index and the
stroke volume variation to monitor cardiac preload and fluid
responsiveness. General anesthesia was induced with 1.5mg/
kg of propofol and 3 mcg/kg of fentanyl, and tracheal intu-
bation was facilitated with 0.6mg/kg of rocuronium bro-
mide. Anesthesia was maintained with a continuous infusion
of propofol and remifentanil to sustain Bispectral Index val-
ues between 40 and 60. Neuromuscular blockade was mon-
itored with train-of-four in order to maintain a train-of-four
response of 0, and sugammadex was given for block reversal
upon completion of surgery. After intubation, the patients
were ventilated in a pressure-controlled mode of ventila-
tion (AVEA, CareFusion, USA) with aV_of 6 to 8ml/kg
predicted body weight and a fractional inspired oxygen ten-
sion (F10,) of 0.4 or higher to keep oxygen saturation mea-
sured by pulse oximetry greater than 94%. Respiratory rate
was adjusted to keep end-tidal pressure of carbon dioxide
between 35 and 45 mmHg. All patients received infusion
of crystalloid fluid to maintain the stroke volume varia-
tion less than 13% after anesthetic induction and until the
Trendelenburg position was assumed. Thereafter, 3ml - kg™!
- h" of crystalloid or colloid solution (Voluven, Fresenius
Kabi, Germany) were administered during the surgery. The
occurrence of intraoperative hypotension (systolic blood
pressure less than 90 mmHg) was managed with intravenous
vasoactive drugs (a bolus of ephedrine or phenylephrine or
a continuous infusion of phenylephrine). All patients were
transferred to the general ward after successful extubation
and adequate recovery. Pain control was started immediately
after surgery using an intravenous infusion of fentanyl at a
rate of 20 mcg/h with a flush of 20 mcg. A postoperative
lung function test was performed by the physical therapists
24 h after patients were discharged from the operation room.
Before the lung function test was performed, patients were
asked to assess their pain using the Numerical Rating Scale
ranging from 0 to 10 (0: no pain, 10: pain as bad as it could
be, or worst pain).

Study Protocol

The time points for data sampling are presented in figure 1.
Hemodynamic and electrical impedance tomography data
were measured at multiple time points. Pulmonary param-
eters were measured in the supine position 10min after
anesthetic induction, 10min after recruitment maneuver
(before pneumoperitoneum), in the 25° Trendelenburg
position 20, 60, and 120min after establishment of the
pneumoperitoneum using an intra-abdominal pressure of
12 mmHg, in the supine position 10min after deflation
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induction of d of
anesthesia recruitment end of surgery
intubation ~ maneuver Pneumoperitoneum extubation
supine Trendelenburg position 25 degrees supine
group PEEP; | 5cmH,0
group PEEP,, | 3 ¢mH,0
15 cmH,0
before 10 min after 10 min 20 min 60 min 120 min 10 min after 10 min
induction of induction of after L Y J deflation of after
anesthesia anesthesia recruitment ) ) pneumoperitoneum  extubation
mEneLvar after establishment of pneumoperitoneum

Fig. 1. Schematic diagram of study protocol and interventions for both groups. PEEP, positive end-expiratory pressure.

of the pneumoperitoneum, and 10min after extubation.
Recruitment maneuver was applied after insertion of an
esophageal catheter. The peak inspiratory pressure gradient
(above PEEP) was set at 20 cm H,O, and PEEP was progres-
sively increased every three breaths from 5 to 20 in steps of
5cm H,O to obtain a stepwise increase of peak inspiratory
to 30, 35, and 40cm H,O. The final recruiting pressure of
40cm H,O was applied for six breaths. The recruitment was
completed within 90s. The study protocol can be accessed
on request.

Measurements

Electrical Impedance Tomography. We used the commercially
available Swisstom BB? electrical impedance tomography
device (Swisstom, Switzerland) to monitor ventilation dis-
tribution. The ability and usefulness of the device in eval-
uating regional ventilation have previously been reported
in several clinical trials.'"®" Electrical impedance tomogra-
phy can visualize regional distribution of tidal breathing by
monitoring the impedance variation caused by the inspired
air. The oblique belt with 32 electrodes was placed along
the sixth intercostal space.”” The data were recorded with
a sampling rate of 48 Hz. The individual’s sex, height, and
weight were used to determine the appropriate image
reconstruction matrix,?’ which consisted of 32 X 32 pix-
els. Four lung regions of interest were set within the lung
contour in a ventral-dorsal orientation (fig. 2). The global
impedance change caused by the tidal breath, which was
measured as the difference between the end of inspiration
and the end of the preceding expiration in all lung regions,
was set at 100%. The distribution at each region of inter-
est was expressed as percentage of the global tidal variation.
The center of ventilation represents the vertical shift of the
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ventilation distribution along the gravitational axis. In order
to define the spatiotemporal distribution of V. within the
chest, the ventral-dorsal center of ventilation was calculated
and expressed as a percentage (0% representing allV_ in the
most ventral nondependent regions and 100% most dorsal
dependent regions; fig. 2). Due to the shape of the human
chest, a value of 53% represents a uniform distribution of V..
The dependent and nondependent silent spaces were cal-
culated as previously described.®!" For each breath, poorly
ventilated pixels within the region of interest showing
impedance changes less than 10% of the maximal imped-
ance change were identified. The silent spaces were catego-
rized into dependent silent spaces and nondependent silent
spaces according to the ventilation horizon determined by
a virtual line perpendicular to the gravity vector through
the center of ventilation. All pixels lying below this venti-
lation horizon defined the dependent silent spaces, whereas
the areas above defined the nondependent silent spaces. The
amount of silent spaces was expressed as a percentage of all
pixels within the region of interest (fig. 2). The data from 10
consecutive breaths at each time point were analyzed offline
using dedicated software (Ibex, Swisstom, Switzerland).

Lung Mechanics. Esophageal pressure was measured through
a dedicated catheter equipped with an esophageal balloon.
It was connected to a ventilator (AVEA, CareFusion, USA)
that can automatically adjust the amount of air inflating the
balloon. Positive pressure occlusion tests were performed
to confirm the correct position of the catheter by gentle
compression of the chest during the expiratory hold. The
ratio of the change in esophageal pressure in relation to the
change in airway pressure was confirmed to be between 0.8
and 1.2 before starting the recording. Airway pressure and

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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A B Cc

Region of interest (ROI) Center of Ventilation (CoV) Silent Spaces
ventral ventral ventral

Non dependent
Silent Spaces

global Impedance
change = 100%

Dependent
Silent Spaces

dorsal dorsal
small large O ideal CoV
impedance impedance ® measured CoV
variation variation

Fig. 2. (A) Region of interest (ROI): The impedance change during the tidal breath are shown with color scale in regional impedance map.
The region of lung area is divided into 4 region of interests with equal height from ventral to dorsal. (B) Center of ventilation (CoV): The gray
dot represents the center of ventilation. The blue dot represents an ideal center of ventilation located at 53%. (C) Silent spaces: The silent
spaces are visualized as purple areas within the region of interest. The white dot represents measured center of ventilation, and the white
line marks the ventilation horizon. Silent spaces above the ventilation horizon are defined as nondependent silent spaces, whereas the areas

below are defined as dependent silent spaces. R, right.

esophageal pressure at end-inspiration and end-expiration
were measured by applying end-inspiratory and end-expi-
ratory holds of 3 to 5s. End-inspiratory and end-expiratory
transpulmonary pressures were calculated as the difference
between the airway pressure and esophageal pressure during
end-inspiratory and end-expiratory holds, respectively.

end — inspiratory transpulmonary pressure = plateau pressure —
end — inspiratory esophageal pressure
end — expiratory transpulmonary pressure = PEEP
— end — expiratory esophageal pressure

Driving pressure and transpulmonary driving pressure were
calculated as follows:

driving pressure = plateau pressure — PEEP

transpulmonary driving pressure
= (plateau pressure — end — inspiratory esophageal pressure)

- (PEEP — end — expiratory esophageal pressure)

Lung dynamic compliance® was calculated as follows:
lung dynamic compliance = tidal volume / transpulmonary

driving pressure

Elastances of the respiratory system and chest wall were calcu-
lated by the elastance-derived method, computed as follows:

lateau pressure
plateau p ]/VT

elastance of the respiratory system =
prratony sy (— PEEP

Shono et al.

elastance of chest wall =(end — inspiratory
esophageal pressure —end — expiratory

esophageal pressure) / VT

The measurements, including the ventilation distribution
(regional impedance change in region of interest 4 and cen-
ter of ventilation), lung parameters and mechanics, blood
gas analysis (pH, Pao,, Paco,, Pao,/F10, ratio), hemody-
namic parameters (mean blood pressure, heart rate, cardiac
index, and stroke volume variation), and lung function
measured by spirometry (percentage of vital capacity, forced
expiratory volume in 1s, and peak expiratory flow rate)
were obtained.

The primary outcome of this physiologic study was the
ventilation distribution in the most dorsal part of the lungs
(region of interest 4) during pneumoperitoneum and a steep
Trendelenburg position. The secondary outcomes were the
Pao,/F10, ratio, lung mechanics (transpulmonary pressures,
driving pressure, transpulmonary driving pressure, and lung
dynamic compliance), and postoperative lung function. We
also evaluated the correlation between ventilation distribu-
tion and the Pao,/F10, ratio and between lung mechanics
during pneumoperitoneum and steep Trendelenburg posi-
tion in both groups.

Statistical Analysis

The sample size was calculated according to the primary
endpoint, i.e., comparison of the fraction of ventilation dis-
tribution within the dorsal lung between groups.

Anesthesiology 2020; 132:476-90
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Based on a preliminary institutional study, we deter-
mined that 22 patients would be required in each group
in order to detect a 10% difference in dorsal ventilation
distribution between the two groups with an alpha level
of 0.05 and a SD of 10% using an independent f test at
a power of 90%. Allowing for a 10% dropout rate during
the study period, 24 patients were scheduled for enrollment
in each group. After registration, the surgical approach was
changed in one patient during the surgery; therefore, we
excluded the data of that patient from analysis and added a
new patient for enrollment. In total, 49 patients were reg-
istered, and the data of 48 patients were used for analysis.

Statistical analyses were carried out using SPSS 22
(IBM, USA). Data were tested for normal distribution
using the Kolmogorov—Smirnov goodness-of-fit test and
are presented as mean * SD unless otherwise specified.
Independent ¢ tests or Mann—Whitney U tests for the
continuous variables were used for comparison between
groups. A two-way ANOVA for repeated measures was used
to evaluate the effects of group, time, and the interaction on
ventilation distribution, respiratory, and hemodynamic vari-
ables. A Tukey test was used for post hoc comparison. All tests
were two-tailed, and a P value less than 0.05 was consid-
ered statistically significant. Correlations were tested using
Pearson’s product moment correlation coefficient.

Results

Study Population

Figure 3 demonstrates that the intended interventions
were provided to all 49 patients. The study was conducted
according to the original protocol. No adverse events
associated with the study were observed. One patient was
excluded from the analysis due to a change in the surgical
procedure after the initiation of surgery. Electrical imped-
ance tomography data of nine patients were found unana-
lyzable due to technical problems such as low signal quality
or undetectable ventilation-related impedance changes.
Thus, we included 39 of the 48 patients in the functional
image analysis (17 in the conventional PEEP group and
22 in the high PEEP group). Patient characteristics can be
found in table 1.

No significant difference existed between the two
groups in terms of age, body mass index, or preoperative
lung function. The fluid balance (conventional PEEP, 1,869
+ 590 ml; high PEEP, 2,215 £ 627 ml; P = 0.030) and total
amounts of phenylephrine required to maintain systolic
blood pressure greater than 90 mmHg (conventional PEEP,
0.14 + 0.10mg; high PEEP, 0.84 + 0.80mg; P < 0.0001)
were significantly higher in the high PEEP group.

Assessed for eligibility

(n=54)
Excluded (n=5)
» Inclusion/exclusion criteria not met
(n=1)
» Decline to participate (n=2)
* Study personnel unavailable on
date of scheduled surgery (n=2)
Randomized
(n=49)

PEEP 5 (n=26)
* Received allocated intervention (n=25)
+ Surgical approach was changed (n=1)

* Included in the electrical impedance
tomography analysis (n=17)
-Technical problem (n=3)
-Unanalyzable data (n=5)
* Included in the respiratory mechanics
analysis (n=25)

PEEP 15 (n=23)
* Received allocated intervention (n=23)

* Included in the electricalimpedance
tomography analysis (n=22)
-Technical problem (n=1)
* Included in the respiratory mechanics
analysis (n=23)

Fig. 3. Flowchart of enroliment and outcomes. PEEP, positive end-expiratory pressure.
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Table 1. Patient Demographics and Characteristics

PEEP PEEP
5cmH,0 15cmH,0 PValue

No. of patients 25 23
Age, yr 66 =7 67 +5 0.451
Body mass index, kg/m? 23+2 24+2 0.111
ASA Physical Status, n (%) 0.521

| 1(4) 0

I 24 (96) 23 (100)
COPD, n (%) 3 (12%) 2 (9%) 0.708
Vital capacity (%) 100 =12 99 +13 0.635
FEV1/forced vital capacity (%) 74 +6 77+12 0.246
Time of surgery, min 392 + 76 370 + 61 0.884
Time of anesthesia, min 484 + 81 473 + 91 0.679
Fluid balance, ml 1,869 + 590 2,215 627 0.030
Use of phenylephrine, mg 0.14+0.10 0.84 +0.80* < 0.001

Data are shown as mean + SD and as percentage as appropriate. *P < 0.05 versus
PEEP 5. ASA, American Society of Anesthesiologists; COPD, chronic obstructive pul-
monary disease; FEV1, forced expiratory volume in 15; PEEP, positive end-expiratory
pressure.

Distribution of Ventilation

Significant differences between the groups evolved along
the protocol in distribution of ventilation within region of
interest 4 (P < 0.0001), center of ventilation (P < 0.0001),
and dependent silent spaces (P = 0.035). Figure 4 shows

after
recruitment
maneuver

before induction
of anesthesia

after induction
of anesthesia

PEEP5 O.“0.00
5 5 5 5 5 5

PEEP

20 min

after establishment of pneumoperitoneum

Distribution of Ventilation in Pneumoperitoneum

representative images of electrical impedance tomog-
raphy in both groups. After induction of anesthesia, the
percent values of ventilation distribution in region of
interest 4 and center of ventilation were significantly lower
in both groups than before intubation, indicating dorsal
lung collapse with a concomitant ventral shift of venti-
lation (fig. 5). After recruitment maneuver, a dorsal shift
of ventilation was observed in the high PEEP group, but
not in the conventional PEEP group, compared with after
induction of anesthesia. During pneumoperitoneum and
steep Trendelenburg position, ventilation in region of
interest 4 was significantly higher in the high PEEP group
(60min after pneumoperitoneum and Trendelenburg
position: conventional PEEP, 5.0 + 3.5%; high PEEP, 9.5
* 4.4%; difference, —4.5%; 95% CI, —7.2 to —1.8%; P =
0.002), showing a distribution of ventilation comparable
with that after induction of anesthesia (table 2, fig. 5). In
contrast, patients in the conventional PEEP group had a
significantly lower center of ventilation than those in the
high PEEP group, i.e., a notable ventral shift in ventilation
occurred during surgery (60 min after pneumoperitoneum
and Trendelenburg position: conventional PEEP, 46 £ 5%;
high PEEP, 49 £ 4%; difference, —=3.2%; 95% CI, 6.2 to
—0.3%; P = 0.032). After release of the pneumoperitoneum
and return to the supine position, dorsal ventilation and
center of ventilation recovered in both groups, reach-
ing values similar to those just before the Trendelenburg

60 min 120 min
after

extubation

after deflation of
pneumoperitoneum

PEEP,5.° ooo oo.

PEEP

5 15 15 15 15 15

Fig. 4. The representative images of regional impedance maps (upper row) and silent spaces (lower row) at all time points are shown in
each group. The corresponding levels of positive end-expiratory pressure (PEEP) at each time point are indicated at the bottom.
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position. When patients returned to spontancous breath-
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(A), and Pao,/Fio, ratio (B) during mechanical ventilation. Data were collected from at 10 min after the induction of anesthesia to 10 min
after the deflation of pneumoperitoneum in both groups. Open circles, conventional positive end-expiratory pressure (PEEP); solid circles,

high PEEP.

Hemodynamics

No significant differences between the groups were observed
in mean blood pressure (P = 0.095; table 3); however, sig-
nificant differences between the groups were observed in
cardiac index (P < 0.0001) and stroke volume variation
(P < 0.0001). After recruitment maneuver, cardiac index
was significantly lower in the high PEEP group; however,
it was consistently above 2.1 1/m? during pneumoperito-
neum and steep Trendelenburg position, with no difference
between the groups.The mean stroke volume variation was
below 12% before recruitment maneuver in both groups,
increasing to greater than 15% during pneumoperitoneum
and steep Trendelenburg position and returning to the
values at after recruitment maneuver in both groups after
deflation.

Postoperative Lung Function

Patients with severe postoperative pain at deep breathing
or those who refused the test were excluded from the lung
function study. In total, 19 and 21 patients in the conven-
tional PEEP and high PEEP groups were included, respec-
tively. The mean Numerical Rating Scale values before
the test were 4 and 3 for the conventional PEEP and high
PEEP groups, respectively. The mean vital capacity per-
centage reduced by about 30% from the preoperative values
in both groups, showing significant differences before and
after surgery in each group (table 4). There were no signif-
icant differences between the groups in terms of postoper-
ative lung function.

Anesthesiology 2020; 132:476-90

Discussion

In the current study, the impact of pneumoperitoneum and
steep Trendelenburg position on ventilation within the dor-
sal parts of the lungs was significant in both the conventional
PEEP and high PEEP groups. However, the treatment effect
was greater and resulted in more favorable physiologic effects
and better oxygenation during surgery when PEEP 15cm
H,O was applied than when PEEP 5cm H,O was applied.
Lower driving pressure and higher lung dynamic compli-
ance were demonstrated in the high PEEP group during
pneumoperitoneum and steep Trendelenburg position.
Several studies have investigated the effect of PEEP on
regional ventilation using electrical impedance tomography
during laparoscopic surgery.'>**? Karsten ef al. examined the
effect of recruitment maneuver and the subsequent applica-
tion of 10 cm H,O PEEP on regional ventilation by monitor-
ing center of ventilation. They reported that a more favorable
distribution to the dorsal parts of the lungs was found with
recruitment maneuver and subsequent 10cm H,O PEEP
than in patients ventilated without PEEP; however, the mean
center of ventilation was still located at ventral region, indi-
cating a ventral shift of ventilation.?® Ukere et al. also exam-
ined the center of ventilation and silent spaces in patients
undergoing robot-assisted laparoscopic prostatectomy.'> They
found that an increase of PEEP from 5 to 10cm H,O could
not prevent a shift in center of ventilation toward the ventral
lung region and an increase in the dependent silent spaces
after establishment of pneumoperitoneum and a 30° head-
down tilt position. The results from their research imply that
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Table 4. Lung Function before and after Surgery

Preoperative Lung Function

Distribution of Ventilation in Pneumoperitoneum

Postoperative Lung Function

Peak Peak % Predicted
% Vital FEV1/Forced Vital Expiratory % Predicted Peak % Vital FEV1/Forced Vital Expiratory Peak Expiratory
Capacity (%) Capacity (%) Flow (I/s) Expiratory Flow (%)  Capacity (%) Capacity (%) Flow (I/s) Flow (%)
PEEP5(n=19) 10310 747 86+13 93+ 16 70 = 14* 787 53 +1.4* 57 +16*
PEEP 15(n=21) 100+ 13 77 +13 7713 85+ 16 73 +16* 76+8 44 +19* 49 + 20"

Data are shown as mean =+ SD. *P < 0.05 versus preoperative lung function. FEV,, forced expiratory volume in 1s; PEEP, positive end-expiratory pressure.

a PEEP 10cm H,O was not sufficient to prevent the loss
of efficient dorsal ventilation caused by pneumoperitoneum
and steep Trendelenburg position. In the current study, we
employed a higher PEEP of 15cm H,O in nonobese patients
after recruitment maneuver and compared its effects with a
standard level of PEEP of 5cm H,O in a control group. We
found that recruitment maneuver followed by higher PEEP
favored a more homogeneous ventilation distribution by
recruiting dorsal lung regions and keeping those lung regions
open. A higher PEEP might be required to counterbalance
a cranial shift of the diaphragm and prevent lung collapse
in dorsal parts of the lungs during pneumoperitoneum and
steep Trendelenburg position. In fact, corresponding increase
in transpulmonary pressure at end-expiration was found in
the high PEEP group, which indicates that a higher transpul-
monary pressure could preserve dorsal aeration at end-expi-
ration and thus better dorsal ventilation. However, the fact
that dependent silent spaces remained during Trendelenburg
position and pneumoperitoneum might indicate that even
a PEEP as high as 15cm H,O was still insufficient to keep
transpulmonary pressures above zero, a physiologic condition
required to keep the lungs fully open.?

Restored dorsal lung aeration facilitated by higher PEEP
is likely to have exhibited the beneficial physiologic effects
in the current study. It has been demonstrated that driv-
ing pressure, which is the surrogate for cyclic lung strain,
depends on respiratory system compliance, and is affected
by functional lung size.” The reduction in the volume of
lung available for tidal ventilation leads to lowered respira-
tory system compliance and an increase in driving pressure.
In the current study, the ventilation of a fixed tidal volume
to a less collapsed or more open lung of higher functional
size required less driving pressure and transpulmonary driv-
ing pressure, as indicated by a higher lung dynamic compli-
ance in the high PEEP group. Additionally, the elastance of
the chest wall was lower at PEEP 15cm H,O than at 5cm
H,O, which might be attributed to the effect of PEEP on
counterbalancing the diaphragm’s cranial shift and prevent-
ing the deformation of the chest wall’s shape.”!” Given these
beneficial physiologic effects, it is suggested that lung pro-
tective ventilation aiming at reducing stress and strain could
be achieved by the application of sufficiently high PEEP to
counteract elevated intra-abdominal pressures.

The pneumoperitoneum in combination with a steep
Trendelenburg position increased chest wall elastance in our
study. Pelosi ef al. examined the relationship between chest
wall elastance and intra-abdominal pressure in anaesthetized
patients and patients with injured lungs.® They reported
that when the intra-abdominal pressure was less than 12
mmHg, chest wall elastance remained normal, at approxi-
mately 10 cm H,O/1; however, if the intra-abdominal pres-
sure exceeded 20 mmHg, chest wall elastance and pleural
pressure significantly increased beyond normal. Although
the intra-abdominal pressure used in the current study was
12 mmHg, the mean esophageal pressures at end-inspira-
tion were higher than 20 cm H,O in both groups, indicat-
ing that an additional intra-abdominal pressure effect might
have been superimposed by the steep Trendelenburg posi-
tion. As a result, the inspiratory plateau pressure increased
significantly, showing an extremely high mean pressure of
27cm H,O and a maximum of 32cm H,O in the high
PEEP group. However, the transpulmonary driving pres-
sure remained within 10cm H,O at any time during the
surgery. In a previous experimental study using an intra-ab-
dominal hypertension model, Kubiak ef al. reported that
sequential increments in intra-abdominal pressure caused a
linear increase in plateau pressure, whereas transpulmonary
pressures did not increase with intra-abdominal pressure.”
These results indicate that judging stress to the lungs or its
risk by the absolute value of airway pressure alone is impos-
sible in conditions with increased chest wall elastance.

In the current study, dependent silent spaces were lower,
indicating reduction of atelectasis during surgery in the
high PEEP group."" This favorable effect of PEEP dis-
appeared after extubation, resulting in comparable values
between the groups; this might have led to equivalent
oxygenation and lung function. Similar results were also
reported in the previous study conducted by Nestler et al.*
The benefit of individual PEEP settings in their study, in
which homogeneous ventilation and higher end-expiratory
lung volume were achieved, did not last beyond surgery.
In our study, lung function 24h after surgery was equally
impaired in both groups. The impact of persistent atelec-
tasis or intraoperative fluid balance on postoperative lung
function was not assessed in the current study. Of note, in
the current physiologic study, our aim was not to test the
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superiority of intraoperative high PEEP with respect to
relevant postoperative clinical parameters in patients with
noninjured lungs. All we intended to do was to describe
and compare preoperative with postoperative lung function
in patients undergoing two different ventilation protocols.
Further studies are needed to define the impact of intraop-
erative lung protective ventilation on postoperative pulmo-
nary outcomes.

Although the higher PEEP could provide a more
homogenous distribution of ventilation and more favor-
able lung mechanics, the hemodynamics were negatively
affected by a higher PEEP. The cardiac index during the
surgery did not differ significantly between the arms; how-
ever, the dose of vasopressors required to keep blood pres-
sure within the desired range was significantly higher in the
high PEEP group. It was demonstrated that pneumoperi-
toneum using carbon dioxide reduces left ventricular pre-
load® and is exacerbated by simultaneous use of PEEP*!
In our study, significantly higher esophageal pressures were
detected and more fluid volumes were administered in the
high PEEP group, indicating a more pronounced reduction
in venous return. The measured parameters remained within
the clinically acceptable range; however, the advantage of
obtaining more homogenous ventilation with higher PEEP
levels must be balanced against the risk of hemodynamic
side effects. The application of high PEEP is recommended
when avoidance of deterioration in gas exchange is priori-
tized, especially in patients with impaired cardiac function.

Our study had several limitations. First, in this physi-
ologic study, we included a small number of patients and
evaluated them only short-term during the postopera-
tive period. In addition, we studied relatively healthy and
nonobese patients with normal lung function. Therefore,
our findings need further confirmation before they can
be extrapolated to patients with risk factors for atelectasis
formation and postoperative hypoxemia. Second, electrical
impedance tomography measures ventilation distribution in
a limited cross-sectional section of the lung’** and depends
primarily on the position of the belt.* We placed the belt
just above the diaphragm, a region particularly susceptible
to the development of lung collapse. However, the estab-
lishment of pneumoperitoneum and steep Trendelenburg
position might have accelerated not only the ventral but
also a cranial shift of overall ventilation, which might not
have been picked up fully by the caudal belt even though
its position remained fixed with regard to the thorax.”
The data of five patients in the conventional PEEP group
had to be excluded from the study due to the collection of
unanalyzable impedance data during surgery, indicating that
monitoring might have been precluded by the direct move-
ment of the diaphragm into the measurement plane. Third,
the volume of fluid administered might have influenced the
impedance values due to a change in pulmonary bioimped-
ance caused by increased intrathoracic fluid content.’** In
our study, mean positive fluid intake was 1,869 ml in the

Anesthesiology 2020; 132:476-90

conventional group and 2,215 ml in the high PEEP group,
which might have changed the absolute values of imped-
ance. However, ventilation distribution was calculated as
relative changes of impedance rather than absolute values,
which likely minimized the influence of the positive fluid
balance on the evaluation of ventilation in clinical practice.

Conclusions

In conclusion, we demonstrated the physiologic effects of
applying high and low PEEP after recruitment to reverse
pneumoperitoneum-induced alveolar collapse in patients
undergoing robot-assisted laparoscopic prostatectomy in a
steep Trendelenburg position. Alveolar recruitment in con-
junction with 15 but not 5cm H,O of PEEP applied before
the onset of pneumoperitoneum increased ventilation
within dorsal gravity-dependent parts of the lung, which
resulted in more normal lung mechanics and gas exchange.
However, the high PEEP strategy did not improve postop-
erative lung function.
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