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Abstract

General anesthesia is associated with impaired gas exchange mainly because of increased shunt due to
atelectasis in the dependent regions of the lung. Postoperative atelectasis is associated with adverse clinical
outcomes in terms of hypoxic respiratory failure requiring endotracheal intubation and pneumonia secondary to
impairment of ciliary and lymphatic functions. Prevention of atelectasis and/or airway closure could be a mechanism
by which positive end expiratory pressure (PEEP) improves oxygenation. Positive end expiratory pressure has been
used intraoperatively as a part of open lung and protective lung ventilation strategies. However, it is unclear at the
present time whether the intraoperative use of PEEP is associated with a decrease in mortality or in the incidence
of other important clinical surrogates of outcome such as postoperative respiratory failure. The aim of this review
is to review the physiologic effects and history of PEEP, to present some of the current uses in specific surgical
populations and comment on potential benefits on postoperative mortality and pulmonary complications that may be

ascribed to intraoperative PEEP use.

Keywords: Positive end expiratory pressure, Lung recruitment, General
anesthesia, Atelectasis

Abbreviations: ARDS: Adult respiratory Distress Syndrome; CABG:
Coronary Artery Bypass Grafting; CPAP: Continuous Positive Airway
Pressure; EELV: End Expiratory Lung Volume; FiO,: Fraction of Inspired
Oxygen; FRC: Functional Residual Capacity; OLC: Open Lung Ventilation;
PEEP: Positive End Expiratory Pressure; PLV: Protective Lung Ventilation;
RM: Recruitment Maneuver; TLC: Total Lung Capacity; VT: Tidal Volume;
PBW; Predicted Body Weight; PV: Pressure Volume

Background

Positive end expiratory pressure (PEEP) is a mechanical ventilatory
maneuver of exerting a supra-atmospheric pressure in the lungs at end
exhalation. It is important to recognize that PEEP is not a ventilator mode
by itself; rather it is an adjunctive treatment that can be applied to all forms
of mechanical ventilation; controlled, assisted or spontaneous [1].

Creation of a positive pressure at end exhalation increases the functional
residual capacity (FRC) of the lungs by decreasing the collapse of the small
airways thus, reducing atelectasis [2]. Furthermore, PEEP shifts the tidal
volume to a more compliant portion of the pressure volume curve [3],
prevents the intermittent loss of compliance during mechanical ventilation
[4] and reduces the work of breathing [5]. By virtue of these effects, PEEP
is capable of increasing arterial oxygenation [6]. On the other hand, if
inappropriately applied, PEEP may have detrimental effects including
impaired gas exchange [7], decreased cardiac output [8], splanchnic [9]
and renal blood flows [10].

General anesthesia causes a reduction in the FRC as a result of
increased intra-abdominal pressure, loss of inspiratory muscle tone, and
a change in thoracic blood volume [11]. As a result, general anesthesia is
associated with postoperative atelectasis [12]. Post-operative atelectasis
has been implicated as a main cause of postoperative hypoxemia [13]. In
addition, postoperative atelectasis impairs clearance of secretions [14] and
lymphatic flow [15]; both which are predisposing factors to pneumonia.
Taken together, there would seem to be an association between general
anesthesia-induced atelectasis and postoperative adverse outcomes such as
respiratory failure, pneumonia and mortality. Thus, PEEP with its potential
to reduce postoperative atelectasis may serve as a protective maneuver to
prevent the occurrence of these adverse outcomes.

Historical Perspectives of PEEP

The application of PEEP in conjunction with mechanical ventilation
was initially introduced experimentally by Cournand et al. [16] . However,
the researchers found that compared with mechanical ventilation with
ambient end expiratory pressure, mechanical ventilation with PEEP
was associated with decreased cardiac output as a result of a decrease in
venous blood return. As a result, the interest in the application of PEEP
to mechanical ventilation was tempered by its proposed hemodynamic
consequences. The incorporation of PEEP in a mechanical ventilator
was first introduced in the Engstrom mechanical ventilator in Sweden in
the 1950s. The first clinical indication that PEEP increased the FRC in
correlation with an increase in arterial oxygenation measured by oxygen
saturation was accomplished by Frumin and colleagues in 1959 [17]. The
researchers hypothesized that the decline in the alveolar -arterial oxygen
gradient by increasing levels of PEEP is attributed to a reduction in the
‘shunt-in-time’ that takes place as a result of intermittent alveolar collapse
at end exhalation. In their landmark study, Ashbaugh and colleagues [18]
demonstrated that the addition of PEEP was capable of relieving life-
threatening hypoxemia in patients with hypoxemic respiratory failure in a
clinical scenario which they termed Adult Respiratory Distress Syndrome
(ARDS). The publication of this study fueled further research investigating
optimal ventilatory techniques for ARDS. The quest for optimal PEEP as
an adjunctive ventilator maneuver for ARDS showed that dynamic lung
compliance increases only with lower levels of PEEP [19]. The 1970’s were
notorious for the implementation of an assist ventilator mode of ventilation
consisting of low tidal volumes, high PEEP and high respiratory frequency
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‘pressure panting technique’ that further elucidated some of the advantages
of PEEP in reversing hypoxemia and improving lung compliance [20]. The
introduction of pulmonary computed tomography in the 1980, together
with pioneering reports from Gattinioni et al. on the ‘baby lung’ concept
gave more rationale about the use of PEEP in ARDS [21].

Physiologic Effects of PEEP
Effects of PEEP on pulmonary mechanics

When applied, PEEP influences both the elastic and resistive
properties of the lungs (Figure 1). The elastic properties of the lungs can be
appreciated from the pressure volume curve. The PV curve extending from
the residual volume (RV) to the total lung capacity (TLC) has a sigmoidal
shape [22] (Figure 2). However, the curve becomes linear at volumes above
the FRC. The PV curve reveals 2 inflection points: an upper inflection point
UIP) at volumes about 75-80% of TLC when the lungs are overly stretched
and less compliant. The lower inflection point (LIP) denotes the collapse
of small airways at lung volumes below FRC under the surface tension of
the alveolar fluid. Subsequent inflation requires a much higher pressure to
open these collapsed alveoli [23]. From this point on, compliance increases
as more alveoli are open. The difference between closing and opening
pressures is created by hysteresis in surface tension which is greater during
inflation than during deflation. Theoretically, application of PEEP above the
LIP would decrease the pressure needed to open the alveoli, increase lung
compliance and decrease the atelect-trauma that results from repetitive
cyclic opening of collapsed alveoli. On the other hand, if PEEP exceeds the
UIP, the alveoli will be over-stretched and decreasing lung compliance. As
aresult of a PEEP-induced increase in lung’s end expiratory volume, there
is a resultant decrease in airway resistance [24].

Effects of PEEP on cardiovascular functions

The effects of PEEP on cardiac preload, contractility and afterload
are not fully- understood but do occur (Figure 3). Positive end expiratory
pressure decreases cardiac output that was initially thought to be due to
a decrease in the pressure gradient for venous return as result of elevated
right atrial pressure [25]. However, the PEEP-mediated decrease in the
gradient for venous return is less than expected because PEEP produces a
concomitant increase in mean circulatory pressure which is the upstream
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Figure 1: PEEP; positive end expiratory pressure, EELV; end expiratory
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Figure 2: Schematic of the sigmoid-shaped pressure (abscissa) and volume
(ordinate) of the respiratory system. Two inflection points are seen following
lung inflation. The lower inflection point (LIP) reflects opening of atelectatic al-
veoli during lung inflation. The upper inflection point (UIP) reflects decrease in
pulmonary compliance due to alveolar overstretch. Deflation occurs at a lower
pressure than inflation due to hysteresis. PEEP should be applied above the
LIP but not above the UIP.
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Figure 3: While decreasing the gradient for the venous return, PEEP also in-
creases the systemic circulatory pressure which may counter the decrease in
the gradient for the venous return. Increasing right ventricular afterload may
compromise LV filling. Volume status is a major determinant of PEEP effects on
preload. Decrease in cardiac output explains decrease in splanchnic and renal
blood flows. Decreased LV afterload is due to an increase in ITP by PEEP. See
text for greater detail.SBP; systolic blood pressure, ITP; intrathoracic pressure,
RV; right ventricle, LV; left ventricle, |; decrease. *RV afterload can increase

with increasing levels of PEEP.

pressure of the venous return [26]. The rise in the mean filling pressure
is thought to be due to reflex decrease in venous capacitance [27], and
increased intra-abdominal pressure secondary to diaphragmatic descent
[28]. One previous investigation demonstrated that increasing the
airway pressure from 0-15 cmH,O lead to a drop in the left ventricular
stroke volume where both right atrial and mean systemic pressures
increased equally. The PEEP-mediated decrease in cardiac output can be
counteracted by adequate volume expansion [29]. Thus, PEEP leads to a
decrease in cardiac output secondary to a decrease in venous return that
is not fully explained by a decrease in its pressure gradient and that this
decrease is responsive to volume expansion. Another mechanism by which
PEEP leads to a decrease in the cardiac output is through a decrease in right
ventricular afterload and leftward displacement of the interventricular
septum thereby restricting left ventricular filling [8].
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Left ventricular afterload is the force opposing contraction. It is
determined by the systemic arterial resistance and the transmural pressure
exerted on the left ventricle. The latter is determined by the difference
between the systolic pressure and the intrathoracic pressure. An increase
in the intrathoracic pressure by PEEP will lead to a decrease in the left
ventricular transmural pressure and hence afterload, an effect that is
more pronounced in patients with lower ejection fraction [30]. Positive
end expiratory pressure has minimal effects on cardiac contractility [31].
Positive end expiratory pressure-induced decrease in renal and splanchnic
circulations are related to its effects on cardiac output and the level of the
PEEP applied as well as the volume status of the individual.

Alveolar Collapse during Anesthesia

Atelectasis occurs in 90% of patients undergoing general anesthesia. It
is seen both with spontaneous breathing, after muscle paralysis, and under
inhalational and intravenous anesthetics. Ketamine is probably the only
intravenous anesthetic not associated with atelectasis [32].

Atelectasis occurs mainly near the diaphragm in the supine patient
and can be severe enough to comprise 15 -20% of the lung tissue.
Cardiopulmonary bypass is the surgical procedure that is mostly
associated with atelectasis. Up to 50% of the lung can undergo atelectasis
after cardiopulmonary bypass and this can occur within a very short
time interval [33]. There is a linear correlation between atelectasis and
impairment of gas exchange which can certainly lead to postoperative
hypoxemia. In extreme cases not only is there alveolar collapse, but also
collapse at the level of bronchiole and capillaries [34] .

Three basic mechanisms explain alveolar collapse during general
anesthesia:

Absorption atelectasis

This occurs as a result of a fall in the FRC from shifting from the erect
to a supine position after induction of general anesthesia. The decrease in
FRC and the loss of muscle tone by paralysis lead to cranial displacement
of the diaphragm. Reduction in FRC leads to airway closure either during
exhalation or if severe enough, throughout the respiratory cycle leading to
air trapping. Continued uptake of the trapped air within the closed alveoli
will, by mixing of venous and pulmonary arterial blood, lead to further
atelectasis and shunting. The higher the concentration of inspired oxygen,
the faster the occurrence of atelectasis [35]. Alveolar collapse is exaggerated
by age when the closing volume exceeds the expiratory reserve volume in
the supine position at age of 50 [36].

Compression atelectasis

This is the main mechanism by which atelectasis occurs in patients
with ARDS. The weight of the edema fluid in the lungs extrudes air leading
to alveolar collapse. Whether this is the mechanism in healthy lungs, has
yet to be determined. Some reports speculate that compression atelectasis
takes place as a result of the cephalad displacement of the diaphragm as a
result of loss of abdominal muscle paralysis leading to compression of the
dependent regions of the lung [37].

Surfactant deficiency

Surfactant is a lipoprotein secreted by type II alveolar cells to reduce
the surface tension thus preventing collapse of small alveoli. Lack of
intermittent deep breaths during general anesthesia affects surfactant
function leading to alveolar collapse [38]. This collapse is also manifested

as soon as a PEEP of 10 cmH,0 was discontinued. A recruitment maneuver
in the form of a forced vital capacity or a peak inspiratory pressure of 40
cmH,0 prevented alveolar re-collapse after PEEP, suggesting that a forceful
inflation of the lung might redistribute surfactant and hence maintain
alveolar stability [39].

Factors Affecting Alveolar Collapse during General
Anesthesia

Fraction of inspired oxygen

There is increasing evidence that a FiO, of 1.0 is associated with faster
atelectasis compared to lower FiO,. An interesting study has shown that
when a FiO, of 1.0 was used after a recruitment maneuver, alveolar collapse
recurred after 5 minutes. When a FiO, of 0.4 was used, alveolar collapse
occurred 40 minutes after the change [40]. In another study, induction of
anesthesia with FiO, of 1 was associated with a shunt fraction increase from
0.3% to 6.5% and an area of atelectasis measuring 8.0 cm* on computed
tomography (CT). In contrast, when using an FiO, of 0.3, the shunt fraction
onlyincreased to 2%, with an area of atelectasis of only 0.2cm? [41]. Similarly,
increasing the FiO, to 1.0 before extubation was associated with atelectasis
that persisted into the postoperative period [42]. Despite the established
association with atelectasis, a FiO, of 1.0 is still used for preoxygenation
to increase the oxygen reservoir in the lungs during prolonged intubation.
Recently, the use of lower FiO2s has been studied during preoxygenation
for general anesthesia. Edmark and colleagues [43] compared different
FiO,s for preoxygenation during the conduct of a general anesthesia. The
authors observed significantly smaller areas of atelectasis as measured by
computed tomography with a FiO, of 0.8 compared with a FiO, of 1.0 (9.8
cm2 vs. 1.2 cm2). The time to desaturation to 90% was significantly shorter
(411 vs. 303 sec). Compared with a FiO, of 0.3, preoxygentation with a
FiO, of 0.8 did not affect the incidence or severity of atelectasis in patients
undergoing colon resection [44].

Do All Patients Need PEEP Applied Intra-operatively?
Cardiopulmonary bypass

The use of PEEP has been part of the mechanical ventilation strategies
of patients undergoing cardiopulmonary bypass (CPB). Open lung
ventilation (OLV) (which entails sustained high inflation pressures, with
low tidal volumes, and high PEEP), protective lung ventilation (PLV)
(ventilation with low tidal volume targeting a plateau pressure <30
cmHZO), recruitment maneuvers, and the use of continuous positive airway
pressure, are examples of mechanical ventilator strategies that incorporated
PEEP in these patients. Outcomes assessed included oxygenation (with
various indices), changes in concentrations of inflammatory mediators,
hemodynamic parameters as well as pulmonary mechanical changes
(Table 1).

In a prospective randomized controlled trial, Miranda and colleagues
[45] randomized 62 patients undergoing Coronary Artery Bypass Grafting
(CABG) and /or valve surgery into 3 groups with different ventilation
strategies; the first group was ventilated according toan openlung ventilation
(OLV) immediately after endotracheal intubation (early OLV), the second
group was ventilated with the same strategy 30 minutes after arrival to ICU
(late OLV), and the third received conventional lung ventilation from the
beginning of the procedure. The outcome measured was serum levels of
Interleukin (IL) 6, 8, and - 10. Patients in first 2 groups showed a significant
early decline in serum IL-8 compared with the conventional lung strategy
group (CLV). Serum IL-10 decreased more rapidly in the early OLV group
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Author Design Patients Mechanical Ventilation Procedure Oxygenation Parameter Outcome
Reis (59) RCT N =69 1. Conventional CABG/valve SpO, -CLV: 37% hypoxic on 3rd
2. Early OLV day after extubation.
3. Late OLV -OLV: none
Celebi (47) RCT N =60 1. CPAP of 40 CPB PaO,/FIO, PaO,/FiO, higher in CPAP
2. PEEP of 20 40, and PEEP 20 cm H,O
3. PEEP of 5 groups compared with
PEEP of 5 group (30)
Reis (45) RCT N =62 1. Conventional CABG/valve NA -|IL-8 more rapidly in OLV
2. Early OLV groups
3.Late OLV -11I-10 more rapidly only in
early OLV
Dyhr (46) RCT N=16 1. RM—PEEP 1 cm CABG PaO, -Pa0O, 16
H,O0 >LIP +/- 16 KPa
2. RM only -No change from baseline

CLV; conventional lung ventilation, OLV; open lung ventilation, 1,2,3; refer to group numbers, LIP; lower inflection point, PEEP; positive end expiratory pressure, RM; recruit-

ment maneuver, PaOz; partial pressure of oxygen, RCT; randomized controlled trial.

Table 1: Studies of PEEP in Patients Undergoing Cardiopulmonary Bypass.

compared with the other 2 groups. There was a non- statistically significant
trend towards better oxygenation (assessed by PaO,/FiO,) in the OLV
groups compared with the CLV group. The authors concluded that OLV
was associated with an attenuated inflammatory response compared with
CLV. In another randomized controlled trial, Dyhr et al. [46], randomized
16 patients into 2 groups, a group receiving a recruitment maneuver (RM)
with PEEP and the other receiving only RM (RM/zero PEEP, or ZEEP). It
was seen that, compared with baseline, EELV and PaO, increased in the
RM/PEEP while they remained unchanged in the RM/ZEEP group. After
removal of PEEP, EELV volume decreased, while oxygenation remained
unchanged. In an attempt to test the effects of adding PEEP to RM
versus either alone, Celebi et al. [47] randomized 60 patients undergoing
coronary artery revascularization into 3 groups, the first group received a
RM and a decremented PEEP (CPAP of 40 cmH,O/PEEP of 20 cmH,0),
the second group received only decremented PEEP of 20 ¢cmH,0, and
the third received a PEEP of 5 cmH,O. All maneuvers were employed in
the immediate postoperative period. The most striking finding was that
oxygenation, defined by the ratio of partial pressure of oxygen to its fraction
of inspired concentration (PaO,/FiO,) was significantly higher in the first 2
groups compared with the third, and that effect persisted only for 4 hours
after the RM. Besides, atelectasis score was significantly lower in the first 2
groups compared with the third. Interestingly, a protective lung ventilation
strategy, a strategy known to decrease lung inflammation and increase
survival in ARDS, was not superior to conventional lung ventilation in
terms of levels of serum markers of inflammatory, pulmonary function or
length of stay postoperatively [48].

The above-mentioned evidence reflects the inconsistencies in the
patient population undergoing cardiopulmonary bypass, the ventilatory
strategies of which PEEP was part of, the time of initiation of these
ventilatory strategies, and the outcomes sought. More studies are needed to
resolve these inconsistencies.

Thoracic surgery

Approximately, 9-27% of patients undergoing thoracic surgery with
one lung ventilation develop arterial hypoxemia due to shunting of blood
to the collapsed non-dependent lung [49]. Ventilating these patients
with FiO, of 1.0 has been traditionally advocated to treat hypoxemia
and maximize blood flow to the dependent lung. However such a high
percentage of inspired oxygen may lead to the formation of reactive oxygen
species (ROS) inducing oxidative lung injury, especially in diseased lungs
[50]. In addition, the known risk of absorption atelectasis is also in play.
Therefore, the use of PEEP and CPAP has been advocated to counteract

atelectasis induced with one-lung ventilation while preventing hyperoxic
lung injury and absorption atelectasis. The use of PEEP in the setting
of one-lung ventilation has yielded mixed results. Recently, Yang and
colleagues randomized 100 patients undergoing elective lobectomy into
either protective one lung ventilation (Vt 6 ml/kg, FiO, of 0.5, PEEP of 5
cmHZO) or conventional one-lung ventilation (Vt 10 ml/kg, FiO, - 1.0, and
ZEEP) . The incidence of the primary end points of pulmonary dysfunction
(PaO,/FiO, <300, and/or newly developed lung infiltrate or atelectasis
in the first 72 hours after the procedure) were significantly lower in the
protective one-lung ventilation group compared with the conventional
group [51]. In contrast, in a study performed by Hoftman and colleagues, a
PEEP of 5 cm of H,0 and 10 cm of H,O applied sequentially to 41 patients
undergoing thoracic procedures under OLV failed to improve arterial
oxygenation compared to pre-PEEP levels [52]. A small sample size was
certainly a limitation of the study.

Due to the known mechanical perturbations PEEP has been used as an
adjunct to RM and protective lung ventilation in thoracic procedures. In a
prospective randomized trial of 42 patients undergoing thoracic surgery,
Park et al. [53] randomized patients to receive either a tidal volume of 10
ml/kg or a RM of 10 manual breath of Inspired pressure of 40 cmH,O
followed by PEEP of 15 cmH,O, before the commencement of one lung
ventilation. The dependent lung was ventilated with tidal volume of 6 ml/
kg and PEEP of 5 cmH,O in both groups. Patients who had a RM prior
to the commencement of one lung ventilation demonstrated significantly
higher PaO,’s (38.9+/-15 versus 28.8 +/- 14.4) and a lower alveolar arterial
gradient at 15 minutes, and at the end of one lung ventilation (46.1+/- 14.4
vs. 55.9 +/-14.7, and 39.7+/-12.4 vs. 50.7+/-12.3 KPa, respectively).

An important clinical concept to consider is the interaction between
the applied PEEP (extrinsic) and the existence of intrinsic or “auto PEEP”
that is characteristically present in patients with Chronic Obstructive
Pulmonary Disease (COPD) presenting for lung resection. Extrinsic PEEP
should not exceed the intrinsic PEEP in these patients, otherwise it may
exaggerate alveolar distension and further contribute to hypotension [54].

The “best PEEP” selected during thoracic procedures has been sought
by many investigators. Slinger et al. [55] explored the relationship between
extrinsic PEEP and lower inflection point and its effect on oxygenation. It
appears that maximum oxygenation can be achieved as the PEEP moves
towards the lower inflection point, and that oxygenation progressively
declined as PEEP moved past that point. Maisch et al. [6] proposed that the
‘best PEEP” should only be applied after a RM as evidenced by an increased
compliance with the lowest dead space fraction. Additionally, Lachmann
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et al. [56] demonstrated that excessive PEEP may lead to bacterial
translocation in an experimental model of pneumonia.

Collectively taken, PEEP is an important maneuver in improving
lung oxygenation during one lung ventilation especially if applied after
a recruitment maneuver and in the setting of protective lung ventilation
strategy. However, it should be applied cautiously to in order to prevent
untoward effects such as alveolar overdistension.

Bariatric Surgery

Positive end expiratory pressure has been used both in laparoscopic
and open bariatric surgeries. The application of PEEP varied, however,
in timing, magnitude and whether it was used in conjunction with RM.
Adding PEEP of 8 cmH,0 to a RM of 40 cmH,O following abdominal
incision was associated with a more significant improvement of oxygenation
compared with a PEEP of 8 cmH,O in a cohort of patients undergoing
open bariatric procedure [57]. Interestingly, application of a PEEP of 10
cmH,O was equivalent to a reverse Trendelenberg position in terms of
improvement of arterial oxygenation (measured by the difference in the
alveolar arterial pressure of oxygen A-a gradient), increase in total lung
compliance and decrease in blood pressure in a cohort of 20 morbidly obese
patients undergoing laparoscopic bariatric surgery [58]. In another cohort
of 10 patients undergoing laparoscopic bariatric procedures, repetitive
RMs of 50 cmH,O followed by a PEEP of 12 cmH,0 were associated
with a significantly improved oxygenation compared with a ventilator
strategy using a PEEP of 4 cmH,O. Interestingly, oxygenation returned
to pre-recruitment levels 30 minutes after extubation [59]. Similarly, a
vital capacity RM followed by a PEEP of 10 cmH,O was associated with
superior oxygenation and lower atelectasis scores compared with RM
alone and with RM and a PEEP of 5 cmH,O in obese patients undergoing
laparoscopic bariatric surgery [60]. The combined effects of RMs and
PEEP as compared to either strategy alone were elegantly demonstrated
by CT scan in a recently published study [61]. In short, the combination
of a RM + PEEP was superior to either a RM or PEEP alone in reducing
atelectasis (Figure 4). In summary, small sample sizes and lack of a standard
PEEP approach make it difficult to draw a firm conclusion. However, the
application of PEEP appears to have a “positive” effect, but how beneficial is
deserving of further more vigorous investigation as surgical procedures for
this particular patient population continues to grow.

el lol-]

omET+E

CEHEN 2R

20 min

After induction 5 min
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Figure 4: Representative computerized tomography taken at a level 1 cm above
the diaphragm. RM and PEEP decreased atelectasis at 5 and 20 minutes com-
pared with either maneuver alone. PEEP; positive end expiratory pressure,
ZEEP; zero end expiratory pressure, RM; recruitment maneuver (obtained with
permission from authors of reference 61) .

Pneumoperitoneum

Pneumoperitoneum created by various laparoscopic surgical
techniques has been demonstrated to impair pulmonary mechanics and
gas exchange. These effects have been observed both in obese and non-
obese patients. Compared with non-obese patients, obese patients manifest
worsening of oxygenation under general anesthesia associated with
Trendelenburg position and peritoneal insufflation [62]. The application
of PEEP has been used to counter the upward shift of the diaphragm
caused by the pneumoperitoneum and to improve pulmonary mechanics
[63]. Positive end expiratory pressure has also been used in conjunction
with RMs to maintain the increase in oxygenation achieved by the latter.
Futier et al. [64] observed an increase in the EELV both in obese and
non-obese patient who received 10 cmH,O of PEEP. Interestingly, no
increase in oxygenation was noticed. When a RM of 40 cmH,O for 40
seconds was applied, PaO, significantly increased and was maintained
for 30 minutes. In another study conducted exclusively in obese patients,
repetitive recruitment maneuvers (every 10 minutes) produced the
maximum improvement in lung compliance and PaO, [65]. In aggregate,
the current evidence reveals that the creation of pneumoperitoneum can
induce deleterious effects on lung mechanics in both obese and non-obese
patients. Recruitment maneuvers coupled with PEEP appear to reverse
these changes and improve gas exchange. In obese patients this effect is
more pronounced if the RMs are repeated.

Patients with Pre-existing Acute Lung Injury (ALI) and Adult
Respiratory Distress Syndrome (ARDS)

Mechanical ventilation of patients with ARDS using lower tidal
volumes (6 ml/Predicted Body Weight (PBW)) with a goal of maintaining
a plateau pressure of <30 cmH20 has been shown to improve survival
[66]. Considerable debate exists, however, regarding a survival benefit of
high PEEP (11-15 cmH,0) [67,68]. A recent meta-analysis has shown that,
compared to a lower PEEP, a high PEEP was associated with a statistically
significant decrease in hospital mortality in patients with ARDS. High
PEEP was associated with a less benefit and a potential harm in patients
with acute lung injury who did not have ARDS. In this meta analysis,
higher PEEP was associated with a small risk of non-fatal pneumothorax
in patients with ARDS [69].

Despite the proven benefit of low tidal volume ventilation for patients
with ARDS, its intraoperative application remains unclear. In a recent
retrospective analysis of 249 patients who underwent surgery between
24 hours and 14 days after ALI/ARDS diagnosis, only 54 patients (53%)

PEEP |—> | | atelectasis |—» | tPa0; | — ?0

* Pneumonia

/ \ « Mortality
*RF

? ‘healthy lung’
6ml/ PBW

[induction /
emergence]

Figure 5: PEEP may complement other intraoperative strategies to improve
patient outcome. The effects on outcomes are currently unknown. Imple-
menting a, keeping an FiO, <1.0 and utilizing a lower V_ in conjunction with
PEEP may improve patient outcome. PEEP; positive end expiratory pressure,
RM; recruitment maneuver, PLV; protective lung ventilation, FIO,; fraction of
inspired oxygen, V; tidal volume, RF; respiratory failure, |; decrease, 1, in-
crease, ? unknown.
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received low tidal volume ventilation. Intraoperative adherence to low tidal
volume ventilation was not associated with a decrease in hospital mortality,
in-hospital length of stay or improved oxygenation. Notably, there was no
report of PEEP or of plateau pressures in this study [70].

In summary, in patients with ARDS/ALL low tidal volume mechanical
ventilation to a goal plateau pressure of <30 cm of H,O is associated with
decreased mortality. Higher PEEP may be beneficial in patients with ARDS
but not ALL The implications of intraoperative adherence to this strategy
remain to be determined.

Does PEEP Affect Outcomes?

Despite of its beneficial effects on oxygenation and lung mechanics, the
implementation of PEEP has not been shown to definitively affect patient
outcomes. A recent meta- analysis [71] of 8 randomized clinical trials
with a total of 388 patients demonstrated only 2 statistically significant
effects of PEEP users compared with non-users; higher PaO,/FiO, ratio
on postoperative day 1 and reduced atelectasis (assessed by CT scan).
There were no significant differences in mortality, incidence of barotrauma
or adverse cardiac events between the 2 groups. Whether increased
oxygenation or decreased atelectasis translates to fewer incidences of
postoperative respiratory failure and pneumonia cannot be determined at
the present time. A total of 21,200 further patients would need to be studied
in order to have a statistically significant relationship between PEEP and
mortality.

Conclusion

Positive end expiratory pressure is an adjunctive ventilatory modality.
Its use in the operating room is associated with improved pulmonary
mechanics and oxygenation, especially in surgical procedures associated
with higher incidence of atelectasis. However, it is not clear whether these
effects are associated with better patient outcomes. The use of PEEP is
particularly indicated immediately after preoxygenation and immediately
prior to extubation. The effects of PEEP are augmented and maintained by
the use of RMs. A FiO, <1.0 followed by repetitive RMs and PEEP seem to
be associated with the least incidence of atelectasis. Since there is no current
consensus about the ‘best PEEP, clinicians are encouraged to prescribe it
on individual basis based on patient response (Figure 5).
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