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Optimal mechanical ventilatory support is a vital
component of intraoperative anesthesia care, lung
protection, and minimizing postoperative pulmonary
sequela. Although concepts surrounding ventilation
can be multifaceted and ambiguous, a pragmatic
approach coupled with contemporary evidence and
skilled assessments will facilitate ideal intraopera-
tive management. Effective mechanical ventilation is
dependent on obtaining the best pulmonary mechanics,
including compliance, resistance, and gas exchange.
Optimally titrated positive end-expiratory pressure
is the foundation for ideal pulmonary mechanics,
preventing ventilator-induced Ilung injury, and mini-

Objectives
Upon completion of this course, the reader will be able to:

1. Describe concepts of pulmonary mechanics includ-
ing compliance, resistance, dead space, ventilation
and perfusion mismatch, functional residual capac-
ity, and alveolar recruitment.

2. Apply these concepts to intraoperative assessment
and management of mechanical ventilation.

3. Describe best practices for preventing lung injury,
maintaining functional residual capacity, alveolar
recruitment, and gas exchange using optimal positive
end-expiratory pressure (PEEP) and trials of PEEP.

4. Obtain a foundational understanding of pressure
support ventilation, including characteristics, indi-
cations, application, pitfalls, and appropriate use.

Introduction

The ever-evolving nature of medicine and science re-
quires healthcare practitioners to periodically reconsider
our understanding of clinical concepts. Today, there is
substantial evidence advocating lung protective tech-
niques be used in patients with normal lung function.'”

mizing postoperative pulmonary complications. A
knowledgeable application of pressure support venti-
lation can offer additional advantages during general
anesthesia and emergence, providing synchronized
ventilation and augmenting the patient’s own respi-
ratory efforts. These concepts, coupled with clinical
expertise, will offer insight into the methods, tools,
and techniques available to modern anesthetists.

Keywords: Positive end-expiratory pressure, pressure
support ventilation, pulmonary mechanics, ventilator-
induced lung injury.
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In a 2006 multicenter study of tidal volume (V) during |
anesthesia, Jaber et al® noted that more than 80% of oper- |
ating room patients were ventilated with no positive end-
expiratory pressure (PEEP) and nonprotective settings.
Similar findings were noted in a study of intensive care
patients receiving protective ventilation and requiring
surgery. Protective settings were continued intraopera-
tively in only 53% of patients.” Mechanical ventilation
poses a known risk of injury and complications, with
postoperative pulmonary sequela substantially contribut-
ing to mortality and morbidity.*8°

Contemporary anesthesia ventilators span a spectrum
of capabilities. Irrelevant to variations in modes and
models, a foundational understanding of pulmonary
mechanics and physiology will allow confident and ob-
jective management in response to the dynamic needs of
the patient. A knowledge of ventilator capabilities and
response to patients is essential. At its core, mechani-
cal ventilation should mimic natural breathing patterns.
Bearing in mind the patient’s own respiratory pattern, it
is easy to see how settings can be nonphysiologic, altering
ventilation and perfusion (V/Q) relationships. Humans
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Mechanics Equation

Crs = V¢/(Pplat — PEEP) in mL/cm H,0
Crs = 450/(15 — 5) = 450/10 = 45 mL/cm H,O
DyCrs = V¢/(PIP — PEEP) in mL/cm H,O
DyCrs = 450/(17 - 5) = 450/12 = 375 mL/cm H,0
Raw = (PIP — Pplat)/Flow in cm HyO/L/s
Raw = 17 - 15/L = 2 cm Hy0O/L/s
Vps/Vy = (PaCOy — PeCO5)/PaCO,
Vps/Vr = 49 - 41/49 = 8/49 = 16%
TC = Raw x Crs
TC = 0.045 L/ecm HyO x 2 cm HpO/L/s = 0.09 s

Static compliance (Crs)
Dynamic compliance (DyCrs)
Airway resistance (Raw)
Physiologic dead space (Vps/Vy)

Time constant (TC)

Table 1. Pulmonary Mechanics: Equations and Examples
Abbreviations: PEER positive end-expiratory pressure; PIF peak inspiratory pressure; Pplat, plateau pressure; Raw, airway resistance; Vr,

tidal volume.

possess natural variability in breathing, sighing several
times per hour to maintain recruitment and satisfy pul-
monary stretch receptors.'? Respiratory patterns adapt in
response to Paco,, Pao,, pH, and baroreceptive signals.
The more ventilatory parameters set by providers, the
more likely respirations will run contrary to physiologic
signals and lead to dyssynchrony.!!

Pulmonary Mechanics

An understanding of pulmonary mechanics is vital
to patient assessment during mechanical ventilation.
Pulmonary mechanics include factors such as flow,
volume, pressure, compliance, and resistance. These
factors directly affect lung volumes and therefore func-
tional residual capacity (FRC) and gas exchange. Goals
during mechanical ventilation include optimizing the
patient’s pulmonary physiology, providing effective gas
exchange, maintaining alveolar recruitment, reducing
injury potential, and ensuring hemodynamic stability.
Analyzing and incorporating measurements of pulmo-
nary mechanics during your assessment will provide the
information required for optimal intraoperative mechani-
cal ventilation.

Improper intraoperative ventilation may create overdis-
tention, allow end-expiratory alveolar collapse, or induce
lung injury."*!? Compliance measurements are a key to
ventilator management in patients with and without lung
disease. Respiratory system static compliance (Crs) is
the pressure burden exerted on the lung for any volume
change. It is calculated as change in volume over the
change in pressure (Table 1) as follows: Crs = AV/AP =
V./Plateau Pressure (Pplat) - PEEP. Dynamic compliance
(DyCrs) is similar; however, it incorporates airway resis-
tance (Raw) within the calculated value (Table 1).

Optimal compliance demonstrates ideal distending
pressures, alveolar recruitment, V/Q matching, homoge-
neity, and prevention of ventilator-induced lung injury
(VILD). In a randomized controlled trial of patients with
acute respiratory distress syndrome, Pintado et al*> dem-
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onstrated improvements in mortality, hemodynamics,
pulmonary status, and multiorgan system dysfunction
when adjusting PEEP to achieve an optimal compliance.
Similar findings were demonstrated in several studies
involving patients with normal lungs evaluating compli-
ance, oxygenation, and dead space.!>'*!> Static compli-
ance values are relative to each patient and circumstance,
often between 40 and 80 mL/cm H,O. The crucial factor
is ensuring each patient’s best and optimal compliance.
Recruited open lungs are compliant, whereas atelectatic
or overinflated lungs are not. Consider this example;
your patient is ventilated with a V; of 450 mL, peak
inspiratory pressure (PIP) of 17 cm H,O, Pplat of 15 cm
H,0, and PEEP of 5 cm H,0. This produces a driving
pressure or AP of 10 cm H,O (Pplat - PEEP) as shown in
Table 1. Static compliance is measured at Crs = 45 mL/
cm H,0. Dynamic compliance calculations (PIP - PEEP)
yield a AP of 12 cm H,0 and a DyCrs = 37.5 ml/cm
H,0, accounting for Raw proportional to the differential
between PIP and Pplat (Table 1). Plateau pressure may
also be trended as a surrogate of compliance when calcu-
lations are not expedient.

Corresponding with clinical assessment, measure-
ments of Raw give objective data to consider during
mechanical ventilation or in diagnosing airway compro-
mise. Raw coincides with pulmonary time constants, a
product of Raw and Crs, which demonstrates variabil-
ity among lung units. Airway and lung units are rarely
homogeneous, particularly in patients with underlying
lung disease. Raw is divided between artificial and
natural airways. Artificial airways have a fixed resistance,
whereas natural airways are dynamic, responding to neu-
roendocrine and physiologic changes.

Raw is calculated as pressure per unit of flow, per unit
of time: Raw = PIP - Pplat/Flow (inspiratory or expiratory
in liters per second). An inspiratory flow of 60 L/min or 1
L/s would produce a Raw as follows (Table 1): 17 - 15/1
= 2 cm H,0O/L/s. Thus, inspiratory Raw is 2 cm H,0O/L/s
with optimal Raw measuring less than 10 cm H,O/L/s.
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Figure 1. Normal Waveforms (top) Compared With Dynamic Hyperinflation, High Expiratory Resistance Often
Secondary to Disease, Air Trapping, Auto-PEEP, Delayed Emptying, and Prolonged Expiration (bottom)

Abbreviation: PEEP positive end-expiratory pressure.
(Reprinted with permission of Alex Yartsev,3® Deranged Physiology)

The PIP-Pplat differential can offer a surrogate indicator
of inspiratory Raw during rapid assessment. Raw cannot
be determined when using variable flow modes such as
pressure control ventilation (PCV). Indeed, one indica-
tion for PCV is to overcome variable time constants and
high Raw areas. Its descending flow pattern coupled with
a fixed inspiratory time and pressure improve the distri-
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bution of ventilation and gas exchange.

Expiratory resistance is typically higher than inspira-
tory and more applicable for the care of patients with
obstructive lung disease.'® It can be evaluated using
waveforms and peak expiratory flow rates as a conve-
nient single numerical indicator, thereby enhancing your
assessment. Flow/time, volume/time, and pressure/time
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waveforms may demonstrate a failure to reach baseline,
indicating high expiratory Raw, air trapping, dynamic
hyperinflation, and/or auto-PEEP (Figure 1). These char-
acteristics are seen in obstructive disease, bronchospasm,
airway edema, secretions, or small airway disease. The
lowest Raw will often coincide with optimal compliance
and PEEP. In the heterogeneous obstructive lung, optimal
PEEP will splint airways, improve the distribution of ven-
tilation, diminish air trapping, prevent auto-PEEP, and
yield the lowest expiratory Raw.!” Removing externally
set PEEP to decrease air trapping in obstructive lung
disease is an erroneous technique not in-line with current
empiric data.!” Raw may be minimized through optimal
PEEP, treating airway abnormalities such as secretions
or bronchospasm, and ensuring a patent airway. Lung
disease is the hallmark indication for PEEP optimization,
which will be reviewed in the next section.

Approximately 33% of each breath does not participate
in gas exchange, termed dead space and averaging 2 mL/
kg of ideal body weight (IBW).!® Dead space is divided
into 2 categories: anatomical and alveolar. Together the
2 encompass the physiologic (total) dead space (V) and
are measured in ratio to the V¢ (Vpg/Vo). In addition to
Crs, DyCrs, and Raw, lowering the Vpo/V; will confirm
ideal gas exchange. Although invasive, blood gas analysis
is vital in the measurement of gas exchange. Applying
the Enghoff modification of the Bohr equation, Vp¢/V; =
Paco, — Peco,/Paco, (Table 1), values for dead space frac-
tion may be estimated. Although not technically equiva-
lent, the end-tidal carbon dioxide (ETCO,) may act as a
surrogate for Peco,. For example, an ETCO, of 41 mm Hg
and Paco, of 49 would yield a V,¢/V1 of 16% (Table 1).
Trending V¢/Vy allows ventilation titration for the best
possible V/Q matching and gas exchange. Intrapulmonary
shunt measurements can offer additional data on oxygen-
ation and V/Q mismatch. Unfortunately, the shunt calcu-
lation is complex and pragmatically difficult. However,
alveolar to arterial gradients from a blood gas analysis can
act as a substitute indicator (A/a gradient = PAO, — Pao,).
Confirming optimal Crs, DyCrs, Raw, Vpo/V1, and gas ex-
change are the key facets in providing optimal mechanical
ventilation, which in turn minimizes the risk of postop-
erative pulmonary complications and VILL

Positive End-Expiratory Pressure Optimization
and Trials

The concept of PEEP was described as early as 1938.
Unfortunately, optimal use and application elude many
modern practitioners. The foundational setting in me-
chanical ventilation, PEEP should be individually set for
each patient. All other parameters and settings rely on ap-
propriate levels of PEEP to ensure adequate ventilation,
FRC, and recruitment. General anesthesia creates major
changes in pulmonary physiology, including alveolar
collapse, absorption and compression atelectasis, a loss
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of respiratory muscle tone, FRC, and closing capacity.'®
These alterations in pulmonary physiology may last for
several days, resulting in postoperative pulmonary com-
plications and other sequelae.'®

Providing PEEP levels sufficient to maintain alveolar
recruitment is instrumental in protective ventilation.
Therefore, what is optimal PEEP, and how is it determined?
This must be individually determined for each patient. The
distribution of ventilation changes with positive pressure
ventilation (PPV) secondary to pulmonary heterogeneity,
even in healthy patients. Ventilation is directed to low
resistant areas while high resistant, low compliant areas
receive inadequate gas exchange. Levels of PEEP may be
insufficient to maintain recruitment in certain areas while
others experience overdistention, risking VILI.

Several indexes and physiologic factors require con-
sideration when one is evaluating optimal PEEP or per-
forming PEEP trials. In addition to pulmonary mechanics
and gas exchange, consideration is required for hemody-
namics, underlying pulmonary disease, surgical proce-
dure, and positioning. Basic PEEP trial methods involve
monitoring compliance and/or its surrogates (PIP, Pplat)
with progressive changes in PEEP. During PEEP trials
DyCrs has proved to be a particularly valuable indica-
tor, accounting for changes in Raw in addition to Crs."
Alveolar to arterial gradient, oxygenation, and Vpe/Vy
will generally improve in conjunction with compliance
and resistance, indicating optimal settings. Suter et al*°
discovered that the best Crs coincided with maximum
oxygen transport and the lowest Vpo/Vy. Maisch et al?!
found that a combination of best compliance and lowest
Vps/Vr in healthy anesthetized patients to be superior to
other methods of optimization, both of which are easily
employed intraoperatively. Results of several intraopera-
tive studies concluded that moderate PEEP levels averag-
ing approximately 10 cm H,O were ideal in decreasing
atelectasis, improving FRC, and providing the best gas
exchange.!1>?? The best Crs, DyCrs, Raw, Vpo/Vy, and
oxygenation are key indicators in demonstrating optimal
settings that deliver dividends to patients both intraop-
eratively and postoperatively (Table 2).

A real-world example may help demonstrate these
theories, realizing that a steady state is necessary, avoid-
ing changes in position or other conditions that would
alter pulmonary mechanics. Consider a patient receiving
volume-controlled ventilation. After alveolar recruitment
maneuvers, the anesthesia provider can increase PEEP
while monitoring PIP/Pplat. This is often done in incre-
ments of 2 cm H,O (ie, from 6 to 8 cm H,0). If PIP/Pplat
measurements fall, remain the same, or increase less than
the change in PEEP, alveolar recruitment is occurring
with an increasing FRC. If the initial PIP was 20 cm H,0
and if following an increase in PEEP of 2 cm H,O for 15
minutes, the PIP falls to 19 cm H,0, the FRC is improv-
ing with alveolar recruitment. Coinciding improvements
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Vr Approximately 6 mL/kg IBW

IBW Males = 50 + [2.3 x (Height in inches — 60)]
IBW Females = 45.5 + [2.3 x (Height in inches — 60)]

PEEP

FIO,

Change in pressure (AP)
Pplat

ARMs

Table 2. Suggested Initial Ventilator Settings

Minimize via PEEP and V; adjustments

5-7 cm H,O; titrate for Crs or DynCrs and oxygenation
Normoxia, preferably < 0.4 or SpOy = 93%

Maintain = 25-30 cm H5O; the lower the better

Every hour or when clinically indicated with your preferred technique

Abbreviations: Crs, respiratory system static compliance; DynCrs, dynamic compliance; FIO», fraction of inspired oxygen; IBW, ideal
body weight; PEEP positive end-expiratory pressure; Pplat, plateau pressure; SpO,, oxygen saturation measured by pulse oximetry; Vr,

tidal volume.

in DyCrs, Crs, oxygenation, and Vp¢/V1 would also be ex-
pected over a 10- to 20-minute trial period. The process
may be repeated until the best Crs, DyCrs, Vo/Vy, and
oxygenation are achieved, indicating optimal settings.
Conversely, an increase in PIP/Pplat greater than the
change in PEEP would indicate a drop in compliance,
overdistention, and increased risk of VILI. After confirm-
ing that the higher pressures do not stem from outside
causes, returning the PEEP to its previous level would
be indicated, with consideration for lower adjustments
to achieve optimal Crs or DyCrs. For patients being
ventilated with PCV, the anesthesia provider may use a
similar extrapolation in DyCrs or Crs, noting changes
in the delivered V; for a set PIP and/or AP. Pressure is
fixed; therefore, V; changes are indicative of changes in
compliance, recruitment, and FRC in contrast to PIP/
Pplat changes during volume ventilation.

Included in any discussion regarding PEEP is the
concern over hemodynamic effects. Positive pressure
ventilation alters hemodynamics via 3 main mechanisms:
diminished venous return, diminished right ventricu-
lar output secondary to increased pulmonary vascu-
lar resistance, and reduced left ventricular preload.?
Hypovolemic conditions compound these effects, particu-
larly in patients without lung disease. Pulmonary vascular
resistance may be increased when alveolar capillary beds
are compressed, promoting increased V¢/V; and hypox-
emia. Hypoxic pulmonary vasoconstriction in atelectatic,
under recruited regions exacerbate the increased pulmo-
nary vascular resistance. These effects are decreased or
offset with appropriate PEEP and alveolar recruitment.*?

The goals of PEEP include decreasing VILI as well
as improving gas exchange and oxygen delivery to
the tissues. Therefore, optimal PEEP promotes these
goals without compromising hemodynamics; otherwise,
oxygen delivery would be curtailed. These facts under-
score the importance of achieving optimal, individual
PEEP for each patient.?>>> Neither continuous cardiac
output nor hemodynamic measurements are available for
most patients. Therefore, we must rely on pragmatic indi-
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cators of optimal PEEP. Suter et al?® found the best Crs to
be the strongest indicator for optimal PEEP, oxygen de-
livery, and thus optimal cardiopulmonary function. This
conclusion was confirmed in several other studies.!*!>%!
When hemodynamic effects are noted, a thorough as-
sessment to ascertain cause and idea settings should be
completed, including best treatment for resolution.
Positive end-expiratory pressure is instrumental in
preventing postoperative pulmonary complications.!#*27
Pulmonary complications occur in 5% to 10% of patients
undergoing nonthoracic surgery and in 22% of thoracic
surgeries or high-risk patients.”® Atelectasis impedes
surfactant production, catalyzing a vicious cycle that
can persist for weeks after surgery and can lead to other
sequelae. Pneumonia or bronchitis, hypoxemia, broncho-
spasm, acute lung injury, exacerbation of existing lung
disease, and pulmonary emboli are all possibilities.?®
Retained secretions act as a nidus for infectious organ-
isms, leading to pneumonia with hypoxemia, fever, and
leukocytosis. Pulmonary complications are second only
to cardiovascular events in degree of severity. The one
all-encompassing characteristic of pulmonary complica-
tions is that all are modifiable, and most are preventable.

Pressure Support Ventilation

Since the advent of mechanical ventilation, medicine has
struggled to create a ventilatory mode that could mimic a
patient’s own physiologic patterns. Pressure support ven-
tilation was developed in the early 1980s with micropro-
cessor-based ventilators that were sensitive to a patient’s
effort. Classified as a spontaneous mode, PSV only partially
assists the patient and serves as one of the hallmark modes
for weaning patients and promoting ventilator/patient syn-
chrony. Despite a few shortcomings, PSV can be applied as
a primary mode for patients under general anesthesia who
are breathing spontaneously. One drawback includes the
lack of a minimal V; or minute ventilation setting with
no automated backup for periods of apnea. Hybrid modes
such as PSV-Protect were developed to allow a minimal
minute ventilation to be set and maintained.
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Pressure support ventilation has demonstrated effec-
tiveness in all artificial airways, including endotracheal
(ET) tubes and laryngeal mask airways (LMAs). Given
an adequate fitting mask, PSV with PEEP can mimic
noninvasive bilevel positive airway pressure (BiPAP).
Pressure support has been effective at reducing the work
of breathing associated with endotracheal intubation
and mechanical ventilation. Consider the Poiseuille law
concerning flow through a tube or cylinder. The law
demonstrates that flow is directly proportional to the
radius of the tube and the pressure differential, proximal
to distal.'® Smaller ET tubes are associated with signifi-
cantly higher resistance and work of breathing indexes.?’
Pressure support delivers a driving pressure to the proxi-
mal airway, overcoming Raw and augmenting inspiratory
flow across the length of the ET tube. Two studies with
a limited number of patients yielded evidence suggestive
of upper airway edema after extubation, contributing
to an increased work of breathing equivalent to intuba-
tion, limiting the need for PSV.**’! Notwithstanding
this hypothesis, providing adequate support, minimizing
the work of breathing, augmenting pulmonary physiol-
ogy, and optimizing patient comfort provide substantial
benefit both intraoperatively and postoperatively.

Whenever modes like volume-controlled ventilation
or PCV are employed, clinicians program most of the
settings, including frequency, V, inspiratory flow, and
inspiratory time. In using PSV, the provider only sets
the pressure support level above PEEP and adjusted to
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Figure 2. Flow Time Waveform Comparing a Constant Flow Breath and a Breath Delivered With Pressure

deliver normal spontaneous V; averaging 4 to 5 ml/kg
IBW.*? Support levels from 3 to 10 cm H,O are com-
monplace. It is important to consider patient factors, in-
cluding muscle strength, pulmonary pathology, comfort,
surgical procedure, and work of breathing. Providers
routinely err by setting PSV levels too high rather than
too low. Inappropriately elevated pressure support levels
are associated with ineffective efforts, periodic breathing,
apnea, and dyssynchrony.?>>* These findings are often
identified during emergence when PSV levels are set in-
appropriately high.

Pressure support is delivered to the proximal airway
after sensing the patient’s inspiratory effort, providing
the necessary flow and volume for the inspiratory time
required by the patient. Sensitivity measures a differential
change in circuit flow, traditionally 2 to 3 L/min, which
is very responsive to patient efforts. Autotriggering has
been reported with cardiac oscillations and chest wall
rebound, which can be corrected with sensitivity adjust-
ments and titration. Increasing the flow differential to 4
to 5 L/min will decrease responsiveness and eliminate
any oversensitivity. Observing the patient’s respiratory
pattern, circuit pressures, waveforms, and ETCO, can
confirm spontaneous efforts and synchrony, thus ensur-
ing that sensitivity is set appropriately to prevent auto-
triggering yet responsive to patient efforts. Inspiratory
flow progresses in a characteristic decelerating pattern
(Figure 2).% As the patient’s inspiratory needs are met,
flow progressively declines until it reaches a predeter-
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mined level, usually 25% of the peak inspiratory flow,
at which time the breath is terminated. Pressure support
ventilation allows the patient to control their own re-
spiratory pattern, including inspiratory flow, inspira-
tory time, Vp, respiratory rate, and pattern. Variability
in respiratory patterns is essential with as little as 30%
beneficial at improving V/Q relationships, particularly in
patients with lung disease.!’>® Because of these charac-
teristics, PSV is considered one of the most comfortable
and physiologic modes in mechanical ventilation.

Pressure support ventilation allows for the preserva-
tion of several physiologic functions that are beneficial
to patients under general anesthesia. A balance between
the negative effects of PPV and the advantages of spon-
taneous respirations can be appreciated with PSV. Active
inspiratory efforts promote improved distribution of
ventilation, augmented venous return, V/Q matching,
and several other benefits seen in spontaneous respira-
tory physiology. A 2012 randomized controlled trial
found that PSV prevented ventral redistribution of ven-
tilation compared with pCv.’ Similarly, PSV was found
to improve minute ventilation and gas exchange while
preserving hemodynamic function during inhaled anes-
thesia.>? In 2013, Capdevila et al’® compared patients un-
dergoing knee arthroscopy, using LMAs, and randomly
assigned patients to controlled mandatory ventilation,
spontaneous breathing, or PSV. Patients receiving PSV
experienced the lowest propofol and fentanyl require-
ments, decreased emergence times, and fastest LMA
removal times compared with controlled mandatory
ventilation and spontaneous breathing, with no untow-
ard side effects.®® Another randomized controlled trial
of 34 pediatric patients undergoing adenotonsillectomy
found lower intraoperative sevoflurane requirements,
lower anesthesia times, decreased extubation times, and
lower pain scores in the postanesthesia care unit in pa-
tients ventilated with pressure support vs spontaneous
ventilation.>® Furthermore, intraoperative use of PSV in
moderately obese patients has demonstrated improved
perioperative lung function, oxygenation, an improved
distribution of ventilation to the dorsal regions of the
lung, and positive effects that persisted into the postop-
erative period.*

Pressure support ventilation has numerous promis-
ing characteristics that skilled clinicians may employ;
however, as with any tool, it must be used appro-
priately. Anesthetic and opioid levels can be titrated
in patients breathing spontaneously with appropriate
levels of pressure support. Pressure support ventila-
tion may be used in overcoming the depressive effects
of anesthetics and muscle relaxants, providing support
during emergence, augmenting V/Q matching and gas
exchange, preventing atelectasis, eliminating potent in-
halational agents, and providing a synchronized mode
of ventilation. Assessment of muscle strength and the
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effectiveness of respirations on PSV can be confound-
ing, however, proving to be a barrier to its use during
emergence. Support levels set inappropriately potentially
mask muscle weakness, create respiratory alkalosis, alter
neuroreflexive controls of respiration, produce peri-
odic irregular respirations, and lead to dyssynchrony. In
setting pressure support, few factors require consider-
ation outside achieving a V; approximately 4 to 5 mL/
kg IBW, which may be accomplished with levels between
3 and 6 cm H,O. Other patients may require little to no
pressure support, indicative of recovery. The required
level of support may be used as an indicator akin to spon-
taneous respirations with an open adjustable pressure-
limiting valve. Patients with residual anesthesia or per-
sistent muscle weakness may require higher PSV levels.
Work of breathing, respiratory rate, pattern, and effort
are all assessed. Body habitus, comorbidities, position,
and surgical procedure are also considered in support |
requirements. When patient parameters are favorable
and extubation is imminent, PEEP and pressure support
levels can remain intact up to extubation.

Conclusion

Management of mechanical ventilation, like anesthesia, is
an art supported by science. Contemporary theories and
practices have evolved to ensure efficiency and prevent
iatrogenic injury, learning from the mistakes of our past.
Advances in computer microprocessor and other tech-
nology offer high-bred modes and functions that meet
the needs of an array of patients. In applying concepts
of pulmonary physiology and mechanics, anesthetists
possess the ability to tailor ventilator settings accord-
ing to the patient’s physiologic requirements. Optimally
applied PEEP can ensure a patient’s cardiopulmonary
homeostasis while preventing VILI and postoperative
sequelae. Additionally, PSV employed effectively offers
anesthetists a spontaneous mode with clear physiologic
advantages.

REFERENCES
1. Futier E, Constantin JM, Jaber S. Protective lung ventilation in oper-
ating room: a systematic review. Minerva Anestesiol. 2014;80(6):726-
735. https://www.minervamedica.it/en/journals/minerva-anestesio-
logica/article.php?cod=R02Y2014N0O6A0726. Accessed January 20,
2020.

2. Neto AS, Simonis FD, Barbas CS, et al. Lung-protective ventilation
with low tidal volumes and the occurrence of pulmonary compli-
cations in patients without acute respiratory distress syndrome: a
systematic review and individual patient data analysis. Crit Care Med.
2015;43(10):2155-2163. doi:10.1097/CCM.0000000000001189

3. Serpa Neto A, Cardoso SO, Manetta JA, et al. Association between
use of lung-protective ventilation with lower tidal volumes and
clinical outcomes among patients without acute respiratory dis-
tress syndrome: a meta-analysis. JAMA. 2012;308(16):1651-1659.
doi:10.1001/jama.2012.13730

4. Guay J, Ochroch EA. Intraoperative use of low volume ventilation to
decrease postoperative mortality, mechanical ventilation, lengths of stay
and lung injury in patients without acute lung injury. Cochrane Database
Syst Rev. 2015(12):CD011151. doi:10.1002/14651858.CD011151.pub2

AANA Journal m April 2020 = Vol. 88, No. 2 155




21.

22.

156

. Kroell W, Metzler H, Struber G, et al; LAS VEGAS investigators.

Epidemiology, practice of ventilation and outcome for patients
at increased risk of postoperative pulmonary complications: LAS
VEGAS—an observational study in 29 countries. Eur | Anaesthesiol.
2017;34(8):492-507. doi:10.1097/EJA.0000000000000646

. Jaber S, Coisel Y, Chanques G, et al. A multicentre observational

study of intra-operative ventilatory management during general
anaesthesia: tidal volumes and relation to body weight. Anaesthesia.
2012;67(9):999-1008. doi:10.1111/j.1365-2044.2012.07218 x

. Chaiwat O, Vavilala MS, Philip S, et al. Intraoperative adherence

to a low tidal volume ventilation strategy in critically ill patients
with preexisting acute lung injury. J Crit Care. 2011;26(2):144-151.
doi:10.1016/.jcrc.2010.08.002

. Serpa NetoA, Schultz MJ, Gama de Abreu M. Intraoperative ven-

tilation strategies to prevent postoperative pulmonary complica-
tions: systematic review, meta-analysis, and trial sequential analysis.
Best Pract Res Clin Anaesthesiol. 2015;29(3):331-340. doi:10.1016/j.
bpa.2015.09.002

. Guldner A, Kiss T, Serpa Neto A, et al. Intraoperative protective

mechanical ventilation for prevention of postoperative pulmo-
nary complications: a comprehensive review of the role of tidal
volume, positive end-expiratory pressure, and lung recruitment
maneuvers. Anesthesiology. 2015;123(3):692-713. doi:10.1097/
ALN.0000000000000754

. Guyton AC, Hall JE. Textbook of Medical Physiology. 13th ed. Philadel-

phia, PA: Elsevier; 2016.

. Naik BI, Lynch C, Durbin CG. Variability in mechanical ventila-

tion: what’s all the noise about? Respir Care. 2015;60(8):1203-1210.
doi:10.4187/respcare.03794

. Nieman GF, Satalin J, Andrews P, Aiash H, Habashi NM, Gatto LA.

Personalizing mechanical ventilation according to physiologic param-
eters to stabilize alveoli and minimize ventilator induced lung injury
(VILD). Intensive Care Med Exp. 2017;5(1):8. doi:10.1186/s40635-
017-0121-x

. Pintado M-C, de Pablo R, Trascasa M, et al. Individualized PEEP

setting in subjects with ARDS: a randomized controlled pilot study.
Respir Care. 2013;58(9):1416-1423. doi:10.4187/respcare.02068

. Ball L, Dameri M, Pelosi P. Modes of mechanical ventilation for the

operating room. Best Pract Res Clin Anaesthesiol. 2015;29(3):285-299.
doi:10.1016/j.bpa.2015.08.003

. Alencar R, D’Angelo V, Carmona R, Schultz MJ, Serpa Neto A.

Patients with uninjured lungs may also benefit from lung-protec-
tive ventilator settings. FI000Research. 2017;6:2040. doi:10.12688/
f1000research.12225.1

. Hess DR. Respiratory mechanics in mechanically ventilated patients.

Respir Care. 2014;59(11):1773-1794. doi:10.4187/respcare.03410

. Marini JJ. Dynamic hyperinflation and auto-positive end-expiratory

pressure: lessons learned over 30 years. Am ] Respir Crit Care Med.
2011;184(7):756-762. doi:10.1164/rccm.201102-0226PP

. Butterworth JF, Mackey DC, Wasnick JD. Morgan & Mikhail’s Clinical

Anesthesiology. 5th ed. New York, NY: Lange Medical Books/McGraw-
Hill; 2013.

. Stahl C, Moller K, Schumann S, et al. Dynamic versus static respira-

tory mechanics in acute lung injury and acute respiratory distress
syndrome. Crit Care Med. 2006;34(8):2090-2098. doi:10.1097/01.
CCM.0000227220.67613.0D

. Suter PM, Fairly B, Isenberg MD. Optimum end-expiratory airway

pressure in patients with acute pulmonary failure. N Engl | Med.
1975;292(6):284-289. doi:10.1056/NEJM197502062920604

Maisch S, Reissmann H, Fuellekrug B, et al. Compliance and dead
space fraction indicate an optimal level of positive end-expiratory
pressure after recruitment in anesthetized patients. Anesth Analg.
2008;106(1):175-181. doi:10.1213/01.ane.0000287684.74505.49

Futier E, Constantin J-M, Paugam-Burtz C, et al; IMPROVE Study
Group. A trial of intraoperative low-tidal-volume ventilation in
abdominal surgery. N Engl ] Med. 2013;369(5):428-437. doi:10.1056/
NEJMoal301082

AANA Journal m April 2020 = Vol. 88, No. 2

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

. Lovas A, Szakmany T. Haemodynamic effects of lung recruitment

manoeuvres. Biomed Res Int. 2015;2015:478970.

Brooks-Brunn JA. Postoperative atelectasis and pneumonia. Heart
Lung. 1995;24(2):94-115. doi:10.1016/50147-9563(05)80004-4

Yang D, Grant M, Stone A, Wu C, Wick E. A meta-analysis of intraop-
erative ventilation strategies to prevent pulmonary complications: is
low tidal volume alone sulfficient to protect healthy lungs? Ann Surg.
2016;263(5):881-887. doi:10.1097/SLA.0000000000001443

Hedenstierna G, Rothen HU. Atelectasis formation during anesthesia:
causes and measures to prevent it. J Clin Monit Comput. 2000;16(5-
6):329-335. doi:10.1023/a:1011491231934

Barbosa FT, Castro AA, de Sousa-Rodrigues CF. Positive end-expira-
tory pressure (PEEP) during anaesthesia for prevention of mortality
and postoperative pulmonary complications. Cochrane Database Syst
Rev. 2014(6):CD007922. doi:10.1002/14651858.CD007922.pub3

Carron M, Zarantonello F, Tellaroli P, Ori C. Perioperative nonin-
vasive ventilation in obese patients: a qualitative review and meta-
analysis. Surg Obes Relat Dis. 2016;12(3):681-691. doi:10.1016/j.
soard.2015.12.013

Mehta S, Heffer MJ, Maham N, Nelson DL, Klinger JR, Levy MM.
Impact of endotracheal tube size on preextubation respiratory vari-
ables. J Crit Care. 2010;25(3):483-488. doi:10.1016/j.jcrc.2009.11.005

Ishaaya AM, Nathan SD, Belman MJ. Work of breathing after extuba-
tion. Chest. 1995;107(1):204-209. doi:10.1378/chest.107.1.204

Straus C, Louis B, Isabey D, Lemaire F, Harf A, Brochard L. Con-
tribution of the endotracheal tube and the upper airway to breath-
ing workload. Am J Respir Crit Care Med. 1998;157(1):23-30.
doi:10.1164/ajrcem.157.1.96-10057

Bosek V, Roy L, Smith RA. Pressure support improves efficiency of
spontaneous breathing during inhalation anesthesia. | Clin Anesth.
1996;8(1):9-12. doi:10.1016/0952-8180(95)00090-9

Vitacca M, Bianchi L, Zanotti E, et al. Assessment of physiologic
variables and subjective comfort under different levels of pres-
sure support ventilation. Chest. 2004;126(3):851-859. doi:10.1378/
chest.126.3.851

Thille AW, Cabello B, Galia F, Lyazidi A, Brochard L. Reduction
of patient-ventilator asynchrony by reducing tidal volume during
pressure-support ventilation. Intensive Care Med. 2008;34(8):1477-
1486. doi:10.1007/s00134-008-1121-9

Yartsev A. Deranged physiology. https://derangedphysiology.com/
main/. Updated 2017. Accessed August 22, 2018.

Spieth PM, Carvalho AR, Giildner A, et al. Effects of different levels of
pressure support variability in experimental lung injury. Anesthesiology.
2009;110(2):342-350. doi:10.1097/ALN.0b013e318194d06e

Radke OC, Schneider T, Heller AR, Koch T. Spontaneous breath-
ing during general anesthesia prevents the ventral redistribution of
ventilation as detected by electrical impedance tomography: a ran-
domized trial. Anesthesiology. 2012;116(6):1227-1234. doi:10.1097/
ALN.0b013e318256ee08

Capdevila X, Jung B, Bernard N, Dadure C, Biboulet P, Jaber S. Effects
of pressure support ventilation mode on emergence time and intra-
operative ventilatory function: a randomized controlled trial. PLoS
One. 2014;9(12):¢115139. doi:10.1371/journal.pone.0115139

Abdelwahab HH, Omar AM, Abushanab OH. Does pressure support
ventilation improve the postoperative outcome of adeno-tonsil-
lectomy patients? A prospective randomized trial. Egypt | Anaesth.
2012;28(2):157-161. doi:10.1016/j.egja.2012.02.002

Zoremba M, Kalmus G, Dette F, Kuhn C, Wulf H. Effect of intra-
operative pressure support vs pressure controlled ventilation on oxy-

genation and lung function in moderately obese adults. Anaesthesia.
2010;65(2):124-129. doi:10.1111/.1365-2044.2009.06187 x

AUTHORS

G. Troy Wright, DNAP, CRNA, APRN, RRT-NPS, RCS, completed a
Doctorate of Nurse Anesthesia Practice at Gonzaga University in Spokane,
Washington. He completed a BSN at Weber State University, Ogden,
Utah, and a BS in respiratory care from Boise State University, Boise,

WWW.aana.com/aanajournalonline



Idaho. He holds additional certifications in neonatal and pediatric respi-
ratory care, invasive cardiology, and cardiac sonography. Email: gtroy-
wright90@gmail.com.

Lonny Ashworth, MEd, RRT, FAARC, is a professor in the Depart-
ment of Respiratory Care at Boise State University, Boise, Idaho, where he
began teaching in 1977. He was named Fellow of the American Associa-
tion for Respiratory Care in 2012. He is active in the American Respira-
tory Care Foundation’s International Fellowship Program for respiratory
care professionals, teaching in Japan three months per year. In 2015, he
received the International Council for Respiratory Care’s Koga Medal for
excellence in his efforts to internationalize respiratory care. He is active
in research and has a passion for mechanical ventilation research. Email:
lashworth@boisestate.edu.

Scot Pettey, DNAP, CRNA, ARNP, is the chair of the Doctor of Nurse

Index for Advertisers

AANA Education 130

AANALearn 96

AANA Membership 122

AANA Professional Development 100,114
AANA Publications 85

AANA Thanks Its Corporate Partners Inside back cover
Acacia Pharma 115

Core Concepts 113

Fresenius Kabi Inside front cover
Havel’s 95

Heron Therapeutics 121

McMurray Medical Group 148

Merck Back cover

Pacira 91,92

Employment Opportunities
Army Medical Recruiting 89

Baylor, Scott & White Health 106

Mednax Services, Inc. 141

Middle Tennessee School of Anesthesia 148
Midwestern University 129

United Anesthesia Associates 129

Western Carolina University 157

Advertising

John J. Travaline, Associate Publisher
JTravaline@healthcommedia.com.

HCM — HealthCom Media, 215-489-7000.
Media Planner: http://www.aana.com/mediakit

Wwww.aana.com/aanajournalonline

Anesthesia Practice Program, School of Nursing and Human Physiology,
Gonzaga University. He completed a BSN at the University of Utah, Salt
Lake City, Utah, and earned a Doctor of Nurse Anesthesia Practice degree
from Virginia Commonwealth University, Richmond, Virginia. Dr Pettey
is a clinical and didactic instructor in basic and advanced anesthesia edu-
cation. Currently, he is serving on the Washington State Association of
Nurse Anesthetists board of directors. Email: scot.pettey@providence.org.

DISCLOSURES
The authors have declared no financial relationships with any commercial
entity related to the content of this article. The authors did not discuss
off-label use within the article. Disclosure statements are available for
viewing upon request.

FACULTY PDSITIDN IN ASH EVILLE NC
Join the CRNA faculty at Western Carolina University.

Our fully accredited DNP Nurse Anesthesia Program maintains
small cohort size to foster faculty:student relationships and
enhance clinical training experiences. Our program is known
for academic excellence and clinical training through the full
scope of practice, including ultrasound guided regional
anesthesia, in large and small hospital settings.

Contact Dr.lan Hewer ihewer@email.wcu.edu or visit

jobs.weu.edu for more info.
WELU s an Bqual Oppcrtunity! Accessy’ Afrmative Action/Pro Disabled & Veteran Employer,

\ ‘rll‘. m
arn lina

AANA Journal m April 2020 = Vol. 88, No. 2

157



