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KEY POINTS

e Measurement of respiratory mechanics is still the mainstay of bedside monitoring of me-
chanical ventilation.

Ideally, the energy applied to the lung is optimized based on the equation of mechanical
power.

Setting the ventilator considers multiple aspects of energy transfer and protection against
ventilator-associated injury.

Newer technologies appear promising; particularly, electrical impedance tomography and

lung ultrasound in combination with conventional monitoring are currently the direction for
the future.

(]

INTRODUCTION

Mechanical ventilation can harm lung tissue through barotrauma, volutrauma, atelec-
trauma, oxytrauma, and biotrauma. These 5 mechanisms have their own specific
pathophysiological features but share similarities in their pathways of injuring the lungs
(ventilator-induced lung injury [VILI]))." All these mechanisms together may result in
inflammation through local production and release of inflammatory mediators, which
is known as biotrauma. The so-called lung-protective ventilation strategies aim to
minimize the occurrence of the pathophysiological features of VILI. To prevent VILI,
the amount of energy transferred from the mechanical ventilator to the patient should
be limited to a bare minimum. To do so, tidal volume (VT) and inspiratory pressures
should be kept low to minimize the risk of barotrauma and volutrauma. This review
provides a brief overview on the measurement of respiratory (also referred to as pul-
monary) mechanics and current developments in the field to achieve this goal.

WHAT ARE RESPIRATORY MECHANICS?

Respiratory mechanics refer to the expression of lung function through measures of
pressure and flow. From these, a variety of derived indices can be determined,
such as flow, pressure, volume, compliance, resistance, and work of breathing
(WOB). These factors directly affect lung volumes and therefore functional residual
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capacity (FRC) and gas exchange. Waveforms are derived when one of the parame-
ters of respiratory mechanics is plotted as a function of time or as a function of one
of the other parameters. This produces scalar tracings of pressure-time, flow-time,
and volume-time graphics, as well as flow-volume (V-V) and pressure-volume (P-V)
loops. All current-generation positive-pressure ventilators—including those in the
operating room—provide some monitoring of pulmonary mechanics at the bedside.
Additionally, advanced respiratory mechanics monitoring modalities, such as esoph-
ageal pressure and electrical activity of the diaphragm, are available to provide so-
phisticated analysis of breathing efforts and diaphragmatic function. They will only
be touched upon briefly because they are beyond the scope of this article. Lung ultra-
sound has improved the diagnostic accuracy of these modalities and nowadays is the
second mainstay of ventilator management at the bedside.

WHY MEASURE RESPIRATORY MECHANICS?

Artificial ventilation is a temporary measure to replace or augment the function of the
inspiratory muscles, providing the necessary energy to ensure a flow of gas into the
alveoli during inspiration. When this support is removed, gas is exhaled passively as
the lung and chest wall recoil to their original volume. An understanding of respiratory
mechanics is vital to patient assessment during mechanical ventilation in order to
match the available technology to the patient’s needs. The goals are optimizing the
patient’s pulmonary physiology, providing effective gas exchange, maintaining alve-
olar recruitment, reducing injury potential, and ensuring hemodynamic stability.
Analyzing and incorporating measurements of respiratory mechanics during your
assessment will provide the information required for optimal intraoperative mechanical
ventilation. Optimizing settings requires that the physician understands the intricacies
of patient-ventilator interactions, particularly in terms of the measured variables as
they are displayed by ventilator graphics. They represent the interaction between
the ventilator and the patient’s respiratory mechanics described by the equation of
motion and therefore the power applied to the lung.

PHYSIOLOGY OF CHEST MECHANICS

The respiratory system can be simplified using a linear one-compartment model,
which comprises a tube representing the airways and a balloon representing the
alveoli and the chest wall.

The impedance to ventilation has numerous origins, the most important of which are
the following:

e Elastic resistance of lung tissue and the chest wall

e Resistance from surface forces at the alveolar gas-liquid interface

e Frictional resistance to gas flow through the airways

e Frictional resistance from deformation of thoracic tissues (viscoelastic tissue
resistance)

Inertia associated with movement of gas and tissue (negligible at normal respira-
tory rates)

The first two forms of impedance may be grouped together as elastic resistance.
These are measured when gas is not flowing within the lung and represent the total
compliance of the lung and chest wall:

e Compliance C,s = A volume/A pressure
e Elastance EL,s = A pressure/A volume = 1/C
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The last three forms may be grouped together as nonelastic resistance or respira-
tory system resistance. They occur while gas is flowing within the airways, and
work performed in overcoming this frictional resistance is dissipated as heat and
lost. Impedance to flow represents resistance of the airways:

e Resistance R = A pressure/flow

Note that the linear one-compartment model does not take into account the fact that
resistance and compliance are not constant in the case of lung and chest wall disease;
instead, they exhibit a flow and volume dependency. Work performed in overcoming
elastic resistance is stored as potential energy, and elastic deformation during inspi-
ration is the usual source of energy for expiration during both spontaneous and artifi-
cial breathing.

CONCEPT OF MECHANICAL POWER

In the past, adjusting the ventilator often only considered the variables positive end-
expiratory pressure (PEEP), tidal volume (VT), Ppiat, and AP.2 Other components
such as flow and respiratory rate were neglected. The problem is that any alterations
of one component changes another and makes it even more difficult to understand the
relationship of the variables, blurring the overall picture. With this in mind, Gattinoni
and colleagues® proposed the concept of mechanical power (MP) in 2016. The equa-
tion for MP is the product of ventilating frequency and the inflation energy of the tidal
cycle. The latter consists of three components: (1) the power required to overcome tis-
sue and airways resistance during gas movement (flow-resistive work), (2) the power
required to inflate the lung and chest wall from their shared initial position (VT-associ-
ated work), and (3) the (nonrecurring) power required to overcome PEEP-related recoil
of the lung and respiratory system. Ultimately, in the expression for MP, every compo-
nent is subsumed:

Pappr = Pyent+Pyus = VT/C+V x R

where P, is the applied power to the lung and P,en: and Pyys are the pressures
applied by the ventilator and the muscles, respectively.

Elastance (E) relates P to V, and resistance relates P to (V), so the equation of motion
can be modified to explain how the pressure at the airway opening (P,,,) can be par-
titioned into a resistive and an elastic pressure component.

Paw = Po+ E(V)(t>+F|’<V>m
Here, Py is the starting pressure, either zero end expiratory pressure or PEEP.

Written differently, these components can be divided into the following more familiar
variables, which can be measured easily at the bedside:

(141 E)

1
Power,s = RR-{A V2. [E EL,S+RR-m-

Raw} +4V - PEEP}

where AV marks VT, EL, is the elastance of the respiratory system (the reciprocal of
compliance), RR is the respiratory rate, and I:E is the time ratio of inspiration and expi-
ration. To begin inflation, the lung requires an energy input greater than the potential
energy stored in the system by PEEP at end-exhalation. The term A V. PEEP is the
energy required to equilibrate the potential energy stored in the system at the PEEP
level (ie, PEEP-related MP, when related to time).
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Recruitment diminishes and distention increases as airway pressure rises. There-
fore, although its mechanical effects on atelectrauma may be, on balance, lung pro-
tective over its lower range, rising PEEP is unquestionably a component of MP and,
as such, favors VILI by increasing lung stress and strain. MP can be calculated using
the P-V curve. The power is defined as the area between the inspiratory limb of the A-
transpulmonary pressure (x)-volume curve, and the volume axis (y) and is measured in
joules.*

Following this basic idea, Collino and colleagues® carried out a set of animal exper-
iments in which the MP was modified by changing the PEEP. The total MP remained
unchanged, with a PEEP between 0 and 7 cmH,0. The components of energy
changed, however. While the PEEP-associated energy increases, the energy de-
creases owing to the components of the driving pressure (AP) and the flow resistance,
with a PEEP level up to 7 cmH,O0. If the PEEP is raised further (up to 11-18 cmH,0), all
components of MP as well as the total energy are steadily increasing. VT, driving pres-
sure, and inspiratory flow exponentially increased MP by a factor of 2. A 1.4 exponen-
tial increase in MP was registered with frequency, whereas a linear increase was
observed with PEEP. The same MP may produce different effects in healthy or injured
lungs. A power of 12 J/min may be a meaningful upper threshold of VILI and may be a
predictor of survival. MP normalized to predicted body weight was a good ventilator
variable in predicting mortality in patients with adult respiratory distress syndrome
(ARDS).®

STRESS

Stress is a force applied to an area, such as pressure applied to the lung paren-
chyma. Force applied at an angle generates shear stress. In clinical terms, lung
stress refers to the distending pressure within the lung, and the counterforce
(external load) is the chest wall. The best indicator of the amount of stress applied
to the lungs is the transpulmonary pressure, which is difficult to measure in routine
practice, but can be estimated with transpulmonary pressure measurements (eg,
with an esophageal balloon, see the following information). At the bedside, plateau
pressure is often used as a surrogate, although this comes with limitations. Plateau
pressure does not represent the actual force on the lung fibers but the pressure
needed to expand the lungs and the chest wall consisting of the rib cage and the
diaphragm. Patients with a stiff chest wall, for example, during pneumoperitoneum,
will have a high plateau pressure that cannot automatically be translated into lung
overdistension.” Maintaining a plateau pressure less than 25 cmH,O in most pa-
tients (<30 cmH,O in patients with ARDS) would limit lung strain to less than
2 cmH,0 (considered detrimental) and lung stress to 22 to 24 cmH,O (considered
the upper limit of stress).®

STRESS INDEX

The index is used to assess the shape of the pressure-time curve during constant \VAY,
control ventilation.® A linear increase in pressure (constant compliance, index 1) sug-
gests adequate alveolar recruitment without overdistention. If compliance worsens as
the lungs are inflated (progressive decrease in compliance, upward concavity, in-
dex >1), this suggests overdistention, and the recommendation is to decrease the
PEEP, VT, or both. If compliance improves as the lungs are inflated (progressive in-
crease in compliance, downward concavity, index <1), this suggests tidal recruitment
and potential for additional recruitment, and the recommendation is to increase PEEP
(Fig. 1).
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Stress Index

* Stress Index<1

« Compliance
improving with

increasing volume
* StressIndex=1
* Compliance

constant with
increasing volume

Airway Pressure

Time

* StressIndex>1
Only when flow is constant (i.e. during volume

control ventilation with a square-wave flow « Compliance
pattern and no patient effort) decreasing with
increasing volume

Fig. 1. Stress Index. (Courtesy of Willard Applefeld MD, Clinical Fellow in Critical Care Med-
icine, The National Institutes of Health, Bethesda, Maryland.)

STRAIN

Strain refers to the deformation, or change, in the shape of a structure compared with
its resting condition. Lung strain is directly related to lung stress: stress = k x strain,
where k is the specific lung elastance (13.5 cmH,0 in humans).? For the calculation of
lung strain, values of FRC are obtained at zero end-expiratory pressure: lung
strain = AV/FRC, where AV refers to the change in volume during inspiration. It is
possible to measure strain and then calculate stress if the end-expiratory lung volume
(EELV) is measured at FRC without PEEP. However, the concept of lung strain be-
comes complicated and less intuitive with the application of PEEP.2.10:1"

TIME CONSTANT

When a step change in pressure is applied to the respiratory system, the change in
volume (and flow and alveolar pressure) follows an exponential curve. The speed of
the volume change is described by the time constant (t) (seconds). The time constant
determines the rate of change in the volume of a lung unit that is passively inflated or
deflated. It is expressed by the following relationship:

Vi=Vixell,

where V, is the volume of a lung unit at time t, V; is the initial volume of the lung unit, e is
the base of the natural logarithm, and = is the time constant.

The time constant can be calculated during inspiration or expiration. Mathemati-
cally, one time constant is equal to the product of resistance and compliance and de-
scribes the time needed to increase or decrease the volume by 63% of the total
volume change: 7= R x* C. Lung units with a higher resistance and/or compliance
will have a longer time constant and require more time to fill and to empty.

Inspiratory Time Constant

Because the time constant represents the response to a step change (ie, a square
pressure waveform), the inspiratory time constant (RCiysp) will be inaccurate to the
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extent that rise time is never zero. The inspiratory time constant is important because it
determines the amount of inspiratory time required for complete VT delivery during
pressure controlled modes.

Expiratory Time Constant

The expiratory time constant (RCexp) is almost completely dependent on the patient
(assuming passive expiration, Pyus = 0 and no leak) and independent of the ventilator
settings to the extent that the pressure drops instantaneously to PEEP (which is never
quite true because of resistance in the ventilator’s expiratory circuit). RCexp is there-
fore the preferred metric of the patient’s dynamic respiratory mechanics. Some
ventilators provide a measurement of the RCgxp in all ventilation modes, including
non-invasive ventilation. Volume-time graphs can be used for calculating = (Fig. 2).
For the intubated patient with normal lungs, RCexp is usually between 0.5 and 0.7 sec-
onds. Values for different pathologies are shown in Table 1. The expiratory time con-
stant determines the time required for complete exhalation during any mode. Thus, if
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Fig. 2. Ventilator screen image representing changes in airway pressure (Paw), flow, volume,
and esophageal pressure (Pgs) versus time. PPEAK, inspiratory peak pressure; PPLAT, plateau
airway pressure; PPLAT(ES), plateau esophageal pressure; PO, total PEEP at the airway pres-
sure waveform; PO*, total PEEP at the esophageal pressure waveform; VT, tidal volume. (In:
Cordioli, R and Brochard, L, Respiratory system compliance and resistance in the critically ill,
Oxford Textbook of Critical Care, ISBN: 9780198855439.)
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Table 1
Overview of the static lung compliance (Cstat), inspiratory resistance (Rins) and expiratory
time constant (Rexp) for different lung pathologies

Normal

Lung ARDS COPD
Cstat (Ml/cmH,0) 50-70 <40 > 50
Rins (cm HsO s/L) <10 10-15 15-40
RCexp (5) 0.5-0.7 < 0.5 >0.7

expiratory time is set less than five time constants, gas trapping with intrinsic PEEP will
occur (auto-PEEP >0).

PERIOPERATIVE MEASUREMENTS

In general, modern ventilators are all able to measure airway pressure and flow. Vol-
ume is derived from the flow measurement. Apart from airway pressure displayed on
the mechanical ventilator, additional sources of pressure measurements (eg, tracheal
pressure, gastric pressure, and esophageal pressure) are useful for separating the ef-
fects of airway resistance and chest wall elastance on the lung mechanics.

Pressure Measurements

Airway pressure is measured universally during mechanical ventilation using a pres-
sure transducer that converts pressure into an electrical signal (see Fig. 2). Pressure
is ideally measured at the proximal airway, for example, at the tip of the endotracheal
tube. The ventilator can approximate proximal airway pressures by measuring airway
pressures proximal to the inspiratory and expiratory valve during zero-flow condition in
the alternating limb of the ventilator circuit. Inspiratory pressure is measured proximal
to the expiratory valve during inspiration and vice versa. Airway pressure is typically
displayed on the ventilator screen as a function of time and can be predicted mathe-
matically by the equation of motion.

Peak airway pressure

Peak airway pressure (P.,) is the maximum pressure recorded during inspiration.
Inspiratory P, is divided into two components, (1) resistive pressure to generate
airflow through the airways and (2) alveolar pressure to distend the alveoli and chest
wall. Peak P,,, includes both resistive and alveolar components, but because there
is no flow at end-inspiration (by brief inspiratory occlusion), plateau pressure can
purely reflect alveolar pressure to distend the alveoli and chest wall.'? As per the equa-
tion of motion, Ppeak depends on PEEPtoT, flow, inspiratory resistance, VT, and res-
piratory system compliance (assuming muscle activity [Pyus = 0]). Therefore, any
worsening of respiratory mechanics is associated with an increase in Ppgak. To distin-
guish between increased resistance and decreased compliance, the first step is to
perform an end-inspiratory occlusion to measure plateau pressure (Pp_a7). If PpiaT
has not changed, the increase in Ppgak Was due to an increase in resistance. If Pp_at
is higher, the change in Pp_ at resulted either from an increase in total PEEP or a
decrease in compliance. Subsequently, an end-expiratory occlusion should be per-
formed to measure total PEEP and detect occult or intrinsic PEEP.

End-inspiratory plateau pressure
Plateau pressure (Pp_at) is measured during mechanical ventilation by applying an
end-inspiratory breath-hold for a short period of time, usually 0.5 to 2 seconds, or
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intermittently by manually performing an end-inspiratory occlusion. During the hold,
pressure equilibrates throughout the system to approximate the proximal airway pres-
sure P,,. As per the equation of motion, Pp_a1 depends on PEEP+o7, V1, and respira-
tory system compliance. P, is determined by Vr and Cgg during full ventilatory
support: Ppa: = VT/Crs. Measurement of Py is valid only during passive inflation
of the lungs, but not during active breathing. During pressure control ventilation, the
flow might decrease to zero at the end of the inspiratory phase; in this case, peak
inspiratory pressure (PIP) and Py 5 are equal.

The pressure drop between Ppgak and Ppat is called transairway pressure and rep-
resents the resistive pressure. Owing to the airway resistance (R,y), proximal airway
pressure will always be greater than alveolar pressure (Pg,) during inspiration if flow
is present. If the inspiratory flow is still positive at the end of inspiratory time, plateau
pressure will be lower than the preset inspiratory pressure. In such a case, an end-
inspiratory occlusion is required to measure plateau pressure. Py : should ideally be
kept at less than 30 cmH,O, or even lower in patients with ARDS. This assumes
that chest wall compliance (Ccw) is normal, whereas higher Py, may be safe if Cow
is decreased.

End-inspiratory occlusion pressure

In patients with normal lungs, an end-inspiratory occlusion of at least 0.5 seconds al-
lows for an accurate measurement of Pp| a1. However, in patients with associated lung
inhomogeneity, a longer end-inspiratory occlusion of up to 5 seconds is required to
reach a plateau. This long end-inspiratory occlusion must be performed manually.
An end-inspiratory occlusion produces an immediate drop in peak airway pressure
(Ppeak) down to a lower initial pressure (P1). Then, pressure continues to
decline gradually —even after the ventilator valves are closed—to reach a plateau after
3 to 5 seconds (PpLat) depending on lung mechanics. Maximum resistance,
(Preak—PpLa7)/flow, is then partitioned into minimum resistance, (Ppgak—P1)/flow,
and additional resistance, (P1—Pp_a7)/flow. Minimum resistance represents the flow
resistance of the airways and the endotracheal tube. Additional resistance represents
the viscoelastic behavior or stress relaxation of the pulmonary tissues and decay of
flow (pendelluft) among lung units with different time constants. Newer concepts
use the expiratory time constant (tg) to provide real-time determinations of Ppa
without the need for an end-inspiratory pause maneuver. This is helpful if expiration
is not fully passive as in the awake patient.’®

Mean airway pressure

The mean airway pressure is the average pressure over the whole ventilatory cycle.
Graphically, it is represented by the area below the pressure time curve divided by
the ventilatory period (inspiratory time plus expiratory time). During pressure control
ventilation, the inspiratory pressure waveform is rectangular, and mean Paw can be
estimated as follows:

Mean Paw = (PIP - PEEP) x (Ti/Ttot) + PEEP

Using a volume mode, the waveform is triangular, therefore cutting the aforemen-
tioned value in half:

Mean Paw = 0.5 (PIP - PEEP) x (Ti/Ttot) + PEEP

Many current microprocessor ventilators display mean Py from integration of the
Paw waveform as the average of samples taken over the ventilatory period (eg, every
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20 milliseconds). Mean airway pressure is clinically important because P,0O, is propor-
tional to mean airway pressure. On the other hand, cardiac output may be inversely
proportional to mean airway pressure. Typical mean Py values for fully ventilated pa-
tients are 5 to 10 cmH,O for patients with normal lungs, 10 to 20 cmH,O for patients
with airflow obstruction, and 15 to 30 cmH,0 for patients with ARDS. Anything that
increases airway pressure or the I:E ratio by increasing inspiratory time or decreasing
expiratory time increases mean airway pressure.

End-expiratory pressure and auto-positive end-expiratory pressure

It is generally preferable that expiratory flow should reach zero before the end of expi-
ration (Fig. 3). Incomplete emptying of the lungs occurs if the expiratory phase is termi-
nated prematurely. The pressure produced by this trapped gas is called auto-PEEP,
intrinsic PEEP, or occult PEEP. Auto-PEEP increases EELV and causes dynamic hy-
perinflation.’*'® Auto-PEEP is measured by applying an end-expiratory pause for
0.5 to 2 seconds or longer. The pressure measured at the end of this maneuver in
excess of the PEEP set on the ventilator is defined as auto-PEEP. For a valid measure-
ment, the patient must be relaxed and breathing in synchrony with the ventilator
because active breathing during exhalation invalidates the measurement. The end-
expiratory pause method can underestimate auto-PEEP when some airways close
during exhalation, as may occur during ventilation of the lungs of patients with severe
asthma (airway closure). Auto-PEEP reduces VT during PC ventilation and may
contribute to ineffective trigger efforts and dyssynchrony. In spontaneously breathing
patients, measurement of esophageal pressure (Pes) can be used to determine auto-
PEEP (see the following information). Auto-PEEP can be decreased by decreasing

26 4
24 —
20 H
16
12
8 -
4 -

>

P aw (€cm H,0)

Inspiration SN Peep Peep,

w
I}

Expiration

Flow (L/sec)
(=)
|

---~- Normal

Patient

Fig. 3. The occurrence of intrinsic PEEP can be observed on the screen of the ventilator from
a patient with obstructive lung disease. (A) Airway pressure waveform with an expiratory
pause showing the existence of PEEPI (or auto-PEEP). (B) Flow curve demonstrating the fail-
ure to exhale all gas during the expiratory time and, consequently, formation of gas trap-
ping. (In: Cordioli, R and Brochard, L, Respiratory system compliance and resistance in the
critically ill, Oxford Textbook of Critical Care, ISBN: 9780198855439.)
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minute ventilation (rate or VT), increasing expiratory time Tg (decreasing rate or T)), or
decreasing R, (eg, bronchodilator administration). The pressure curve during expira-
tion also reflects the status of the exhalation valve. If the exhalation valve demon-
strates significant airflow resistance, the pressure drop at the beginning of
expiration will be smooth. If the exhalation valve is leaking, the expiratory pressure
will be lower than the set PEEP.

Driving pressure

Driving pressure (AP) (more accurately, tidal pressure) is the pressure required to over-
come elastic forces during tidal inflation of the respiratory system. Driving pressure is
calculated as follows:

AP = Egs x V1 = Vr/Cstar = Perar — PEEPr0T

Driving pressure is one metric of the strain applied to the respiratory system and
represents the risk of volutrauma. In retrospective studies on patients with ARDS,
there is a clear association between driving pressure (AP) and mortality. This clinical
observation confirms the assumption that AP is a measure of detrimental energy to
the lung. The higher the AP, the more the MP is applied to the lung. AP represents
an attractive shortcut to the equation of motion because it combines the variables Ppy4t
and PEEP. Pp,,; represents total inspiratory forces, and PEEP represents the expira-
tory one. Increased Ppy; is associated with overdistention and an insufficient amount
of PEEP with atelectasis and atelectrauma. This is further complicated by the fact that
changes in PEEP necessarily increase P . It was shown that survival does not
depend on the position of AP on the P-V graph, but rather on the absolute value of
AP.16’17

FLOW AND VOLUME

All current-generation critical care ventilators monitor flow. Note that, by convention,
expiratory flow is negative and inspiratory flow is positive. The most frequently used
airflow measurement is the Fleisch pneumotachograph, which is the gold standard
for flow evaluation in respiratory mechanics research.'® Thermal cooling (or hot
wire) pneumotachographs estimate V from the amount of heat loss as gas flows
across the device, applying the principle of thermal convection. As is the case with
Paw measurements, most ventilators measure V| at the inspiratory valve and VE at
the expiratory valve rather than at the airway.

Inspiratory Flow

Peak inspiratory flow v depends on the following factors: the pressure gradient,
driving flow, and the inspiratory resistance.

Peak flow = (Set PPEAK — PEEPTOT) / R/NSP

During volume control ventilation, V, is set on the ventilator. During passive pressure
control ventilation, flow is the pressure applied to the airway, R,, and 7(Fig.13) : V, =
(4P /Ray) x €T, where P is the pressure applied to the airway above PEEP, t is the
elapsed time after initiation of the inspiratory phase, and e is the base of the natural
logarithm.

Expiratory Flow

Expiratory flow (Vg) is normally passive and is determined by Palv, Ray, the elapsed
time since initiation of exhalation, and 7: V= — (P /Raw) X e /T,
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End-expiratory flow is present if R, is high and expiratory time Tg is not sufficient,
indicating the presence of air trapping (auto-PEEP). It may be of value to determine
whether auto-PEEP is due to flow limitation. If pushing on the abdomen results in
no additional expiratory flow, flow limitation is present. The presence of missed trig-
gers and flow limitation suggests that PEEP might effectively counterbalance auto-
PEEP. Notching in the expiratory flow waveform suggests the presence of missed
trigger efforts.®

Tidal Volume

Most ventilators do not measure volume directly but derive this from the integration of
flow. Because flow is usually not measured directly at the proximal airway, volume
output from the ventilator is less than the volume delivered to the patient. Modern ven-
tilators correct volume for circuit compression, which can be as much as 0.5to 1.5 mL/
cmH,0.

DERIVED MEASUREMENTS

For an easy assessment, the ventilator is set in the volume-controlled mode with a con-
stant inspiratory flow pattern. Care must be paid to minimize the patient’s own respira-
tory efforts, which would invalidate or complicate these measurements. The
relationship between respiratory mechanics and lung volume/volume-derived indices
critically depends on the presence of aeration loss from predicted FRC: Crs reflects
end-expiratory aerated volume, DP roughly measures dynamic strain, and PEEP-
induced alveolar recruitment can be detected at the bedside by changes in these two
parameters only if aerated lung volume is lower than the individual predicted FRC.2°

Measurement of Compliance

Compliance measurements are key to ventilator management in patients with and
without lung disease. Respiratory system static compliance (C,) is the pressure
burden exerted on the lung for any volume change. It is calculated as change in vol-
ume over the change in pressure as follows:

Cis = AV/AP =VT/Plateau Pressure (Pplat) — PEEP.

The normal respiratory compliance is in the range of 50 to 70 mL/cmH,0.
Static compliance is relatively simple to measure, but it has some limitations:
Most importantly, it does not distinguish between the lung and chest wall.

1 / Cs=1 / CIL/ng"' 1 / Cehest wall

Next, it is measured at just one VT and assumes the respiratory system to be a sin-
gle compartment, which may underestimate the complexity of regional compliances in
clinical situations with great inhomogeneity, for example, ARDS. The distinction be-
tween the two requires measuring the intrathoracic (or pleural) pressure. Even in the
absence of a direct measurement, a significant contribution of the chest wall to a
low Crs can be suspected in the presence of morbid obesity, abdominal distention,
tight chest bandages, and large pleural effusions.?"

Dynamic compliance (DyC,¢) is similar; however, it incorporates airway resistance
(Raw) within the calculated value. For the single-compartment model of the respiratory
system, Cstar = Cpyn and is independent of the respiratory rate. For a multiple-
compartment model of the lungs, as the distribution of resistance and compliance be-
comes less homogeneous, Cstat becomes greater than Cpyn because flow persists
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among lung units with different mechanical properties (pendelluft), and this flow
increases AP for the same AV. In this case, C decreases as the respiratory rate in-
creases. Optimal compliance demonstrates ideal distending pressures, alveolar recruit-
ment, V/Q matching, homogeneity, and therefore prevention of VILI. Static compliance
values are relative to each patient and circumstance, often between 40 and 80 mL/
cmH,0. The crucial factor is ensuring each patient’s best and optimal compliance.
Recruited open lungs are compliant, whereas atelectatic or overinflated lungs are not.
Plateau pressure may also be trended as a surrogate of compliance when calculations
are not expedient. It is determined by the compliance of the lungs and chest wall.

Chest Wall Compliance

To calculate Cow, changes in Pes (Pp) are used during passive inflation: Cow =V/P=
VT/Pgs.

The normal Cgyy is 200 mL/cmH,O and is decreased in morbid obesity, abdominal
compartment syndrome, chest wall edema, chest wall burns, and thoracic deformities
(eg, kyphoscoliosis). Ccyy is also decreased with an increase in muscle tone (eg, a pa-
tient who is asynchronous with the ventilator). Cqyy is increased with flail chest and
paralysis.

Lung Compliance

To calculate lung compliance (C,), the change in P_ when the lungs are inflated is
used:

C|_ = V/P= VT/PL.

The normal C_is 150 to 200 mL/cmH,0.%2 The variability of C, may be related to the
surface tension of alveoli and the viscosity of lung tissue. C, is decreased with ARDS,
cardiogenic pulmonary edema, pneumothorax, consolidation, atelectasis, pulmonary
fibrosis, pneumonectomy, bronchial intubation, and overdistention. C, is increased
with emphysema.

AIRWAY RESISTANCE

Raw reflects the resistance to ventilation imposed by the airways as well as by the
endotracheal tube. However, the resistance of endotracheal tubes is known, and
one can use this knowledge?® and clinical judgment (presence of secretions within
the tube as seen in the flow curve) in estimating the airway-versus-equipment contri-
bution onto R,y,. The resistance imposed by the ventilator circuit (generally minimal) is
not part of this measurement. R,,, is affected by flow, lung volume, and the phase of
respiration. Resistance forces disappear before reaching the deep lung and are not
present in alveoli, therefore not contributing to the risk of VILI.

During volume control ventilation, R, can be estimated from the PIP, Py, and end-
inspiratory flow:

R| = (PlP - Pplat)/ V|
Re can be estimated from the Vexy and the difference between Py, and PEEP:*
Re = (Pplat - PEEP)/ Vexy

Common causes of increased R,,, are bronchospasm, secretions, and a small inner
diameter endotracheal tube. For intubated and mechanically ventilated patients, R,
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should be less than 10 cmH,0/L/s. Inspiratory R,,, is typically lower than expiratory
Raw owing to the increased diameter of the airways during inspiration, particularly in
patients with chronic obstructive respiratory disease (COPD) and dynamic
hyperinflation.?®

The PIP-Py; differential can offer a surrogate indicator of inspiratory R, during
rapid assessment. R,,, can also be estimated from the time constant (t = R x C) of
the respiratory system. This method permits to calculate both inspiratory and expira-
tory Raw- Raw cannot be determined when using variable flow modes such as pressure
control ventilation. Flow/time, volume/time, and pressure/time waveforms may
demonstrate a failure to reach baseline, indicating high expiratory Ra,y, air trapping,
dynamic hyperinflation, and/or auto-PEEP. The lowest R,,, will often coincide with
optimal compliance and PEEP. In the heterogeneous obstructive lung, optimal
PEEP will splint airways, improve the distribution of ventilation, diminish air trapping,
prevent auto-PEEP, and yield the lowest expiratory Rg,.'%?® Removing externally set
PEEP to decrease air trapping in obstructive lung disease is an erroneous technique
not in-line with current empiric data. R,,, may be minimized through optimal PEEP,
treating airway abnormalities such as secretions or bronchospasm, and ensuring a
patent airway.

MEASUREMENT OF DEAD SPACE

Approximately 33% of each breath does not participate in gas exchange, termed dead
space (Vps) and averaging 2 mL/kg of ideal body weight. Dead space is divided into 2
categories: anatomic and alveolar. Together, the two encompass the physiologic (to-
tal) dead space and are measured in ratio to the V1 (Vps/V1). Applying the Enghoff
modification of the Bohr equation, Vps/V+ =P,co, — PeCO,/Paco,, values for dead
space fraction may be estimated. Although not technically equivalent, the end-tidal
carbon dioxide (ETCO,) may act as a surrogate for PeCO,. Cgrs and alveolar dead
space have been previously proposed to optimize the PEEP setting during surgery.?”
Trending Vps/V+ 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, but shunt calculation is complex. Alveolar-to-arterial gradi-
ents from a blood gas analysis can act as a substitute (A/a gradient = Pao, — Pao,).
Confirming optimal C,s, DyC,s, Raw, Vps/V1, and gas exchange is the key facet in
providing optimal mechanical ventilation, which in turn minimizes the risk of postoper-
ative pulmonary complications (PPCs) and VILI.

EXTENDED MONITORING

Airway flow and pressure curves display the complex interaction between the venti-
lator settings and the patient’s respiratory mechanics. Pressure, volume, and flow
curves displayed by the ventilator are nothing more than graphical representations
of the equation of motion.

P-V Loops

The P-V relation as displayed by the P-V loop is linear in a normal lung that is fully
aerated at the beginning of the maneuver. This means that the compliance remains
constant throughout inflation. The slope of the P-V curve is Cgrs. Deflation is also linear.
There is a small degree of physiologic hysteresis (area between the inflation and defla-
tion limbs of the P-V loop) that occurs owing to the viscoelastic property of tissues. In a
patient with early-onset ARDS, the shape of the P-V loop may differ compared with
that of a patient with normal lungs (see Fig. 4). The inflation and deflation limbs
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demonstrate a change in slope, which means that the respiratory system compliance
varies at different levels of pressure. In addition, hysteresis is greater than in patients
with normal lungs owing to recruitment occurring during inflation and derecruitment
occurring during deflation. Recruitment occurs at a higher pressure than derecruit-
ment. Therefore, a quasi-static P-V loop can be used to assess the potential for
recruitment and predict the effect of a recruitment maneuver. The larger the volume
difference between inflation and deflation, the higher the potential for recruitment.
Hysteresis is quite awkward to calculate but can easily be estimated using the volume
difference between inflation and deflation measured at 20 cmH,0 of pressure. If the
volume difference is higher than 500 mL, it means there is high potential for recruit-
ment. A number of issues preclude routine use of P-V curves to set the ventilator in
patients with ARDS.?® Correct interpretation of the P-V curve during nonconstant
flow ventilation (eg, pressure control ventilation) and with higher V, is problematic.
Measurement of the P-V curve requires deep sedation, and often paralysis, to
correctly make the measurement. Chest wall mechanics potentially affect the shape
of the P-V curve, necessitating Po.s measurement to separate lung from chest wall ef-
fects. As with most measures of respiratory mechanics, the P-V curve treats the lungs
as a single compartment, disregarding the inhomogeneity of the lungs of patients with
ARDS. Performing subsequent P-V curves and measuring lung volume corresponding
to different PEEP levels can be used to assess PEEP-induced lung recruitment.29-3°
Lung recruitment at a given airway pressure is observed as the difference in lung vol-
ume between P-V curves starting at different lung volumes corresponding to different
levels of PEEP (Fig. 4).

V-V Loops

V-V loops are displayed with flow as a function of volume. Analysis of the V-V loop may
be helpful for identifying flow limitation during expiration and bronchodilator
response.®' The inability to reach zero flow indicates that exhalation ends at a lung vol-
ume higher than FRC, which exerts an auto-PEEP (PEEP)). The V-V curve can provide
an indication of excessive secretions more reliably than clinical examination, with the
presence of excessive secretions in the airways producing a sawtooth pattern on both
the inspiratory and expiratory V-V curves®? V-V loops are also useful in the detection of
air leaks that cause a loss of volume with each breath, as well as a difference between
the delivered and the exhaled VT. Air leaks can occur all the way from within the

Inspiration
Expiration

Vol (mL)

P, (cm H,0)

Fig. 4. Pressure-volume curve (P/V) and its hysteresis. (a) P/V curve from a normal patient. (b)
P/V curve from a patient with ARDS. (In: Cordioli, R and Brochard, L, Respiratory system
compliance and resistance in the critically ill, Oxford Textbook of Critical Care, ISBN:
9780198855439.)
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ventilator system, between the ventilator and the patient and within the patient, for
example, when a bronchopleural fistula is present. Regardless of their location, air
leaks cause a characteristic failure of the V-V loop to close at the end of expiration
because a portion of the inspired VT does not return to the site of measurement on
the expiration side (Fig. 5).

BEST POSITIVE END-EXPIRATORY PRESSURE VENTILATION

An optimal PEEP is a pressure at end-expiration, which should be set to an end-
expiratory pressure that prevents injurious energy expenditure to the lung. Providing
PEEP levels sufficient to maintain alveolar recruitment is instrumental in protective
ventilation. All other parameters and settings rely on appropriate levels of PEEP to
ensure adequate ventilation, FRC, and recruitment. If PEEP exceeds the level required
to stabilize the lungs, overdistension may result, despite the use of low VT. Thus, mod-
erate levels of PEEP in noninjured lungs may represent a compromise between cyclic
overdistension and closing/reopening of lung units. The optimal PEEP to apply re-
mains debated. Ventilation with higher PEEP (10-12 cmH,0) may be without clinical
benefit because studies so far have shown no protection against development of
PPCs, suggesting that the optimal setting has a wide intersubject variability. This
might be attributable to its two-edged nature: PEEP generates overinflation with
lung injury in already open alveoli (ie, static strain) but lowers dynamic strain when it
is effective in recruiting new compartments.?® There are arguments against use of
higher PEEP owing to its effect on circulation and the need for intraoperative admin-
istration of vasoactive drugs.’
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Fig. 5. Flow-volume curves in different situations. (A) Normal patient; (B) patient with COPD
and dynamic hyperinflation and auto-PEEP and after bronchodilator treatment; (C) sudden
interruption of exhalation flow representing an important gas leak from the patient (bron-
chopleural fistulae) or from the ventilator circuit; (D) a sawtooth pattern is observed in both
inspiratory and expiratory limbs and indicates the presence of secretions in the airways. (In:
Cordioli, R and Brochard, L, Respiratory system compliance and resistance in the critically ill,
Oxford Textbook of Critical Care, ISBN: 9780198855439.)
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WHAT IS THE OPTIMAL POSITIVE END-EXPIRATORY PRESSURE AND HOW IS IT
DETERMINED?

PEEP must be individually determined for each patient. The lowest sum of collapse
and overdistension will be the optimal PEEP, which will lead to the least lung injury.
Basic PEEP trial methods involve monitoring compliance and/or its surrogates (PIP,
Ppiat) With progressive changes in PEEP. During PEEP trials, DyC,s has proved to be
a particularly valuable indicator, accounting for changes in R,, in addition to C.
Alveolar-to-arterial gradient, oxygenation, and Vps/V will generally improve in
conjunction with compliance and resistance, indicating optimal settings. Suter and
colleagues®® discovered that the best C,s coincided with maximum oxygen transport
and the lowest Vpg/Vr. Anincrease in PIP/P, 5 greater than the change in PEEP would
indicate a drop in compliance, overdistention, and increased risk of VILI. For patients
being ventilated with pressure control ventilation, the anesthesia provider may use a
similar extrapolation in DyC, or C,s, noting changes in the delivered V+ for a set PIP
and/or AP. Because pressure is fixed, V1 changes are indicative of changes in compli-
ance, recruitment, and FRC in contrast to PIP/P,.: changes during volume ventilation.
Optimal PEEP promotes these goals without compromising hemodynamics; other-
wise, oxygen delivery would be curtailed.

The most relevant clinical consequence of these considerations is that Crs and DP
are the best available bedside tools to monitor aeration loss, dynamic strain, and
PEEP-induced recruitment.

INTRATHORACIC OR PLEURAL PRESSURE

Pleural pressure (Pp,) is estimated by measuring the pressure in the lower third of the
esophagus using an esophageal balloon catheter."*4-3¢ Esophageal pressure (Peso)
is used as a surrogate of pleural pressure to estimate C, and Ccw, to quantify auto-
PEEP and WOB during assisted modes of ventilation, and to evaluate the degree of
diaphragmatic dysfunction. The measurement of Pp_is of great value in the assess-
ment of respiratory mechanics and can be used by the experienced clinician at the
bedside.""

TRANSPULMONARY PRESSURE AND ESOPHAGEAL PRESSURE

Transpulmonary Pressure (Prp) is the difference between the pressure inside the
alveoli (PaLv) and the pressure surrounding the lung (pleural pressure, Pp) (Fig. 6):

Ptp = PaLv - PrL

As in vivo measurements of P,y and Pp__ are not feasible, P4, v is usually assumed
to be approximately equal to the static pressure at the airway opening (Pp_at, PEEP)
and Pp_ is assumed to be equal to the esophageal pressure (Pgso). Prp is usually
described as the distending pressure of the lungs because it best describes the
sum of the interactions of Pp_ and P,y across the lungs. Because Pgso can be
elevated in the setting of ARDS, obesity, or increased intraabdominal pressure, the
use of Pyp allows the titration of positive pressure based on the actual pressure
applied to the lung. To allow optimal recruitment, PEEP could be increased until Ptp
becomes positive at end-expiration, to keep airways and alveoli open during the tidal
cycle.®® End-inspiratory Prp is evaluated by calculating the Pp a1 — Peso difference
during an inspiratory hold. It is useful in the assessment of safety pressure thresholds:
an end-inspiratory P1p lower than 20 cmH,0 is generally considered safe.*®
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Esophageal Mechanical
catheter ventilation
Patm = Pgs

Fig. 6. The main different pressures involved in pulmonary mechanics. (In: Cordioli, R and
Brochard, L, Respiratory system compliance and resistance in the critically ill, Oxford Text-
book of Critical Care, ISBN: 9780198855439.)

For the lung, only transpulmonary pressure (P_ = Py — Pgy, With Py, being the intra-
pleural pressure) determines alveolar distention. Intrapleural pressure is not easily
accessible, besides being unequally distributed throughout the lung. As a surrogate,
esophageal pressure (Pos) can be used as an estimate of mean Pp|.37 This minimally
invasive approach can be used to estimate P, which is particularly advantageous
in cases of a decreased extrathoracic compliance such as obesity or an elevated intra-
obdominal pressure. In the supine position, the weight of the mediastinum and
abdominal pressure both increase Pos. Some studies have pointed out that Pgg is
higher than Py, by about 5 cmH,0O owing to the effects of body position and medias-
tinum.®® P can represent the average level of Py, and Pes and Py, have a good cor-
relation. For making sure Pes reflects Py accurately, the technical aspects of Pgg
measurement are important. It usually includes the characteristics of the esophageal
manometers, placement position, balloon inflating volume, and data interpretation. In
order to ensure the accuracy of Pgg, its positioning needs to be tested by an occlusion
test. In some cases, such as obesity, thoracic, or abdominal disease, P,, cannot
reflect actual pressure gradient over the lung because the higher percentage of P,y
is used to overcome the elastance of the chest wall. The monitoring of pleural pressure
(Po) or esophageal pressure (Pes) may help to distinguish the pressure gradients
acting on the lung and chest wall. On the other hand, when the patient makes spon-
taneous breathing efforts, the inspiratory muscles and the ventilator both participate in
breathing activity during assisting ventilation mode. The pressure inflating the lung
comes from the pressure generated by the ventilator and the patient’s inspiratory
muscles. However, excessive breathing effort also can induce spontaneous patient
self-inflicted lung injury.3® Therefore, it is very important to monitor spontaneous
breathing efforts and to balance the relationship between mechanical ventilation
and spontaneous breathing effort during assisted ventilation. The Monitoring of Pes,
intragastric pressure (Pg,), and a series of parameters derived from Ps and Pg, can
be used to quantitatively assess spontaneous breathing efforts.

CHOICE OF POSITIVE END-EXPIRATORY PRESSURE USING ESOPHAGEAL PRESSURE

For the choice of PEEP levels, airway pressure P,,, is primarily chosen. This, however,
rather represents pressure at the artificial airway or the ventilator, respectively. P,,, is
easily displayed and measures the mechanical properties of the whole respiratory sys-
tem including the artificial airway. Therefore, only during zero-flow conditions (end-
inspiratory pause, end of expiration, or during occlusion) is P,, equal to tracheal
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pressure (Pyacn) and alveolar pressure (Pgy). Initially used in ARDS to choose the right
PEEP value, several studies have shown promising results in terms of improved
oxygenation and compliance using Pes. Surprisingly, looking at the results, mortality
and other end points such as measurements of PEEP, Ptp, P,,, driving pressure
(AP = Ppo-PEEP), and P,0,/FiO, ratio were not significantly different.®%:*° This may
be due to the negative hemodynamic effects of too much PEEP on oxygen delivery.
There are potential sources of error in the use of Pgg to estimate Py,. It is important
to appreciate that P.s estimates P, mid-thorax. Py, is more negative in the nondepen-
dent thorax and more positive in the dependent thorax. The weight of the heart can
bias the Pgs by as much as 5 cmH,0.*" Transpulmonary pressure (Ptp) is the differ-
ence between pressure measured at the mouth and esophageal (pleural) pressure.
During no flow (inspiratory or expiratory pause maneuvers), Prp becomes the alveolar
distending pressure. In this article, the assumption is that Prp is measured under static
conditions and thus represents alveolar distending pressure. The ventilator should be
set to avoid a negative Prp during exhalation (contributing to cyclical opening and
closing injury) and to avoid excessive Pp at the end of inspiration (overdistention).

COMPLIANCE OF LUNGS AND CHEST WALL

Pes is required to separate C_ and Ccw. Measurement of end-inspiratory Peso (Peso,)
and end-expiratory Peso (Peso.e) allows to distinguish the two components of Cgs:
Ccw and Cy.

1/C,qs = 1/ch+1/cL
Cew = VT/(PESOJ — Pesoc)

CL VT / [(PPLAT - PESO,i) - (PEEP— PESO./)}

or
C = VT/(PTPJ_ Pre.c)

The partitioning of the elastic properties of the respiratory system is useful to under-
stand whether alow Crs as a whole might be due to low C, low Ccy, or both. Impairment
of the elastic properties of the chest wall, as in morbid obesity, pneumoperitoneum, or
increased intra-abdominal pressure, gives us an indication that additional pressure
needs to be applied to the lung and transmitted to the pleural space in order to achieve
adequate thoracic inflation.?® As the chest wall becomes stiffer, the proportion of Pay
that is spent for lung distention becomes smaller. The degree of stiffness of the chest
wall (low Ccw) must be taken into account when titrating Paw to recruit the lung of
ARDS patients because higher Py, levels might be needed to achieve the desired recruit-
ment, without the same risk of injuring the lung. Using P+p rather than Pp a1 as a target of
Paw titration has been shown to be safe and effective.*°

FUNCTIONAL RESIDUAL CAPACITY AND END-EXPIRATORY LUNG VOLUME

FRC represents the unstressed volume at the end of lung expiration. In critically ill
patients receiving mechanical ventilation and different levels of PEEP, it is better
to speak of the EELV. Calculation of EELV is based on a step change in F,0, and
the assumption that N, is the balance gas. Baseline determination is made of
end-tidal N2 (FETyp). It is assumed that oxygen consumption and carbon dioxide
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(COy) production remain constant throughout the measurement. A 20% step change
in F,O, then occurs, and the EELV is calculated as follows: Vno/FETN2, Where FET .
is the change following the step change in FO,. The breath-to-breath changes are
calculated over 20 breaths. The EELV measurement is implemented in some mod-
ern ventilators. For this application, nitrogen concentration in inhaled and exhaled
gas is not directly measured but estimated from the end-tidal concentrations of ox-
ygen and CO,.4>#4

WHY MEASURE LUNG VOLUMES DURING INVASIVE VENTILATION?

The use of EELV during PEEP titration would seem attractive. An increase in PEEP will
always increase EELV, and respiratory system compliance can predict the amount of
volume it would increase. A PEEP-induced increase in EELV might be the result of
recruitment, or it might be the result of overdistention of already open alveoli. There-
fore, both PEEP and EELV might contribute to lung strain, and EELV by itself might not
be useful to assess PEEP response.

ELECTRICAL IMPEDANCE TOMOGRAPHY

Electrical impedance tomography (EIT) is a noninvasive and radiation-free imaging
technique that uses a minimum of 16 to 32 leads positioned around the thorax. EIT
provides breath-by-breath dynamic imaging of regional ventilation distribution
through measuring impedance changes across lung regions; such information cannot
be obtained by global monitoring (eg, airway pressure, flow monitoring). EIT can
detect the changes in lung impedance associated with a recruitment maneuver and
an incremental or decremental PEEP trial, enabling the identification of the PEEP level
at which tidal ventilation is most homogeneous.*®>*® EIT combined with lung me-
chanics can avoid hyperinflation because of excessive PEEP, which may be reached
if PEEP is titrated on the basis of gas exchange alone.*” Indeed, high impedance asso-
ciated with reduced compliance is the hallmark of changes suggestive of hyperinfla-
tion, whereas low impedance associated with reduced compliance is suggestive of
collapse.*®-°° |n patients with severe ARDS, EIT-guided PEEP titration has been asso-
ciated with improved oxygenation, compliance, driving pressure, and weaning suc-
cess rate.”’

MECHANICAL VENTILATION IN SPECIAL SUBSETS OF PATIENTS
Spontaneously Breathing Patient

In spontaneously breathing patients, the pressure generated by the patient’s muscle
(PMUS) is added to the pressure applied by the ventilator:

Paw + (Pyus — PEEPror) = (tidal volume / compliance)+ (flow x resistance)

There are two implications of this equation:

e First is that for PC modes, increasing Pyus does not affect Paw (because this is
preset), but it increases volume and flow (ie, it deforms the volume and flow
curves). For volume controlled modes, increasing Pyus decreases Pay (ie, it de-
forms the pressure curve), but it does not affect volume or flow (because they are
preset).

e Second, it follows that Py,ys must exceed PEEP+o in order for Pay to drop (or
flow to increase) enough to trigger inspiration. Otherwise a patient-ventilator
asynchrony occurs, which is known as an ineffective trigger effort.
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Increased Abdominal Pressure

Intra-abdominal pressure is the steady-state pressure in the abdominal cavity.>? The
normal intra-abdominal pressure is 5 mm Hg; it increases during inhalation with
diaphragmatic contraction. Direct measurement of intraperitoneal pressure is not
practical, so the bladder method is thus most commonly used for intermittent intra-
abdominal pressure measurement.®® Intra-abdominal pressure should be measured
at the end of exhalation in the supine position, ensuring that abdominal muscle con-
tractions are absent. In mechanically ventilated patients, an increase in intraabdominal
pressure results in decreased Crs with flattening and a rightward shift of the P-V curve
of the respiratory system. These changes are due to decreased Ccy, whereas C, re-
mains unchanged. In deeply sedated patients with ARDS, the diaphragm behaves as a
passive structure, and thus moves upward in the rib cage, transmitting increased
intra-abdominal pressure to the lower lobes of the lung, where it causes compression
atelectasis. Surgical abdominal decompression recruits lung volume and increases
Pao./Fi,». Upright positioning increases intra-abdominal pressure and decreases
Crs, suggesting that this position might result in a deterioration of respiratory function
in patients with intra-abdominal hypertension.>*

Pneumoperitoneum

Insufflation of CO, into the abdomen in the context of minimally invasive surgery leads
to significant changes to the mechanical characteristics of the respiratory system. On
the one hand, thoracic compliance changes with cranial shift of the diaphragm; on the
other hand, compressive atelectasis leads to a reduction in EELV. Conventional moni-
toring, for example, of parameters relating to respiratory mechanics as provided by
the mechanical ventilator (plateau and peak pressures, compliance), is not suitable
for quantifying these two (lung/thorax) mechanical components. As such, faced with
an increase in plateau pressure during otherwise unchanged volume-controlled venti-
lation, the anesthesiologist will be unable to discern whether this is solely the result of
CO, insufflation into the abdomen with a subsequent change in thoracic compliance
or whether it instead represents an actual mismatch between VT and EELV, causing
increased strain and potentially lung damage. Strict limitation of those pressures
cannot as a concept simply be applied to the setting of minimally invasive surgery.
One option to estimate pressure acting directly on the lungs is to measure transpulmo-
nary pressure (see the aforementioned information). To date, however, there is no ev-
idence that adjusting ventilation parameters, and especially PEEP, in accordance with
transpulmonary pressure measurements can avoid PPCs. The increase in arterial CO,
caused by transperitoneal resorption of insufflated gas can require a significantly
increased respiratory minute volume. Increasing alveolar ventilation primarily by
increasing VTs may cause VILI. Increasing the respiratory rate is a useful measure
but may, in the context of increased airway resistance in the setting of pneumoperito-
neum, limit expiratory flow. Higher peak airway pressures do not necessarily reflect
the pressure at the level of the alveoli and may instead be primarily associated with
higher airway resistance in the face of increased flow. The aggressivity with which
these respiratory measures are pursued can be tempered, however, if moderate hy-
percapnia based on pH is tolerated.

Chronic Obstructive Respiratory Disease/Asthma

Patients with obstructive lung disease cannot generate a normal expiratory flow. Nor-
mally, lung volume returns to the relaxed volume at the end of passive expiration. This
relaxed lung volume is defined as FRC during spontaneous breathing. Dynamic
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hyperinflation occurs whenever the respiratory system cannot generate the necessary
expiratory flow near FRC. In patients with increased expiratory resistance due to
airflow obstruction, the EELV may increase higher than the predicted FRC. Along
with the increase in EELV, end-expiratory alveolar pressure increases, which is called
intrinsic PEEP.%® Mechanical causes of dynamic hyperinflation include an increased
expiratory resistance resulting in a longer time constant and a reduced lung elastance
which results in a decreased expiratory driving pressure. Expiratory flow limitation is
defined as the inability of augmentation of expiratory flow regardless of an increased
expiratory driving pressure.®® The consequences of hyperinflation and intrinsic PEEP
are an increased inspiratory threshold during assisted mechanical ventilation. Patients
have to generate an additional pleural pressure to counterbalance the intrinsic PEEP
to be able to trigger the ventilator. This can be considered wasted energy cost of
breathing because inspiratory muscle contraction to counterbalance intrinsic PEEP
does not generate inspiratory flow. The increased inspiratory muscle load results in
muscle fatigue and patient-ventilator asynchrony®’=¢° and leads to an increasing pul-
monary vascular resistance and right ventricular failure.

By conducting end-expiratory occlusion, static intrinsic PEEP can be measured. In
combination with end-inspiratory occlusion, the static compliance of the respiratory
system can be obtained. In patients with dynamic hyperinflation and intrinsic PEEP,
the calculation of static compliance should be calibrated by intrinsic PEEP; otherwise,
the true compliance will be underestimated.®' Dynamic hyperinflation-induced eleva-
tion of EELV can be measured at the bedside using release and prolonged expiration
maneuver.®> No matter what ventilation model is selected, monitoring of expiration
should be performed periodically to allow lung emptying. For patients with severe
asthma, a relatively small VT and a higher inspiratory flow have been recommended
to preserve expiratory time and minimize dynamic hyperinflation. To counterbalance
intrinsic PEEP during ventilator triggering, PEEP may be applied in patients with
COPD. The PEEP level is usually set as 80% of baseline intrinsic PEEP, which has
been explained by the waterfall analogy.>®

Adult Respiratory Distress Syndrome

In a heterogeneous lung in patients with ARDS, the local strain (lung tissue deforma-
tion or volume change) and the transpulmonary pressure (airway pressure-pleural
pressure) are different in different locations.®%° In patients with ARDS, high inspiratory
and expiratory resistance as well as low compliances of the baby lung are the leading
pathologies. Assuming that all alveoli are open, plateau pressure (Ppa) reflects end-
inspiratory alveolar pressure.®* A short end-inspiratory occlusion (0.3 seconds) is suf-
ficient to estimate injurious pressure applied to the alveoli, especially in passive
breathing. Nowadays, maintaining P4 at or lower than 25 cmH,0 as used in a large
trial seems to be a reasonable and safe threshold. At end-inspiration, Ptp as derived
by the insertion of an esophageal balloon is a more reliable measurement of the dis-
tending pressure of the lung because P4 also depends on pleural pressure (P). In
some patients, C.,, is responsible for almost 50% of the Crs, whereas in other cases,
it is only about 15% to 20%.5° Separation of these two factors improves ventilator set-
tings and outcomes. Prp at end-expiration (P1p o) is the pressure distending the lungs
at end-expiration. Negative Prp ¢ values are common in ARDS, potentially favoring
cyclic reopening and closing of alveoli during ventilation and atelectrauma.®” Setting
PEEP to a positive Prp . Was associated with improved physiologic parameters.*®
A AP value higher than 14 to 15 cmH,O was independently associated with higher
mortality.® An optimal PEEP is essential in ARDS and has been discussed previously.
Excluding lung imaging methods, the most common methods for the PEEP setting is
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the use of respiratory mechanics. Best compliance methods or the ARDS PEEP table
are commonly used. Airway closure at end-expiration is another feature of ARDS, and
close attention needs to be paid to the end-expiratory flow curve as well as esopha-
geal pressures for the detection of airway closure. With the development of newer
technologies, EIT has been used to select the optimal PEEP and may actually be
the simplest and most promising way at the bedside. This method can be used to
calculate the percentage of overdistention and collapse.

SUMMARY

Contemporary management of the ventilated patient still relies on the measurement of
old parameters such as airway pressures and flows. Graphical presentations—in
particular of the pressure and flow curves at different locations—reveal the intricacies
of patient-ventilator interactions. This increases the complexity of measurements and
opens a new pathway for several bedside technologies based on basic physiologic
knowledge. The spread of COVID-19 has confronted the anesthesiologist and inten-
sivist with one of the most severe pulmonary pathologies of the last decades. Opti-
mizing the patient’s respiratory mechanics at the bedside is a valuable skill for the
physician in the ICU, which is further refined and supported by mobile technologies
such as lung ultrasound and electrical impedance tomography.

CLINICS CARE POINTS

e Always evaluate the pressure-time and flow-time curves of the patient in combination with
your clinical assessment.

e Use additional imaging modalities such as radiological tests, ultrasound, and EIT.
e Pressure-volume curves provide insight into compliance and recruitability.

o Keep safe airway pressures in mind: ideally Py, less than 30 cmH,0, or even lower in patients
with ARDS, and driving pressure less than 15 cmH,0.

e AP isameasure of detrimental energy to the lung and represents an attractive shortcut to the
equation of motion because it combines the variables Pp,; (inspiratory forces) and PEEP
(expiratory forces). Survival does not depend on the position of AP on the pressure-volume
graph, but rather on the absolute value of AP.

e Mean airway pressure is clinically important because P,0, is proportional to mean airway
pressure and inversely proportional to cardiac output. Typical mean Payy values for fully
ventilated patients are 5 to 10 cmH,O for patients with normal lungs, 10 to 20 cmH,O for
patients with airflow obstruction, and 15 to 30 cmH,O for patients with ARDS.

e Optimal compliance demonstrates ideal distending pressures, alveolar recruitment, V/Q
matching, and homogeneity and therefore prevents VILI.
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