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Abstract

A detailed understanding of respiratory mechanics during mechanical ventilation aids diagnostic accuracy and
facilitates close monitoring of patient progress, allowing individualized ventilator adjustments aimed at minimizing
ventilator induced lung injury. Respiratory mechanics can be described in terms of total respiratory, lung, and chest
wall components and include compliance, resistance and are dependent on tidal volume, airway pressures, and
flow for calculation. The interplay between the respiratory mechanics and ventilator delivered volume, flow, and
pressure have an important role in the development of ventilator induced lung injury.

The knowledge of alveolar dynamics and mechanics in the critically ill are lacking with much information originating
mainly from bench and animal models of healthy and injured lungs.

In this article we introduce the concept of alveolar compliance, resistance that depend on measuring the trans-
alveolar pressure using esophageal balloon manometry and alveolar tidal volume using volumetric capnometry.

This may have multiple implications in the understanding of components of ventilator induced lung injury specifically
alveolar stress, strain, and mechanical power.

Further studies are warranted to further understanding the monitoring and usefulness of alveolar mechanics.
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Introduction Alveolar pressures
Understanding respiratory physiology and mechanics The measurements of esophageal pressure (Pes)
" during mechanical ventilation is crucial for using an esophageal balloon manometry as a
monitoring patients and making ventilator surrogate for pleural pressure (Prieural) provides
adjustments to achieve individualized support without further information about the lung, chest wall
iatrogenic injury. mechanics, muscle pressure (Pmus), work of

, i ) breathing (WOB) among other benefits. !
Respiratory mechanics refer to the expression of the

respiratory system function through measurements of The pressures obtained from the airway and
pressure and flow. From these, a variety of indices esophageal pressures and during brief inspiratory
can be determined like tidal volume (VT) and can be and expiratory occlusions are 2

plotted against time or each other to obtain pressure-
volume, pressure-flow, volume-flow curves.
Inspiratory and expiratory pause maneuvers can Airway pressure (Pao) — Body surface pressure (Pss)
further estimate the end inspiratory pressure (plateau

pressure, Ppiat) and total positive end expiratory

pressure (PEEP) respectively. 23 Trans-Pulmonary pressure (Ptp)

Trans-Respiratory pressure (P1r)

Ventilator Induced Lung Injury (VILI) 456 with its Airway pressure (Pao) - Pleural pressure (PrL)
many forms: volutrauma, barotrauma, atelectrauma,
biotrauma, ergotrauma mostly happens due to injury
at the alveolar level, emphasizing that knowledge of
alveolar dynamics and mechanics requires better Alveolar pressure (Pa) - Pleural pressure (Ppi)
understanding and ventilation management needs to

target those alveolar dynamics. 7

Trans-Alveolar pressure (Pra)

Knowledge of alveolar dynamics and mechanics at
the micro level originate from direct viewing and
measurements of alveolar volumes, sizes, shapes,
and interaction in healthy and injured animal lung
models using different technologies. & Those include
Intravital microscopy (IVM), Optical coherence
tomography (OCT) and through the work of
physiologists, we have a better understanding of
alveolar expansion, contractility, stability, recruitment,
and collapse during the respiratory cycle. ” Those
techniques, albeit their benefits, have some
limitations including the need surgical procedures
and limited depth in a regional part of the lung that
hinders those techniques to only be applicable to
research projects but not to the bedside in respiratory
failure patients.

Pao

—» PBS

Currently, clinicians assess lung morphology, injury, Figure 1: Schematic diagram of the chest wall and lung
aeration through information obtained from with the pressures across the structures. Pa: alveolar
Computerized Tomography scans (CT) ° and pressure, Pao: airway pressure, Pgs: body surface
Electrical Impedance Tomography (EIT). 1° Although (atmospheric) pressure, PpL: pleural pressure.

significant information can be obtained with those
imaging techniques, they have many limitations during static (passive) and dynamic (active)
including the macro level information supplied but not conditions are the Compliance, Elastance

at the micro alveolar level. (1/Compliance), Resistance, and total PEEP. Those
can further be divided into: Total respiratory, Lung,
Chest wall according to the calculations below '3

The common mechanics that can be calculated

Hence, an assessment of the alveolar mechanics
non-invasively at the bedside would be elnllightening.
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Total respiratory compliance

V1 /DP
V1 / Ppiat - PEEPT

Total respiratory resistance
Peip - Ppiat / V
Chest wall compliance
V1/ End inspiratory Pes - End expiratory Pes
Chest wall resistance
Peak Pes - End inspiratory Pes / V
Lung compliance

V1 / Trans-Pulmonary DP
V1 / End inspiratory PeL - End expiratory PpL

Lung resistance
Peak PpL - End inspiratory Pp./ V

Trans-alveolar DP = End inspiratory Tans-alveolar
pressure — End expiratory Tans-alveolar pressure

Where DP: driving pressure, Paw: airway pressure,
Pes: esophageal pressure, PEEP: positive end
expiratory pressure, Ppip: peak inspiratory pressure,
PpL. trans-pulmonary pressure, V: flow, Vr: tidal
volume

Alveolar Volume

The total tidal volume (V) delivered by the ventilator
used for the measurements of the respiratory
mechanics above can be further divided into dead
space and alveolar V.

The total dead space (VD) represents the volume of
ventilated air that does not participate in gas
exchange. The two types of VD are anatomical
(VDana) and physiologic (VDphys). VDana is represented
by the volume of air that fills the conducting zone
made up by the artificial airway, trachea, and bronchi.
VDphys or total dead space is equal to anatomic plus
alveolar dead space (VDaw) which is the volume of air
in the respiratory zone that does not take part in gas
exchange. "

The alveolar V1 is composed of two compartments,
the part that does not participate in gas exchange
(VDaw) and the effective part that partakes in gas
exchange (Veaw). Figure 2
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VDphys = VDana + VDan
V1 = VDana + Vtan
VTav = VDaw + VEaw

No Volume

X

Figure 2: Schematic drawing showing 3 different alveoli
with their corresponding capillaries. On the left: well
perfused and ventilated alveolus with effective alveolar
volume (VEav), the middle is a ventilated but not perfused
alveolus and is considered as alveolar dead space (VDav),
and the right one is an alveolus that is perfused but filled
with fluid or collapsed (shunt).

In a healthy adult, VDayv can be considered negligible.
Therefore, VDphys is considered equivalent to
anatomical.'® However, in the injured lung, especially
in patients with ARDS, the VDphys could be
significantly high because the diffusion membrane of
alveoli does not function properly or when there are
ventilation/perfusion mismatch defects, 617 and has
been correlated with mortality in ARDS. '8

The Vo/VT is calculated using the Enghoff modification
of Bohr's equation

VDIVt = (PaCO: - PECO2) / PaCO:

PaCO:z: partial pressure of CO: in arterial blood,
PECO: expired partial pressure of CO».

The volumetric capnometry is divided into three
phases. Phase | represents the VDana, Phase |l
represents the transition phase: gas from proximal
lung areas and fast emptying lung areas, while Phase
[l is the plateau phase: gas from alveoli and slow
emptying areas (Figure 3).
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Figure 3: Three phases of the volumetric capnometry.
(Hamilton Medical reference book) '° with permission

Components of the exhaled Vr: physiological dead
space (anatomical and alveolar dead space) and
effective alveolar V1 can be calculated using
volumetric capnometry as below. 820

The anatomical dead space can be calculated from
the curve of the Vr on the x-axis to the exhaled CO2
on the y-axis by drawing a perpendicular line in the
middle of phase Il of the curve: area p + q (Figure 4).
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Figure 4: Estimation of dead space and alveolar tidal
volume from the volumetric capnometry waveform. The
black dashed line a—b defines equal area g and p in phase
Il. The volume to the left of this line represents the
anatomical dead space, while the right of the line is the
alveolar tidal volume. The blue dashed line c—d is created
so that area A equals area B. The distance from b to d
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defines alveolar dead space. Vpaw: anatomical dead
space, Vralv: alveolar tidal volume, Vpalv: alveolar dead
space, Vophy: physiological dead space, Vralv-eff (Vealv):
effective alveolar volume, Vr: total tidal volume. From
reference 20

Calculating Alveolar compliance and Resistance

As mentioned above, the V1 used in the equations of
compliances is the total Vr including the anatomical
V1 that is not involved in alveolar distention or gas
exchange

Our hypothesis is to include only the total alveolar V1
Vaiv = VDaw + VEawv

and the trans-alveolar driving pressure (DP) as the
true distending pressure of the alveoli 2! in the
calculation of the true alveolar compliance.

Alveolar flow can be calculated by dividing alveolar
tidal volume by the inspiratory time.

Alveolar resistance can be calculated as the trans-
alveolar driving pressure (end inspiratory - end
expiratory trans-alveolar pressure) divided by
alveolar flow.

Alveolar compliance
V1 — VDanat / Trans-alveolar DP

Vrav/ Trans-alveolar DP

Alveolar flow

Valv VTaIvlTlnsp

Alveolar resistance

Rav = Trans-Pulmonary pressure (Pp.) - Trans-
Alveolar pressure (P1a) / Vay

Deriving from the above formulas:

Ray = (PPL - PTA) /(VTaIV/Tinsp)
Raiv = Tinsp X ((PpL - P1a) /VTa1v)
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In the example below (figure 5):
Alveolar compliance
=214/10
= 21.4 ml/cmH20

Alveolar flow = 0.214 /1.2
=17.83 L/min
Alveolar resistance = 12 -11/(17.83 / 60)
= 3.36 cmH20/L/s

Ptrans | PetC02
12 om0 5 mmHg

Phrans £ slopeC02 FetC02
ddwmo  7.58%om 19%

Ve(02
12ni

Prminimum Vialv

15 emk20 Adni

Vil Vic02

25 Vmin 0 ml

VOMNTE Ve0?
141 mimin

Figure 5 Left graph from a volume-controlled mode: Airway pressure (top in yellow) end expiratory airway pressure 15, peak
inspiratory pressure 28, plateau inspiratory pressure 25. Flow (2" row in pink): continuous flow of 20, end inspiratory and end
expiratory flow of zero. Esophageal pressure (3™ row in orange): end expiratory pressure 14, peak inspiratory pressure 16, end
inspiratory pressure 14. Airway pressure — Esophageal pressure (bottom row in orange) trans-pulmonary pressure of 12, end
inspiratory trans-alveolar pressure 11, end expiratory trans-alveolar pressure 1. Right chart: Vpaw: anatomical dead space, Vran:

alveolar dead space, Dead space/Tidal volume: Vpaw/VTe
Pressures in cmH20, Flow in L/min, Volumes in ml

Discussion

Minimizing VILI is an important yet a difficult task
during mechanical ventilation. Many factors have to
be accounted for including V1, DP, inspiratory flow,
respiratory rate, respiratory mechanics and recently,
mechanical power. Unfortunately, global lung
mechanics provide for a poor surrogate of alveolar
dynamics and methods for the in-depth analysis of
alveolar dynamics on the level of individual alveoli
are sparse and afflicted by important limitations. 78

The exact mechanisms by how the alveolar gas
moves in and out of the alveoli and alveolar ducts
remains controversial and not totally understood,

additionally healthy and injured alveoli act differently.

7,8
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There are two main mechanisms for gas flow into the
lung, convection dependent (bulk gas flow or tidal
flow) and a diffusion dependent. The two
mechanisms can happen simultaneously and
independently. 22 Volume change in healthy lungs
occurs in the peripheral airways and diffusion occurs
in the alveolar space. In the injured lung however,
cyclic closure and reopening of alveoli can occur, and
hence the convection-diffusion front has moved from
the peripheral airways into the alveolar space. 232425

In an animal study, Gil and colleagues 2% introduced
four different mechanisms of alveolar filling and
emptying during the respiratory cycle: (1) sequential
recruitment—decruitment of alveoli, (2) isotropic
“balloon-like” alveolar volume change, (3)
simultaneous changes in alveolar size and shape,
and (4) crumpling and decrumpling of the alveolar
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surface. Another animal study of injured lungs by
Mertens and colleagues 27 found out that alveolar
cycling was not observed according to the concept of
alveolar stability. 2

Additionally, alveolar volume moves between alveoli
through the Pendelluft phenomenon 2° and through
the pores of Kohn, 30 with a role played by the
alveolar septa in the stochastic movement of the
molecular diffusion. 22

The air movement in and out the alveoli during the
respiratory cycle is dependent on the alveolar
pressure and radius according to Laplace’s law

Pressure = 2 X surface tension / radius

The alveolar flow and resistance are much less than
the bigger conducting airways like bronchi given the
much larger alveolar surface area. 3!

To our knowledge, the concept of calculating the
alveolar compliance and resistance at the bedside
has not been described before.

Implications
- Alveolar strain

The tidal energy is a product of Stress (which is the
pressure applied to the alveoli or trans-alveolar
pressure) by Strain (which corresponds to the
stretching alveolar tidal volume). 32

The possibility of specifying the volumetric
compartments from the volumetric capnography and
thus obtaining the alveolar Vr separately from the
anatomical VD conceptually should be more accurate
in denoting the alveolar strain and consequently may
correlate with its structural injuries.

- Alveolar stress

Strain describes the resulting change in lung volume
by the applied pressure (stress). 33 A simplified
equation for strain is 34

VT + Vpeer / FRC
FRC = EELV measured at zero PEEP (ZEEP)

where V1 = tidal volume; Vreep = difference between
end expiratory lung volume (EELV) and Functional
residual capacity (FRC).

Measurement of FRC during mechanical ventilation
through nitrogen washout % is feasible but is not
routinely available on all commercial ventilators.

As in most calculations of respiratory mechanics, the
V't used in the equations is the global Vr, our
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hypothesis is that the alveolar VT may be a more
reliable alternative in assessing the alveolar stress.

- Guiding Tidal volume and PEEP

Setting VT and PEEP are essential during mechanical
ventilation and guidelines exist in setting those
parameters. 3 However, those guidelines do not take
account of the VD and alveolar Vr and how those Vs
and pressures affect the alveolar compliance.

Some studies addressing this issue using the VD
measurements from volumetric capnometry to set the
PEEP have been published. Blankman and
colleagues found that the calculated VD agreed well
with EIT to detect the optimal PEEP for an equal
distribution of inspired volume, amongst non-
dependent and dependent lung regions. 3 Tusman
and colleagues evaluated the airway and alveolar VD
in different PEEP settings in an animal model of
ARDS. 38

Technologic advances have been made to address
these concerns. Adaptive Ventilation Mode-2 (AVM-
2) is a closed loop mode of ventilation with an optimal
targeting scheme using the concept of mean
inspiratory power (sum of the resistive and tidal
power) that takes the VD into account in its algorithm
for targeting the optimal V and respiratory rate. 3940

- Alveolar resistance

As the above, we were able to describe the alveolar
resistance which is not well described in the
literature. The total pulmonary resistance is
composed of the airway resistance, which may be
responsible for as much as 80% of the total
pulmonary resistance in a normal lung, is influenced
by the velocity and pattern of airflow, geometry of the
airways, and the density and viscosity of the gas
itself. The tissue frictional resistance normally
accounts for about 20% of the pulmonary resistance
and is influenced by the configuration of the chest
wall and the lung as well as by the fluid content of the
pulmonary tissue. Inertial resistance that is less than
1% of pulmonary resistance is usually more
dependent on the breathing frequency and the
density of the gas. 4

There are variations in the strain of a given Vr related
to the ventilation mode and the inspiratory flow
pattern, 42 however we used the basic formula of
alveolar flow dividing the tidal alveolar volume by the
inspiratory time, because the hypothesis that the
pressure, the Vr and alveolar flow are the result of
macroflow distribution in the alveolar elastance,
which along each flow moment along the inspiratory
time determines its Vr and produces its strain.
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The total respiratory resistance is usually measured
using the rapid interruption technique during constant
flow volume control ventilation (inspiratory hold
maneuver) where the initial drop of pressure from
peak inspiratory to P1 represent the artificial and

Paw (cm H,O)

Pmax

Alveolar mechanics: A New Concept in Respiratory Monitoring

large airways resistance, while after a prolonged hold
of 3-5 seconds, the pressure drops furthermore to P2
which represent the viscoelastic resistance P2
represent the plateau pressure that is equivalent to
the alveolar pressure). 43 (Figure 6)

Figure 6: Airway pressure-time curve (top) and flow-time curve (bottom) in volume-controlled mode with constant
inspiratory flow using an inspiratory holding maneuver. Pmax: peak inspiratory pressure, Pres: is the airway resistance
(Pmax — P1), P1: is the initial drop of pressure at the beginning of the hold maneuver, P2: is the true plateau pressure at

the end of the maneuver.

- Trans-alveolar pressure and Trans-alveolar
mechanical power (MP)

The terms trans-pulmonary pressure and trans-
alveolar pressure are sometimes used
interchangeably (Figure 1)

Trans-pulmonary pressure (Ptp) is defined as: Airway
pressure (Pao) - Pleural pressure (PpL)

Trans-Alveolar pressure (Pra) is defined as: Alveolar
pressure (Pa) - Pleural pressure (PpL)

Thus, the true alveolar compliance as described
above is the Vrtav / A Pta

Using our described formula above, alveolar
elastance = 1/compliance, we are able to calculate
the trans-alveolar mechanical power.

Mechanical power (MP) is the amount of energy
transferred from the ventilator to the respiratory
system per unit time and has emerged as a new
concept in the development of VILI 44 and mortality, 4°
other studies #¢ showed that the trans-pulmonary MP
might be more related to mortality rather than the
total power. Theoretically, the trans-alveolar MP may

Journal of Mechanical Ventilation 2022 Volume 3, Issue 4

perform better than the total power, however, this
needs to be investigated in clinical trials.

The total MP is described as 47

MPgs = (0.098 X RR) X {VT2 X %2 Ers + (V1 X PEEP)}

The lung (trans-pulmonary) MP is described as 48

MPe. = (0.098 x RR) X {2 VX % EL + (V1 X PEEP)}

The alveolar (trans-alveolar) MP similarly will be described as

MPaw = (0.098 X RR) x {2 V1aw X ¥2 Eav + (V1av X PEEP)}

In the example in figure 5:

MPgs = (0.098 x 15) x {0.72 X 2 (28) + (0.36 X 15)}
=22.75 J/min

MPpL = (0.098 x 15) x {0.72 X 2 (25) + (0.36 X 15)}
=21.17

MPai = (0.098 x 15) x {0.428 X "2 (42) + (0.214 X 15)}
=17.92 J/min
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Limitations

- The need for both esophageal balloon and
volumetric capnometry

Our calculations are based on having two adjunctive
tools to mechanical ventilation: esophageal balloon
manometry and volumetric capnometry. The
esophageal balloon estimates the pleural pressure
and enables the calculation for the trans-alveolar
pressure. Despite its’ multiple benefits, 49 its use in
clinical practice is influenced by technical limitations
and lack of knowledge in application and remains
more of a research tool. %0 Similarly, volumetric
capnometry offers multiple important clinical
information compared to only end tidal CO2
monitoring. ' Though its clinical use in practice is
not documented, practice guidelines from 2011 52
only suggested the use of volumetric capnometry to
monitor patients during mechanical ventilation.

- Alveolar heterogeneity

The alveolar sizes, distribution and vascular
distribution are markedly heterogeneous in both
healthy 27 and injured lungs %3 and are influenced by
the region of the lung zone and pleural pressure.
Alveolar mechanics and time constant will vary
depending on the position of alveoli and the disease
process. Our formula, similar to all other respiratory
mechanics formulas describe a global rather than
regional mechanics. Despite this limitation, we
believe that it gives additional information on the
micro alveolar dynamics versus the total respiratory
mechanics which describe the macro structure of the
whole respiratory system.

Future directions

- Constructing trans-alveolar pressure — alveolar
volume curve

Many current ventilators allow the construction of a
low flow quasi static pressure-volume curve % to
assess the respiratory system compliance. Some of
those ventilators are also equipped with an
esophageal balloon manometry and can plot the
trans-pulmonary and trans-alveolar pressure -volume
curve that assesses the respiratory system, lung and
chest wall compliance. Though most of those
ventilators are also equipped with volumetric
capnometry, to our knowledge, none plot the trans-
alveolar pressure-alveolar volume curve.

Figure 6 below, shows a quasi-static transpulmonary
pressure — volume (P-V curve) curve in a patient with
ARDS with IBW 65 kg, on V1 of 400 ml and
measured anatomical dead space volume was 150
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ml. Assuming the anatomical dead space does not
change during the maneuver, we adjusted the
volume (in red) by subtracting 150 ml from the total
V7 (black). This has never been studied and needs
further evaluation.

Figure 6: P-V curve plotting the trans-alveolar pressure vs
the volume in a slow inflation quasistatic condition. Black
numbers on the y-axis are the measured ones, while the
red ones are the actual numbers — anatomical dead space
(Alveolar tidal volume)

- Modeling respiratory mechanics

Most models of respiratory mechanics use a single
compartment linear model with single resistance, and
compliance which is over simplistic of the real
heterogeneous respiratory system with millions of
alveolar sacs each with their own mechanics and
interdependent on other sacs and under different
strain from inside alveolar pressure (Pa) and outside
from different pleural pressures (PpL). Even in clinical
practice at the bedside, measurements are taken of
total respiratory, lung, chest wall mechanics
assuming a single compartment model similar to
figure 1. As discussed above, the same problem
confounds our concept. Recent sophisticated
micromechanical lung models have been developed
for better understanding and studying the human
respiratory system. 19.55

- Studying alveolar mechanics at the bedside

As described above, viewing the alveolar dynamics
have been limited to research animal studies, and our
current imaging technologies does not penetrate to
the alveolar level. With the rapid advance in
technology, it might be possible to non-invasively
evaluate regional alveolar dynamics and the effects
of mechanical ventilation on regional lung units.
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Conclusion

An enhanced knowledge of the alveolar mechanics
may add to clinicians understanding of the respiratory
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