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ABSTRACT
Positive-pressure inspiration and positive end-expiratory pressure (PEEP) increase pleural, alveolar,
lung transmural, and intra-abdominal pressure, which decrease right and left ventricular (RV; LV)
preload and LV afterload and increase RV afterload. The magnitude and clinical significance of
the resulting changes in ventricular function are determined by the delivered tidal volume, the total
level of PEEP, the compliance of the lungs and chest wall, intravascular volume, baseline RV and
LV function, and intra-abdominal pressure. In mechanically ventilated patients, the most important,
adverse consequences of respiratory-cardiovascular interactions are a PEEP-induced reduction in
cardiac output, systemic oxygen delivery, and blood pressure; RV dysfunction in patients with
ARDS; and acute hemodynamic collapse in patients with pulmonary hypertension. On the other
hand, the hemodynamic changes produced by respiratory-cardiovascular interactions can be
beneficial when used to assess volume responsiveness in hypotensive patients and by reducing dys-
pnea and improving hypoxemia in patients with cardiogenic pulmonary edema. Thus, a thorough
understanding of the physiological principles underlying respiratory-cardiovascular interactions
is essential if critical care practitioners are to anticipate, recognize, manage, and utilize their
hemodynamic effects. © 2022 American Physiological Society. Compr Physiol 12:3425-3448,
2022.

Didactic Synopsis
Major teaching points
• Spontaneous and mechanical ventilation cause cyclical

changes in pleural (PPL), alveolar (PALV), lung transmural
(PL-TM), and intra-abdominal (PAB) pressure, which alter
venous return and right and left ventricular preload and
afterload. The resulting hemodynamic changes define the
respiratory-cardiovascular interactions.

• During positive-pressure inflation,
– An increase in PPL decreases right ventricular (RV)

preload.

– A rise in PL-TM and PALV increases RV afterload.

– The increase in PPL decreases left ventricular (LV)
afterload.

– The fall in RV preload and rise in RV afterload reduce
RV stroke volume, which decreases LV preload and
stroke volume after several cardiac cycles.

• Positive end-expiratory pressure (PEEP) elevates PPL,
PALV, PL-TM, and PAB throughout the respiratory cycle;
thus, its hemodynamic effects are usually greater than
those produced by intermittent, positive-pressure breaths
alone.

• In mechanically ventilated patients, the magnitude
and clinical significance of respiratory-cardiovascular

interactions depend on the delivered tidal volume, total
PEEP, lung and chest wall compliance, intravascular vol-
ume, baseline ventricular function, and intra-abdominal
pressure.

• In mechanically ventilated patients, adverse consequences
of respiratory-cardiovascular interactions include preload-
dependent hypotension and acute RV dysfunction,
which can progress to hemodynamic collapse.

• The hemodynamic effects of respiratory-cardiovascular
interactions can be beneficial when used to assess volume
responsiveness in hypotensive patients and to reduce dys-
pnea and improve hypoxemia in patients with cardiogenic
pulmonary edema.

Introduction
The respiratory and cardiovascular systems are functionally
linked because they play essential, complimentary roles
in delivering oxygen to and removing carbon dioxide from
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the cells of the body. But it is the physical link—the proximity
of the heart, great vessels, and lungs within the thorax and
the close apposition of alveolar gas and pulmonary capillary
blood—that causes ventilation to alter cardiac function and
blood flow to and from the heart. These effects are often
referred to as heart-lung interactions, but this term is mis-
leading because it implies that the heart is acting on the
lungs rather than the other way around and that the heart is
the only part of the cardiovascular system affected; it also
neglects the important role of the chest wall. In this article, the
more accurate term respiratory-cardiovascular interactions
is used.

This article discusses the relevant physiological prin-
ciples that govern the function of the respiratory and
cardiovascular systems, explains how ventilation alters
cardiovascular function, and reviews clinically important
respiratory-cardiovascular interactions in mechanically ven-
tilated patients. Although the hemodynamic consequences
of positive-pressure ventilation are emphasized, the effects
of spontaneous ventilation may be inferred from the prin-
ciples discussed and will be specifically mentioned when
appropriate. Respiratory-cardiovascular interactions during
spontaneous breathing have been reviewed by others (35, 78,
161). Abbreviations are listed in Table 1.

The Respiratory System
The respiratory system is composed of the lungs and the chest
wall, which consists of the rib cage, thoracic spine, and all
attached soft tissue and muscles, including the diaphragm.
The chest wall defines the extent of the thorax, which also
contains the heart, superior vena cava, pulmonary circulation,
thoracic aorta, and esophagus.

The function of the respiratory system is to optimize gas
exchange, whereby oxygen (O2) is added to, and carbon
dioxide (CO2) is removed from the mixed venous blood
pumped into the pulmonary circulation by the right ventricle.
This requires effective ventilation, the cyclical movement of
gas into and out of the lungs. Ventilation can occur only when
pressure is applied to overcome elastic and flow-resistive
forces, which oppose changes in lung and chest wall volume
and gas flow through the conducting airways. The interaction
of these applied and opposing forces is referred to as the
mechanics of ventilation or respiratory mechanics.

Opposing forces
Elastic forces

The lungs and chest wall are elastic structures. That is, each
has a resting or equilibrium volume, and any volume change
requires an applied pressure to balance elastic recoil gener-
ated by elastin, collagen, and alveolar surface tension in the
lungs and by cartilage, muscle, connective tissue, and bone
in the chest wall. Although the lungs and chest wall act as

Table 1 List of Abbreviations

Pressures
PAB intra-abdominal pressure
PALV alveolar pressure
PATM atmospheric pressure
PAW airway pressure
PC-I pulmonary capillary inflow pressure
PC-IM pulmonary capillary intramural pressure
PC-O pulmonary capillary outflow pressure
PC-TM pulmonary capillary transmural pressure
PCW-TM chest wall transmural pressure
PEEP positive end-expiratory pressure
PEEPT total positive end-expiratory pressure
PEM extramural pressure
PER total pressure to balance elastic recoil
PES esophageal pressure
PIM intramural pressure
PIVC-IM inferior vena cava intramural pressure
PIVC-TM inferior vena cava transmural pressure
PLA-IM left atrial intramural pressure
PL-TM lung transmural pressure
PMS mean systemic filling pressure
PPL pleural pressure
PRA-IM right atrial intramural pressure
PRA-TM right atrial transmural pressure
PRES total pressure to overcome flow-resistive forces
PRS-TM respiratory system transmural pressure
PSVC-IM superior vena cava intramural pressure
PSVC-TM superior vena cava transmural pressure
PTM transmural pressure

Volumes and flows
V̇ flow
V̇VR rate of venous return
EV equilibrium volume
FRC functional residual capacity
RV residual volume
TLC total lung capacity
V volume
VT tidal volume

Compliance, elastance, and resistance
C compliance
E elastance
ECW chest wall elastance
EL lung elastance
ERS respiratory system elastance
PVR pulmonary vascular resistance
R resistance
RAW airway resistance
RRS total respiratory system resistance
RVR resistance to venous return
SVR systemic vascular resistance
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PALV

PATM

PPL

PL-TM

PCW-TM

PL-TM = PALV – PPL

PCW-TM = PPL – PATM = PPL

PRS-TM = PALV – PATM = PALV

PRS-TM

PAW

Figure 1 Illustration showing the transmural pressure of the lungs
(PL-TM), chest wall (PCW-TM), and respiratory system (PRS-TM). PAW,
airway pressure; PALV, alveolar pressure; PPL, pleural pressure; PATM,
atmospheric pressure. From Kreit J. Mechanical Ventilation. Oxford Uni-
versity Press, 2018. Reproduced with permission of the licensor through
PLSclear.

a single structure and share a common volume, the elastic
properties of each may be determined by measuring changes
in lung volume (V) and the accompanying change in trans-
mural pressure (PTM) under static (i.e., zero-flow) conditions
(1, 108, 116, 126).

Transmural pressure is the gradient across the wall of an
elastic structure; it is calculated by subtracting the pressure on
the outer surface (extramural pressure; PEM) from the pressure
on the inner surface (intramural pressure; PIM).

PTM = PIM − PEM (1)

As illustrated in Figure 1, lung transmural pressure (PL-TM)
is the difference between alveolar pressure (PALV) and pleural
pressure (PPL), and chest wall transmural pressure (PCW-TM)
equals PPL minus the pressure at the body surface, which is
atmospheric pressure (PATM). The transmural pressure of the
entire respiratory system (PRS-TM) is PALV minus PATM.

Static volume-transmural pressure (V-PTM) curves can be
constructed by having a subject perform measured, stepwise
exhalations from total lung capacity (TLC) to residual vol-
ume (RV) (1, 108, 116). At each volume, the airway opening
is occluded, and, with the respiratory muscles completely
relaxed, the pressure proximal to the occlusion (airway
pressure; PAW) and the pressure within the esophagus (PES)
are measured. This allows PL-TM, PCW-TM, and PRS-TM to be
calculated at each volume (Figure 1). Note that (i) PES is used
as a surrogate for PPL; (ii) in the absence of gas flow, PAW is
assumed to equal PALV; and (iii) PATM is assigned a value of
zero because all other pressures are referenced to it.

Normal, expiratory, V-PTM curves are shown in Figure 2;
several features deserve emphasis (1, 108, 116). First, as
shown in Figure 1, PCW-TM equals PPL, and PRS-TM equals
PALV. Second, PTM is synonymous with elastic recoil pres-
sure. That is, at each volume, PTM is the pressure generated

V

PTM0 +

EV

TLC

RV

PRS-TM

PCW-TM

PL-TM

–

Figure 2 Static expiratory volume-transmural pressure curves of the
lungs (PL-TM), chest wall (PCW-TM), and respiratory system (PRS-TM).
PCW-TM equals pleural pressure, PRS-TM equals alveolar pressure, and
PL-TM equals alveolar pressure minus pleural pressure. V, volume; PTM,
transmural pressure; TLC, total lung capacity; EV, equilibrium volume;
RV, residual volume; +, positive transmural pressure; −, negative trans-
mural pressure. From Kreit J. Mechanical Ventilation. Oxford University
Press, 2018. Modified with permission of the licensor through PLSclear.

by the inward or outward recoil of the lungs, chest wall, or
respiratory system. It is also the applied pressure needed
to balance elastic recoil at each volume. Inward recoil is
designated by positive pressures on the X-axis; negative
pressures indicate outward recoil. It follows that elastic recoil
disappears when PTM is zero. This corresponds to the equi-
librium volume of each structure and is the point at which the
chest wall and respiratory system curves cross the Y-axis. The
equilibrium volume of the lungs is below RV; thus, PL-TM
does not reach zero. Third, at every volume, PRS-TM (PALV)
is the sum of PL-TM (PALV − PPL) and PCW-TM (PPL). Note
that the respiratory system reaches its equilibrium volume
when PL-TM and PCW-TM are equal and opposite, and PRS-TM
is zero. Normally, this is the volume remaining at the end of
a passive (i.e., no patient effort) exhalation and is designated
the functional residual capacity (FRC).

At every volume, elastic recoil pressure is greater during
inspiration than during expiration, a property referred to
as hysteresis (1, 19, 87, 126). Chest wall hysteresis is pro-
duced by connective tissue and muscle, which demonstrate
similar properties in vitro. Lung hysteresis is attributed
mostly to surfactant, which, at each lung volume, reduces
alveolar surface tension more during expiration than during
inspiration.

Elastic forces are usually quantified by compliance (C),
which is the ratio of the simultaneous change in volume (ΔV)
and transmural pressure (ΔPTM) under zero-flow conditions
(1, 108, 116).

C = ΔV∕ΔPTM (2)

Note that compliance varies inversely with elastic recoil.
Lung, chest wall, and respiratory system compliance are
calculated by substituting the change in PL-TM, PCW-TM,
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and PRS-TM, respectively into the denominator of Eq. (2).
Compliance is also equal to the slope of the V-PTM curves
shown in Figure 2. Rearranging Eq. (2) shows that the elastic
recoil pressure (PER) and the pressure needed to balance it,
vary directly with the change in volume and inversely with
compliance,

PER = ΔPTM = ΔV∕C (3)

and that the change in volume is determined by the product of
compliance and the change in transmural pressure.

ΔV = ΔPTM × C (4)

Elastic forces may also be quantified by elastance, which
is the reciprocal of compliance and varies directly with elastic
recoil.

Flow-resistive forces

Under static conditions, maintaining the respiratory system at
any point above or below its equilibrium volume requires only
enough pressure to balance elastic recoil. During the dynamic
processes of inspiration and expiration, however, additional
pressure must be supplied to overcome flow-resistive forces
that oppose gas flow and movement of the lungs and chest
wall (24–26, 57, 65, 85, 86, 98, 119). This pressure (PRES)
generates a gradient between PAW and PALV, overcomes
the friction produced by movement of the lungs and chest
wall, and is dissipated by the viscoelasticity of the lung
parenchyma and chest wall as the tissues stretch and relax
throughout the respiratory cycle (24–26, 65).

The intramural pressure gradient (ΔPIM) between the
airway opening and the alveoli is needed to overcome friction
at the airway surface and the cohesive forces between gas
molecules. It can be thought of both as the driving pres-
sure required to produce flow and as the pressure lost to
flow-resistive forces. The magnitude of ΔPIM depends on
the rate of gas flow, the length and caliber of the airways,
and the density and viscosity of the gas. The relative impor-
tance of these factors depends on the characteristics of gas
flow (57).

When flow is laminar, gas moves in discrete, cylindrical
layers or laminae, and ΔPIM is directly proportional to flow
(V̇), airway length (L), and gas viscosity (𝜂) and inversely
related to the fourth power of the airway radius (r).

ΔPIM ∝ V̇L𝜂∕r4 (5)

As gas velocity increases and the airways become more
branched and irregular, turbulent flow develops as gas move-
ment becomes increasingly chaotic and disorganized. Tur-
bulent flow requires a much higher driving pressure—ΔPIM
varies directly with the square of the flow rate and inversely
with the fifth power of the airway radius—andΔPIM is directly
proportional to gas density (𝜌) instead of viscosity (57).

ΔPIM ∝ V̇2L𝜌∕r5 (6)

Since flow through the conducting airways has both lam-
inar and turbulent components, Eqs. (5) and (6) are often
combined into a single equation that incorporates airway
length and radius and gas viscosity or density into the
constants K1 and K2.

ΔPIM ∝ K1V̇ + K2V̇2 (7)

When flow is predominantly laminar, the first term predom-
inates, and the relationship between driving pressure and flow
is nearly linear. As flow becomes more turbulent, the sec-
ond term assumes increasing importance, and pressure losses
increase exponentially with flow (57).

Whereas compliance and elastance are used to quantify
elastic recoil, flow-resistive forces are expressed in terms of
resistance (R), which is the ratio of PRES (or its airway, fric-
tional, or viscoelastic component) and gas flow (24–26, 65).
Thus, total respiratory system resistance (RRS) is

RRS = PRES∕V̇ (8)

and the total pressure needed to overcome flow-resistive forces
equals the product of flow and respiratory system resistance.

PRES = V̇ × RRS (9)

Airway resistance (RAW) equals the pressure gradient
between the airway opening and the alveoli divided by flow.

RAW = ΔPIM∕V̇ = (PAW − PALV)∕V̇ (10)

Substituting Eqs. (5) and (6) into Eq. (7) and dividing both
sides by flow yields

RAW ∝ L𝜂∕r4 + V̇L𝜌∕r5 (11)

Thus, airway radius is the most important determinant of
RAW, and when flow is turbulent, RAW increases in propor-
tion to the flow rate. Rearranging Eq. (10) shows that flow is
directly proportional to ΔPIM and inversely related to airway
resistance.

V̇ = (PAW − PALV)∕RAW (12)

Applied forces
The equation of motion

Equations (3) and (9) define the pressure needed to over-
come elastic and flow-resistive forces, respectively. Thus, the
total pressure (PTOT) supplied by the respiratory muscles, a
mechanical ventilator, or both at any point during inspiration
is defined by the equation of motion as the sum of PER and
PRES (57).

PTOT = PER + PRES = ΔV∕C + (V̇ × RRS) (13)
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During mechanical ventilation, the total positive end-
expiratory pressure (PEEPT) must be added.

PTOT = ΔV∕C + (V̇ × RRS) + PEEPT (14)

Spontaneous ventilation

The diaphragm normally supplies most of the pressure
required for spontaneous tidal inspiration (30, 32). As it
contracts, the diaphragm flattens and moves downward like
a piston while simultaneously forcing the rib cage outward.
This increases the volume of the thorax and lungs and
decreases the volume of the abdominal compartment, which
raises intra-abdominal pressure (PAB). Expiration, when
passive, is driven solely by the stored elastic recoil of the
respiratory system.

Figure 3 illustrates the change in PPL, PALV, PL-TM, and
PAB during a spontaneous breath (85, 86, 98, 119). Note
that these are dynamic, pressure-time curves, as opposed to
the static V-PTM curves shown in Figure 2. Airway pressure
(not shown) always equals PATM. At end-expiration, the
elastic recoil of the lungs and chest wall pulls the visceral
and parietal pleura in opposite directions, which makes mean
PPL negative relative to PATM. During inspiration, inward
lung recoil increases as the lungs are pulled outward by the
expanding chest wall; thus, PPL decreases and reaches its
most negative value at end-inspiration. Throughout passive
expiration, lung elastic recoil decreases, and PPL returns to its
baseline value. When gas flow stops at end-expiration, PALV
equals PAW and PATM (0 cmH2O). When inspiration begins,
lung volume increases faster than gas enters, and PALV falls;
this produces the pressure gradient (PAW − PALV) that drives
gas through the conducting airways. As the lungs fill, PALV
increases until it returns to zero (and flow stops) at end-
inspiration. The opposite occurs during passive exhalation,
and PALV returns to zero when flow stops at end-expiration
(85, 86, 98, 119). Lung transmural pressure and PAB are
positive (supra-atmospheric) at end-expiration and increase
and decrease with lung volume throughout the respiratory
cycle.

Mechanical ventilation

Dynamic pressure-time curves during a passive mechanical
breath are shown in Figure 4. Unlike spontaneous breaths,
PAW and PALV increase during positive-pressure inflation.
The rising PALV balances the increasing elastic recoil of
the respiratory system, and the gradient between PAW and
PALV overcomes flow-resistive forces and drives gas through
the conducting airways. If an end-inspiratory pause is per-
formed, flow stops, the delivered volume is held in the
lungs, flow-resistive forces disappear, and PAW falls to PALV.
Lung inflation pushes the visceral pleura against the parietal
pleura of the chest wall, and mean PPL rises. The difference
between PALV and PPL (PL-TM) also increases with lung
volume. By expanding the lungs, mechanical inflation forces

0

–5

PALV
PPL
PL-TM
PAB

5

P
re

ss
u

re
 (

cm
H

2O
)

0

5

Inspiration Expiration

Figure 3 Dynamic pressure-time curves showing the change in alve-
olar (PALV), pleural (PPL), lung transmural (PL-TM), and intra-abdominal
(PAB) pressure during a spontaneous breath. Based on, with permis-
sion, Mead J and Whittenberger JL, 1953 (86); Mead J, 1961 (85);
Otis AB, et al., 1950 (98); Rodarte JR and Rehder K, 2011 (119).

the diaphragm downward, thereby increasing PAB. During
passive expiration, PAW, PALV, PPL, PL-TM, and PAB return to
baseline, and flow stops when PALV equals PAW.

When added by the clinician during mechanical ventila-
tion, PEEP is the pressure in cmH2O by which end-expiratory
PAW and PALV are raised above PATM (Figure 4B). This stops
expiratory flow prematurely, increases end-expiratory lung
volume by the product of applied PEEP (ΔPRS-TM) and
respiratory system compliance (Eq. 4), and produces a new,
higher equilibrium volume.

End-expiratory volume and PALV also increase when
expiratory time is insufficient to allow the respiratory system
to return to its normal equilibrium volume; this is called
dynamic hyperinflation. It occurs when the time available
for expiration is very short or, more commonly, when the
time required for complete tidal expiration is prolonged by
reduced respiratory system elastic recoil (high compliance),
high airway resistance, or both. In clinical practice, dynamic
hyperinflation most often occurs in patients with moderate
to severe obstructive lung disease. In patients with dynamic
hyperinflation, the level of end-expiratory PALV is called
“intrinsic” PEEP to distinguish it from clinician-added,
“extrinsic” PEEP. Both extrinsic and intrinsic PEEP cause a
proportional rise in PALV, PPL, PL-TM, and PAB throughout
the respiratory cycle.

The Cardiovascular System
The cardiovascular system consists of the heart and two dis-
tinct circulations. The right ventricle (RV) ejects the mixed,
systemic venous blood into the pulmonary circulation, where
pulmonary gas exchange occurs. The left ventricle (LV)
pumps the mixed, pulmonary venous blood into the systemic
circulation, where tissue gas exchange provides O2 to and
removes CO2 from the cells of the body.

Volume 12, July 2022 3429

 10.1002/cphy.c210003, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c210003 by T

singhua U
niversity L

ibrary, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Respiratory-cardiovascular Interactions Comprehensive Physiology

(A)

(B)

0
–5

PAW

PALV

PPL

PL-TM

PAB

5

P
re

ss
u

re
 (

cm
H

2O
)

P
re

ss
u

re
 (

cm
H

2O
)

End-inspiratory pause

0
–5

5

0
5

Inspiration Expiration

10

End-inspiratory pause

0
5

Inspiration Expiration

Figure 4 Dynamic pressure-time curves during a passive, mechanical
breath with constant inspiratory flow and positive end-expiratory pres-
sure (PEEP) of 0 cmH2O (A) and 10 cmH2O (B). PEEP causes a propor-
tional rise in airway (PAW), alveolar (PALV), pleural (PPL), lung transmural
(PL-TM), and intra-abdominal (PAB) pressure throughout the respiratory
cycle. When inspiratory flow stops and expiration is delayed by an
end-inspiratory pause, PAW falls to PALV. Based on, with permission,
Van den Berg PCM, et al., 2002 (142).

Like the lungs and chest wall, the heart chambers and
blood vessels are elastic structures, and like gas flow through
the conducting airways, blood flow requires an intramural
pressure gradient. Thus, any change in atrial, ventricular, or
vascular volume is determined by the product of compliance
and ΔPTM (Eq. 4); the required ΔPIM depends on the length
and caliber of the blood vessels, blood viscosity and density,
the rate of blood flow, and whether flow is mostly laminar or
turbulent (Eqs. 5-7); and vessel radius is the most important
determinant of vascular resistance (Eq. 11).

The systemic and pulmonary circulations have many
important differences that influence the effect and magnitude
of respiratory-cardiovascular interactions (139, 153, 154).
The systemic arteries are highly muscularized with thick
walls and relatively small lumens; thus, arterial compliance
is low, systemic vascular resistance is high, and a large
pressure gradient is needed to drive blood flow. In com-
parison, the thin media of the pulmonary arteries contains
multiple elastic laminae and relatively little smooth muscle;
thus, the normal pulmonary circulation has high compliance
and low resistance. This has two important effects: (i) rela-
tively little pressure is needed to pump the systemic venous
return from the RV to the left atrium and (ii) vascular caliber
and resistance are strongly influenced by intramural and

extramural pressure. Thus, the intra-parenchymal vessels
dilate during lung inflation, and the pulmonary arteries pas-
sively distend during RV ejection then recoil, allowing blood
flow to continue during diastole.

Right and left ventricular structure and function are tai-
lored to meet the requirements imposed by their respective
circulations (31, 121). The LV has thick walls that can gen-
erate the high pressures needed to force blood through the
systemic circulation. In contrast, the RV, which must gener-
ate only a small fraction of this pressure, has a much thinner
free wall, and its mass is normally about one-sixth that of the
LV (121).

The cardiac cycle
The process by which the ventricles deliver pulsatile blood
flow to the pulmonary and systemic circulations can be
divided into four phases based on ventricular pressure and
volume—two during systole and two during diastole. These
phases are illustrated by ventricular pressure-volume (P-
V) loops (93, 132). As shown in Figure 5, the normal LV
generates a nearly rectangular loop. In contrast, the normal
RV P-V relationship reaches a much lower pressure and has
a trapezoidal or triangular shape. The volume difference
between vertical segments of the P-V loop is the stroke
volume, and the area within the loop equals the work done
by the ventricle during systole (the stroke work); this is
proportional to myocardial O2 consumption (93, 132).

• Systole—Isovolumic contraction: At the onset of systole,
the ventricles contain the end-diastolic volume. Immedi-
ately after contraction begins, ventricular PIM exceeds the
pressure within the atrium, and the tricuspid and mitral
valves close. Because the pulmonic and aortic valves
are also closed, the myocardium contracts isometrically,
and ventricular pressure rapidly increases without a
change in blood volume. This phase ends when RV and
LV pressure exceed pulmonary artery diastolic and aortic
diastolic pressure, respectively.

• Systole—Ejection: During this phase, the pulmonic and
aortic valves open and the ventricles eject the stroke
volume. Right ventricular pressure peaks early during
ejection, whereas LV pressure rises and falls more grad-
ually. The pulmonic and aortic valves close once RV and
LV pressure fall below the pressure within their respective
circulations, and systole ends. This corresponds to the
pressure at the dicrotic notch in the pulmonary artery and
aortic pressure waveforms.

• Diastole—Isovolumic relaxation: With all four valves
closed, the blood volume remaining in the ventricles (the
end-systolic volume) is constant as myocardial tension
and ventricular pressure rapidly fall. Despite its name,
myocardial relaxation is an energy-dependent process
produced by the movement of calcium back into the
sarcoplasmic reticulum; thus, it is often referred to as

3430 Volume 12, July 2022
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relationship

Isovolumic contraction

Ventricular filling

Isovolumic relaxation
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Figure 5 Schematic illustration of the left ventricular (LV) pressure-
volume loop. The pressure and volume changes during isovolumic
contraction, ejection, isovolumic relaxation, and ventricular filling are
shown. The base of the loop is the LV diastolic pressure-volume
relationship.

“active relaxation.” This phase ends when intraventricular
pressure falls below atrial PIM and the tricuspid and mitral
valves open.

• Diastole—Ventricular filling: Throughout systole and iso-
volumic relaxation, the atria fill with blood, and pressure
rises. With the opening of the tricuspid and mitral valves,
blood rapidly enters the ventricles at a rate proportional
to the atrial-ventricular pressure difference. This “passive
filling” ends when atrial and ventricular pressures equi-
librate. Just before the end of diastole, “active filling”
occurs as atrial contraction pushes the final portion of
what will become the end-diastolic volume into the
ventricle. The ventricular filling phase ends at the onset
of systole when the rapid reversal of the atrial-ventricular
pressure gradient and contraction of the papillary muscles
close the tricuspid and mitral valves.

The determinants of ventricular function
Preload

In 1914, Ernest Starling and colleagues published a series of
papers describing the results of experiments performed in an
isolated dog heart preparation (83, 101, 102). By measuring
cardiac output and right and left atrial pressure while inde-
pendently varying arterial resistance and pressure and the
rate at which venous blood returned to the right atrium, these
experiments identified or confirmed many basic principles
of cardiovascular physiology. The most well-known findings
(101), however, came from building on the work of Otto
Frank who, in the late 19th century, described the relationship
between LV diastolic volume and force generation in the frog
heart (42).

Starling showed that within the normal working range
of the ventricle, the tension and pressure generated by the
myocardium during systole was directly related to the “load”
placed on it by the end-diastolic volume and thus proportional

to the length of the myocardial “muscle fibers” prior to con-
traction (101). This came to be known as the “Frank-Starling
mechanism” and the “Frank-Starling law of the heart.” By
1914, this “law” had already been well established for skeletal
muscle (14).

Subsequently, the term “preload” was adopted to describe
the ventricular end-diastolic pressure; that is, the pressure
just before the onset of contraction. Investigators also used
experimental data from intact animal models to construct
ventricular function or Starling curves for both the RV and
LV by plotting stroke volume or stroke work on the Y-axis
and the appropriate mean atrial pressure, as a surrogate for
ventricular end-diastolic pressure, on the X-axis (11, 12,
122). With advancements in technology, it was recognized
that muscle fiber length reflected the length of the sarcomeres,
the fundamental contractile units within the cardiac myocytes
(54, 71, 133). At the same time, improvements in cardiac
catheterization and echocardiography allowed much more
accurate measurements of ventricular end-diastolic pressure
and volume.

Although preload is typically equated with end-diastolic
pressure, its relationship to end-diastolic volume and sarcom-
ere length depends on ventricular diastolic compliance. In the
healthy heart, ventricular filling occurs with little increase in
intramural or transmural pressure (Figure 6 and the diastolic
P-V relationship in Figure 5), and end-diastolic pressure
is low. When heart disease reduces compliance, ventricular
pressure increases more rapidly, the diastolic P-V relationship
is shifted upward and to the left, and ventricular filling is
reduced at the same end-diastolic pressure. When diastolic
compliance is abnormally high, as in the failing, dilated heart,
the diastolic P-V relationship is shifted downward and to the
right, and diastolic volume is increased at a given ventricular
pressure. Even in the normal heart, however, compliance falls
rapidly at high diastolic volumes as the ventricle reaches the
limit of its distensibility. Thus, ventricular pressure rapidly
increases with little or no increase in ventricular volume (and
sarcomere length).

The shape of the normal ventricular function curve can be
predicted based on the diastolic P-V relationship (Figure 7).
Within the optimal working range of the ventricles, stroke
volume rapidly increases with end-diastolic volume, which
generates only a small increase in end-diastolic pressure.
Thus, the curve is initially steep and almost linear. At high
end-diastolic volumes, however, ventricular end-diastolic
pressure rapidly increases with little or no change in end-
diastolic volume and stroke volume, and the curve abruptly
plateaus. This means that even small changes in preload can
have a significant effect on stroke volume when end-diastolic
volume and pressure are normal or low. Once the plateau of
the curve is reached, however, further increases in preload
raise ventricular wall stress (see next section) but no longer
augment ventricular output.

Because they are connected in series, the preload of
both ventricles is regulated primarily by the rate at which

Volume 12, July 2022 3431

 10.1002/cphy.c210003, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cphy.c210003 by T

singhua U
niversity L

ibrary, W
iley O

nline L
ibrary on [17/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Respiratory-cardiovascular Interactions Comprehensive Physiology

Diastolic volume

D
ia

st
o

lic
 p

re
ss

u
re

Normal compliance

Low compliance

High compliance

Figure 6 The relationship between diastolic pressure and volume
when ventricular compliance is normal, decreased, and increased.
As compliance falls, end-diastolic volume decreases at a given end-
diastolic pressure, and a higher end-diastolic pressure is required for
a given end-diastolic volume. Note that compliance rapidly falls when
end-diastolic volume exceeds the normal working range of the ventricle
(dashed black lines), and there is little or no increase in ventricular vol-
ume as pressure rises. This creates the plateau on the ventricular function
curve.
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Figure 7 Idealized depiction of a ventricular function or Starling
curve. Within the optimal working range of the ventricle, stroke vol-
ume increases rapidly with end-diastolic volume with little increase in
end-diastolic pressure. At high end-diastolic volumes, however, ventric-
ular compliance rapidly falls, and end-diastolic pressure increases with
little or no change in end-diastolic volume and stroke volume.

systemic venous blood returns to the right atrium (RA). The
determinants of venous return were defined by a series of
experiments performed in the 1950s by Guyton and col-
leagues (47–50). Guyton’s experiments used an open-chest
canine preparation in which blood was pumped from the
RA, through an external circuit, and into the main pulmonary
artery, thereby bypassing the RV. Guyton varied right atrial
intramural pressure (PRA-IM), measured the resulting blood
flow through the external circuit (venous return), and used
this paired data to construct venous return curves (47–50).
These curves have since been reproduced in intact animal
preparations by several investigators (40, 111). As shown in
Figure 8, venous return is inversely related to PRA-IM and
stops once PRA-IM reaches the pressure at the X-intercept.
This is called the mean systemic filling pressure (PMS) and is
the “upstream” pressure pushing blood toward the heart. It is
generated by the interaction of the veins and venules with the
“stressed volume” of the circulating blood and is determined

RA intramural pressure

Venous
return Baseline

Volume loading

Hypovolemia

0 +

Decreased RVR

–

Figure 8 Venous return curves. Mean systemic filling pressure is the
point at which each curve intersects the X-axis. The effect of volume
loading, hypovolemia, and decreased resistance to venous return (RVR)
is shown. RA, right atrial; RVR, resistance to venous return; +, positive
pressure; −, negative pressure. Based on, with permission, Guyton AC,
et al., 1959 (47); Guyton AC, et al., 1956 (49); Guyton AC, et al.,
1957 (50); Guyton AC, 1955 (47).

by intravascular volume, venous elastic recoil and autonomic
tone, and the extramural pressure acting on these vessels.
In animal (51, 111) and human (64, 118) studies, PMS has
been equated with PRA-IM during cardiac arrest. In humans,
PMS is approximately 10 mmHg (64, 118).

Thus, in Guyton’s model of the systemic circulation,
PRA-IM acts as the back pressure for blood returning to the
heart, and the rate of venous return (V̇VR) is directly propor-
tional to the PMS − PRA-IM gradient (the driving pressure)
and inversely related to what Guyton called the resistance to
venous return (RVR) (47–50).

V̇VR = (PMS − PRA−IM)∕RVR (15)

This is analogous to Eq. (12), which defines flow through
the conducting airways.

Note in Figure 8, however, that venous return does not
increase indefinitely. The veins entering the thorax are
exposed to atmospheric pressure. Thus, once PRA-IM drops
below PATM, venous PTM becomes negative, the vessels flutter
between opening and closing, and venous return plateaus.
This is referred to as flow limitation and will be discussed in
later sections.

Figure 8 also illustrates two other important physiological
principles (47–50). First, hypovolemia reduces venous return
by decreasing PMS and the PMS − PRA-IM gradient while vol-
ume loading has the opposite effect. Second, the slope of the
venous return curve equals the venous conductance; thus, an
increase or decrease in slope indicates a fall or a rise in RVR,
respectively.

The heart cannot pump more blood than it receives; thus,
in a steady state, cardiac output must equal venous return.
Guyton illustrated this principle by superimposing canine
venous return and ventricular function curves with PRA-IM on
the X-axis and venous return and cardiac output on the Y-axis
(Figure 9) (47). The ventricular function curve starts to the
left of the zero line because intramural, not transmural RA
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RA intramural pressure

Venous return
Cardiac output

Baseline

Volume loading

Hypovolemia

0 +

Hypervolemia

–

Figure 9 Superimposition of venous return and ventricular function
(Starling) curves. Venous return curves over a wide range of intravascu-
lar volume and mean systemic filling pressures are shown. Each inter-
section of a venous return curve with the ventricular function curve (filled
circles) defines the right atrial intramural pressure, venous return, and
cardiac output at that level of mean systemic filling pressure and ventric-
ular function. RA, right atrial; +, positive pressure; −, negative pressure.

pressure, is being measured. Guyton then showed that for a
given PMS and level of ventricular function, PRA-IM, venous
return, and cardiac output were determined by the intersection
of the two curves. Figure 9 shows that when the ventricle
is functioning on the steep portion of its Starling curve,
raising the PMS by expanding vascular volume progressively
increases venous return and cardiac output with only a small
increase in PRA-IM. When the ventricle is functioning on the
plateau of its curve, however, raising PMS causes a large
increase in PRA-IM but has no effect on venous return and
cardiac output.

Afterload

This is the load that the ventricle must overcome after
contraction begins. Ventricular afterload is most often
equated with the wall stress (𝜎) developed during the iso-
volumic phase of systole (132). Although it is a marked
over-simplification, circumferential wall stress is usually
estimated based on the law of LaPlace for a cylinder (132,
155). Thus, wall stress is directly proportional to ventricular
PTM and the internal radius (r) of the ventricular cavity and
inversely related to ventricular wall thickness (T) at the end
of isovolumic contraction; that is, just prior to the ejection
phase of systole (132).

𝜎 ∝ (PTM × r)∕T (16)

This equation has several important implications. First,
because ventricular internal radius is proportional to end-
diastolic volume, afterload increases with ventricular preload.
Second, ventricular hypertrophy reduces afterload by
distributing wall stress throughout a greater myocardial vol-
ume. Finally, because PTM in Eq. (16) is the pressure needed

to open the pulmonic and aortic valves, RV and LV PTM
can usually be approximated by end-expiratory, intramural
pulmonary artery diastolic, and aortic diastolic pressure,
respectively. In clinical practice, these pressures are often
used as surrogates for RV and LV afterload.

In the absence of outflow obstruction, ventricular afterload
has two major determinants (21, 139, 153, 154). The first is
pulmonary vascular resistance (PVR) or systemic vascular
resistance (SVR); as resistance rises, so does the pressure
needed to pump blood through the circulation. Second, after-
load increases with the “downstream” or back pressure the
ventricle must eject against (139, 153). For the LV, this is the
critical closing pressure within the arterial circulation (76);
for the RV, the back pressure varies between PALV and the
pressure within the left atrium (LA; PLA-IM), depending on
the distribution of pulmonary capillary transmural pressures
(see later section: Alveolar and extra-alveolar vessels). Left
ventricular afterload is normally high because the LV ejects
into the high-resistance systemic circulation; RV afterload is
normally low (139, 153).

Contractility

Ventricular contractility is defined as the inherent inotropic
state of the myocardium. Neither stoke volume nor stroke
work reliably reflect contractility because both are heavily
influenced by preload and afterload. Thus, the most accurate
assessment of contractility is derived from a series of P-V
loops plotted under varying load conditions (Figure 10).
At a constant heart rate, with either varying preload and
constant afterload or varying afterload with constant preload,
contractility is proportional to the slope of a line connecting
the end-systolic ratio of ventricular pressure to ventricular
volume within each loop (132, 155).

Ventricular volume
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LV diastolic
pressure-volume
relationship

LV end-systolic
pressure-volume
relationship

Baseline

Volume loading

↑Preload

↑Afterload

↑Contractility

Figure 10 A schematic illustration of the change in the baseline left
ventricular (LV) pressure-volume loop (black) with an increase in preload,
afterload, and contractility. The slope of a line connecting the end-
systolic pressure and volume of loops obtained with different preload
and afterload is proportional to ventricular contractility. The LV diastolic
pressure-volume relationship and the point at which diastolic compli-
ance rapidly falls (dashed black line) are also shown. Figure modified,
with permission, from Tanai E and Frantz S, 2016 (136).
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Combining the determinants of ventricular function

Stroke volume is determined by the combined effects of ven-
tricular preload, afterload, and contractility. The interaction
and net effect of these three factors can be illustrated by the
series of P-V loops shown in Figure 10 (122, 132, 136). An
increase in preload produced, for example, by an intravenous
crystalloid bolus, raises end-diastolic pressure and volume
along the diastolic P-V curve and increases stroke volume and
stroke work. An increase in afterload also shifts the loop along
its diastolic P-V curve (thereby increasing preload), but stroke
volume falls despite higher ventricular pressure. In the normal
heart, the rise in preload restores baseline stroke volume after
several cardiac cycles but at the expense of an increase in
stroke work and O2 consumption. Finally, an increase in con-
tractility, by raising the peak pressure-volume ratio, widens
the P-V loop and shifts it to the left on the diastolic P-V curve.
Thus, stroke volume increases at a lower ventricular preload.

Similar information is provided by the series of Starling
curves shown in Figure 11 (122, 132, 136). An increase or
decrease in preload moves ventricular function to the right and
left, respectively along the same curve. An increase in after-
load or a decrease in contractility shifts the curve downward
and to the right, thereby reducing stroke volume at a higher
preload. An increase in contractility or a decrease in afterload
moves the curve upward and to the left, and stroke volume
increases at a lower preload.

Ventricular interdependence

The RV and LV share a common septum and are surrounded
by the pericardium, which initially stretches but then rapidly
stiffens with increasing volume. Thus, total ventricular
volume is constrained, and during diastole, an increase in the
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B

Figure 11 A series of Starling curves showing the effect of changes
in ventricular preload, afterload, and contractility. Increases and
decreases in preload move ventricular function to the right (A→C) and
left (A→B), respectively along the same curve. Increased contractility
or decreased afterload move ventricular function upward and to the left
(A→ E), thereby increasing stroke volume at a lower preload. Increased
afterload or decreased contractility move the curve down and to the
right, and stroke volume falls at a higher preload (A→D). From Kreit
J. Mechanical Ventilation. Oxford University Press, 2018. Reproduced
with permission of the licensor through PLSclear.

volume of one ventricle reduces the volume and compliance
of the other (137, 160). This is referred to as diastolic ven-
tricular interdependence. Although its effects on the healthy
heart are small, and under steady-state conditions, RV and
LV output must be equal, ventricular interdependence and
its hemodynamic consequences can become markedly exag-
gerated by ventricular dilation and diseases of the pericardium
(92, 160).

Extramural pressure and the compartments of the
cardiovascular system
Much of the cardiovascular system is exposed to nonatmo-
spheric pressure. Figure 12 shows the “compartments” of
the cardiovascular system based on the prevailing extramural
pressure (36). Within the thorax, the visceral pleura sur-
rounds both lungs, and the parietal pleura lines the rib cage,
diaphragm, and mediastinum. Thus, the heart, superior vena
cava (SVC), and pulmonary arteries and veins are exposed
to PPL; the pulmonary capillaries, which run through the
alveolar walls, are acted on by PALV; and the intra-abdominal
arteries and veins, including the inferior vena cava (IVC), are
surrounded by PAB. This is important because these extra-
mural pressures are altered by spontaneous and mechanical
ventilation, and changes in PEM affect PIM and PTM, which
determine blood flow and blood volume, respectively.

R L PALV

Ex-ALV

Extra-thoracic

Extra-abdominal

Abdominal

Thoracic
ALV

PAB

PATM

PATM

PPL

Figure 12 The “compartments” of the cardiovascular system. The
extra-thoracic compartment contains the blood vessels in the head,
neck, arms, and extra-pleural chest wall. The extra-abdominal compart-
ment consists of the lower body and the extra-peritoneal abdominal
wall. PATM, atmospheric pressure; PPL, pleural pressure; PALV, alveolar
pressure; PAB, intra-abdominal pressure; ALV, alveolar vessels; Ex-ALV,
extra-alveolar vessels; R, right atrium and ventricle; L, left atrium and
ventricle. From Kreit J. Mechanical Ventilation. Oxford University Press,
2018. Reproduced with permission of the licensor through PLSclear.
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The effects of increasing extramural pressure
When the volume and compliance of an elastic structure do
not change, PTM must be constant; thus, a change in PEM
produces an identical change in PIM. This, for example, allows
a balloon catheter to accurately reflect pressure changes
within the esophagus or the bladder. The effect of altering the
PEM acting on the heart chambers and blood vessels is more
complex because volume and PTM usually do change.

The right atrium, superior vena cava, and inferior
vena cava

Based on data derived from animal and human studies (72,
112, 134, 135, 142, 145, 147), Figure 13 shows how pressure,
blood flow, and volume change during a passive mechanical
breath or with PEEP. In the figure, a continuous process has
been divided into several steps.
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Figure 13 Schematic representation of the right atrium (RA) and supe-
rior vena cava (SVC) within the thoracic compartment and the inferior
vena cava (IVC) within the abdominal compartment. The figure shows
the change in pressure within the RA (PRA-IM), SVC (PSVC-IM), abdomen
(PAB), and IVC (PIVC-IM) when pleural pressure (PPL) is increased by
a positive-pressure breath or positive end-expiratory pressure. For the
sake of clarity, a rapid, continuous process has been separated into
three steps (A, B, and C). The total change in PPL, PRA-IM, PAB, and trans-
mural RA (PRA-TM), SVC (PSVC-TM), and IVC (PIVC-TM) pressure is shown
in the box. The width of the arrows indicates the magnitude of flow. The
size of the RA, SVC, and IVC reflect transmural pressure and volume.
Purple arrows represent flow from the extra-thoracic, abdominal, and
extra-abdominal compartments. Light blue arrows represent flow from
the splanchnic venous reservoir. Based on, with permission, Jellinek H,
et al., 2000 (64); Lansdorp B, et al., 2014 (72); Pinsky M, 1984 (111);
Pinsky MR, 1984 (112); Takata M, Beloucif S, Shimada M, Robotham
JL. Superior and inferior vena caval flows during respiration: pathogen-
esis of Kussmaul’s sign. Am J Physiol 262: H763-H770, 1992; Takata
M and Robotham JL, 1990 (134); Takata M, et al., 1992 (135); Van
den Berg PCM, et al., 2002 (142); Vieillard-Baron, A, et al., 2001
(151); 137. Vieillard-Baron A, et al., 2004 (147).

With the application of positive airway pressure, the rise
in PPL (Figure 4) increases PRA-IM and the pressure within
the SVC (PSVC-IM). This is accompanied by a fall in venous
return from the extra-thoracic and abdominal compartments.
The resulting decrease in RA and SVC volume causes
a proportional drop in RA and SVC transmural pressure
(PRA-TM; PSVC-TM), which reduces the rate at which PRA-IM
and PSVC-IM rise and the rate at which flow and volume fall,
and new equilibrium values are reached. Thus, an increase
in PPL raises PRA-IM and PSVC-IM and reduces venous return,
PRA-TM, PSVC-TM, RA and SVC volume, and SVC diameter.

Simultaneously, diaphragm descent compresses the liver,
reduces the volume of the abdominal compartment, and
increases PAB, which reduces blood flow from the extra-
abdominal compartment. The abdomen, however, contains
a large reservoir of venous blood within the splanchnic cir-
culation. If the pressure within the IVC (PIVC-IM) uniformly
exceeds PAB, the increase in PAB pushes this blood toward
the RA (see later section: Right ventricular preload). Because
PRA-IM normally rises more than PAB (142) and is usually
the major determinant of upstream PIVC-IM, IVC transmural
pressure (PIVC-TM), volume, and diameter increase with
positive-pressure inflation and PEEP.

The left atrium, ventricles, and main pulmonary
arteries and veins

The rise in PPL with positive-pressure inflation and PEEP
also increases the pressure within the LA, RV, and main
(mediastinal) pulmonary arteries and veins. However,
because these structures are all exposed to PPL, there is
no direct effect on driving pressure, blood flow, and volume.
Elevation of LV intramural pressure reduces the pressure
needed to eject blood from the thorax (see later section: Left
ventricular preload and afterload).

Alveolar and extra-alveolar vessels

Based on the compartment model shown in Figure 12, the
intra-parenchymal pulmonary circulation can be divided into
alveolar vessels, which are mostly the pulmonary capillaries,
and extra-alveolar vessels, which are the pulmonary arteries
and veins (23, 56, 107). Because they have no structural
rigidity, the caliber of the pulmonary capillaries is deter-
mined solely by transmural pressure (PC-TM), which is the
difference between the pressure within the capillaries (PC-IM)
and PALV.

At the level of the main pulmonary arteries, PC-IM entering
the alveoli (inflow pressure; PC-I) is mean pulmonary arterial
pressure minus the pressure lost to flow-resistive forces.
At the level of the LA, PC-IM leaving the alveoli (outflow
pressure; PC-O) is normally slightly higher than PLA-IM.
Gravity-induced changes in hydrostatic pressure cause PC-I
and PC-O to increase and decrease by 1.0 cmH2O, respectively
for every centimeter that the vessel is below or above the main
pulmonary arteries and LA. Since PALV can be considered
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PALV
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PC-I
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PC-O

PC-I PC-O

Zone 1: PALV > PC-I > PC-O

Zone 2: PC-I > PALV > PC-O

Zone 3: PC-I > PC-O > PALV

Figure 14 The zones of the lung. PALV, alveolar pressure; PC-I, cap-
illary inflow pressure; PC-O, capillary outflow pressure. From Kreit J.
Mechanical Ventilation. Oxford University Press, 2018. Reproduced
with permission of the licensor through PLSclear.

uniform throughout the lungs, PC-TM must vary with the
location of the vessel. This is the basis for the zones of the
lung as described by West and colleagues (Figure 14) (157).

In Zone 1, PALV exceeds both PC-I and PC-O, PC-TM is
uniformly negative, the capillaries are collapsed, and there
is no blood flow. In Zone 2, PC-I exceeds PALV, but as PC-IM
falls with blood flow, PC-TM becomes negative. Permutt
and co-workers (109) showed that under Zone-2 conditions,
the capillaries develop flow limitation. That is, they flutter
between opening and closing, and blood flow is determined
by the gradient between PC-I and PALV, not PC-I and PC-O.
This is often referred to as a “vascular waterfall” because
flow over the precipice of a waterfall is determined by the
slope of the riverbed (PC-I − PALV) not by the height of
the waterfall (PALV − PC-O) (109). Thus, PALV becomes the
back pressure for blood flow in both Zone-1 and Zone-2
capillaries. In Zone 3, PC-I and PC-O exceed PALV, PC-TM is
uniformly positive, and blood flow is driven by the difference
between PC-I and PC-O.

The Effects of Mechanical Ventilation on
the Cardiovascular System
Pleural, alveolar, and intra-abdominal pressure define the
“compartments” of the cardiovascular system. Changes
in these extramural pressures during spontaneous and
mechanical ventilation alter venous return and RV and LV
preload and afterload. The resulting hemodynamic changes
define the respiratory-cardiovascular interactions. With
positive-pressure inflation and PEEP,

• The rise in PPL reduces venous return and RV preload.

• The rise in PL-TM and PALV increases RV afterload.

• The rise in PPL decreases LV afterload.

• The fall in RV preload and rise in RV afterload reduce
RV stroke volume, which decreases LV preload and stroke
volume after several cardiac cycles.

The hemodynamic effects of a passive mechanical breath
are shown schematically in Figure 15.

Positive end-expiratory pressure elevates PALV, PPL, PL-TM,
and PAB throughout the entire respiratory cycle rather than
only during inspiration (Figure 4B). Thus, its hemodynamic
effects are usually greater than those produced by intermit-
tent, positive-pressure breaths alone and increase in propor-
tion to PEEPT.

Right ventricular preload
It has long been recognized that positive-pressure ventilation
and PEEP decrease systemic venous return and RV preload
in proportion to the rise in PPL (38, 39, 111, 112). Based
on Guyton’s model, this has traditionally been attributed to
the resulting increase in PRA-IM, which reduces the pressure
gradient driving venous return (Eq. 15). Unfortunately, it is
almost certainly not that simple. Experiments in both animal
models (39, 40, 94) and humans (64, 118, 142) have shown
that PMS and PRA-IM increase by about the same amount dur-
ing positive-pressure inflation (118), with increasing levels
of PEEP (39, 40, 94, 118), and when positive airway pressure
is applied during apnea (64, 142). Thus, venous return is
decreased, apparently without changing its driving pressure.

Although experimental evidence is inconclusive, it is likely
that one or more of the following factors are responsible for
the rise in PMS: (i) blood is transferred from the alveolar
vessels to the systemic circulation by the increase in PALV
and fall in PC-TM (39, 64, 118); (ii) increasing PAB raises
the pressure within the splanchnic venous reservoir (118,
142); and (iii) autonomic reflexes respond to a fall in blood
pressure by increasing venous tone and reducing venous
capacitance (39, 94, 118). Since reflex venoconstriction does
not occur immediately (94), it is unlikely to contribute to the
rise in PMS during individual mechanical breaths.

The mechanism(s) by which positive airway pressure
reduces venous return also remains unclear. Based on
Eq. (15), if the driving pressure is unchanged, decreased
venous return must be caused by increased resistance, and this
has been reported by several investigators (40, 94). Another
possible explanation is that by increasing PPL and PAB, posi-
tive pressure inflation and PEEP favor the formation of vascu-
lar waterfalls in the SVC and IVC (37, 39, 40, 134, 135, 145).

Like the pulmonary capillaries, when PSVC-IM and PIVC-IM
exceed PPL and PAB, respectively (as in Figure 13), venous
transmural pressures are uniformly positive, and Zone 3
conditions are present. Thus, PRA-IM is the back pressure
for venous return, and increased flow from the splanch-
nic reservoir may partially or completely compensate for
reduced flow from the extra-thoracic and extra-abdominal
veins (142). However, when extramural pressure exceeds
PSVC-IM or PIVC-IM, Zone-2 conditions are present, flow
limitation occurs, and PPL, PAB, or both become the back
pressure for venous return. Thus, the true driving pressure
for venous return falls. Studies have shown that a vascular
waterfall can form within the SVC in some mechanically
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Figure 15 (A) Schematic representation of the changes in right atrial intramural pressure
(PRA-IM) and right and left ventricular (RV, LV) preload, afterload, and stroke volume dur-
ing a passive, positive-pressure breath. Insp., inspiration; Exp., expiration. (B) Schematic
representation of changes in systemic blood pressure during a passive, positive-pressure
breath. The maximal (SBPMAX) and minimal (SBPMIN) systolic blood pressure, the maximal
increase (Δup) and decrease (Δdown) in systolic blood pressure from end expiration, and
the maximal (PPMAX) and minimal (PPMIN) pulse pressure are shown (see later section: Blood
pressure). From Kreit J. Mechanical Ventilation. Oxford University Press, 2018. Reproduced
with permission of the licensor through PLSclear.

ventilated patients (145, 147), and an IVC waterfall has been
demonstrated in mechanically ventilated dogs (134, 135) and
in spontaneously breathing patients during an acute asthma
exacerbation (60).

Right ventricular afterload
Experimental data obtained using isolated animal lungs and
intact animal preparations have shown that alveolar vessels
are compressed (56, 107), extra-alveolar vessels dilate (8, 44,
52, 56, 107, 131), and total PVR increases (18, 28, 52, 56,
70, 110, 120, 140, 158) with PL-TM during both negative-
and positive-pressure inflation. In these studies, negative-
pressure inflation was performed by lowering the pressure
surrounding the isolated lung or the thorax below PATM to
simulate a spontaneous breath. Although conclusions based

on experimental data have been far from uniform (52, 110,
120), consensus has emerged that (i) PVR is lowest near the
equilibrium volume of the respiratory system and increases
at higher and lower lung transmural pressures and volumes;
and (ii) the relationship between PL-TM, the resistance of
the alveolar and the extra-alveolar vessels, and total PVR
is the same during spontaneous and mechanical breaths
(41, 75, 115). These relationships are illustrated by figures
that have become ubiquitous in physiology and clinical texts
(Figure 16), even though the original data came from a single
study performed on ten mechanically ventilated dogs (129).

From a theoretical standpoint, the relationship between
PL-TM and the caliber of the alveolar and extra-alveolar
vessels should, in fact, be the same. During spontaneous
inspiration, PPL falls more than PALV as PL-TM increases
(Figure 3). Since the LA is exposed to PPL, PLA-IM and
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PVR

PL-TM

Extra-alveolar

Total

Alveolar

EVRV TLC

Figure 16 The change in alveolar, extra-alveolar, and total pul-
monary vascular resistance (PVR) as lung transmural pressure (PL-TM)
increases from residual volume (RV) to total lung capacity (TLC). Total
PVR is lowest near the equilibrium volume of the respiratory system (EV),
which is normally functional residual capacity. Based on, with permis-
sion, Fishman AP, 2011 (41); Lumb AB, 2010 (75); Purmutt S and Wise
RA, 2011 (115).

“upstream” PC-IM also fall more than PALV. This reduces
PC-TM, which shifts alveolar capillaries from Zones 2 and 3
to Zones 1 and 2 (56, 107). The extra-alveolar vessels are
attached to innumerable alveolar septa as they course through
the lung parenchyma. Although these vessels are exposed
to PPL, like the bronchioles, their caliber is determined
by the pull or radial traction exerted by the adjacent lung
(8, 56, 107). Thus, the resistance of the intra-parenchymal
pulmonary arteries and veins falls as lung volume and PL-TM
increase (56, 107, 158). With mechanical breaths and PEEP,
PL-TM increases because PALV rises more than PPL (Figure 4),
but the effect on the alveolar and extra-alveolar vessels is the
same: PALV increases more than PLA-IM and PC-IM, PC-TM
falls, and the number of Zone-3 capillaries decreases, while
the extra-alveolar vessels dilate with increasing lung volume.

Although the relationship between PVR and PL-TM is
probably the same, two factors may significantly increase RV
afterload during mechanical ventilation. First, PALV increases
with positive-pressure inflation and PEEP. Because PALV is
the back pressure within Zone-1 and Zone-2 capillaries, the
RV must contract against a higher pressure that increases
throughout inspiration and in proportion to PEEPT. Second,
by raising end-expiratory and end-inspiratory lung volume,
PEEP causes a rightward shift on the PVR-PL-TM curve
and an exponential rise in PVR. During positive-pressure
inflation, the increase in RV afterload combined with the fall
in RV preload reduces RV stroke volume (59, 149).

Left ventricular preload and afterload
Left ventricular preload initially rises during mechanical
inflation because the decrease in PC-TM and the collapse of
alveolar vessels pushes blood into the LA (16, 56, 107);
preload subsequently falls with the drop in RV stroke vol-
ume. Left ventricular afterload falls during positive-pressure
inflation and in proportion to PEEPT because the rise in PPL

increases the pressure within the LV during the isovolumic
phase of systole (Figure 17). Therefore, the LV must gen-
erate less intramural pressure to eject the stroke volume,
and systolic transmural pressure and wall stress fall (17, 38,
113, 114). The combination of increased LV preload and
decreased LV afterload augments LV stroke volume at the
onset of inspiration. Stroke volume then falls as less blood is
delivered by the RV.

Blood pressure
Changes in systemic blood pressure (BP) (Figure 15B) mirror
those of LV stroke volume (58, 105, 106). Increased LV
preload and decreased LV afterload are responsible for the
normal rise in systolic BP and pulse pressure at the onset
of mechanical inflation. Left ventricular stroke volume,
systolic BP, and pulse pressure then fall with the decrease
in RV output and reach their nadir after several cardiac
cycles, usually in early expiration. This normal physiological
response is minimal or absent when one or both ventricles
are functioning on the plateau of their respective Starling
curves (4).

Factors influencing the hemodynamic effects of
mechanical ventilation
Tidal volume, PEEP, and compliance

Recall from Figures 1 and 2 that PALV (PRS-TM) equals the
sum of PPL (PCW-TM) and PL-TM. During positive-pressure
inflation, the increase in alveolar pressure (ΔPALV) varies
directly with tidal volume (VT) and inversely with respiratory
system compliance (Eq. 3), but its two components, ΔPPL
and ΔPL-TM, vary inversely with chest wall and lung com-
pliance, respectively. This is illustrated by the static V-PTM
curves shown in Figure 18. When chest wall and lung com-
pliance are normal (Figure 18A), ΔPPL and ΔPL-TM during
a passive, positive-pressure breath are similar. When VT is
constant and chest wall compliance falls (Figure 18B), ΔPPL
increases without changing ΔPL-TM. When lung compliance
decreases (Figure 18C) at constant VT, ΔPL-TM increases
without changing ΔPPL. Thus, a mechanical breath has a
greater effect on ventricular preload and LV afterload when
chest wall compliance is low and a greater effect on right
ventricular afterload when lung compliance is low.

Positive end-expiratory pressure produces an identical
increase in PALV, (i.e., PEEP= ΔPALV) but the resulting rise
in PPL and PL-TM are, once again, determined by lung and
chest wall compliance (Figure 19) (20, 61, 96). When chest
wall and lung compliance are normal (Figure 19A), ΔPPL and
ΔPL-TM are approximately equal. When chest wall compli-
ance is reduced (Figure 19B) or lung compliance is increased
(Figure 19C), ΔPPL becomes a larger portion and ΔPL-TM
becomes a smaller portion of ΔPALV. Thus, PEEP has a
greater effect on ventricular preload and LV afterload than on
RV afterload. When lung compliance is low (Figure 19D) or
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(A) (B) (C)

DBP = 80 mmHg DBP = 80 mmHg DBP = 70 mmHg

PPL = 0 mmHg PPL = 10 mmHg PPL = 0 mmHg

PIM = 8 mmHg PIM = 18 mmHg PIM = 8 mmHg

ΔPIM = 72 mmHg

PTM = 80 mmHg

ΔPIM = 62 mmHg

PTM = 70 mmHg

ΔPIM = 62 mmHg

PTM = 70 mmHg

Figure 17 Illustration showing the left ventricle (circle) and the aorta (narrow rectangle). The ventricle and
proximal aorta are within the thorax (black square) and exposed to pleural pressure (PPL). The intramural left
ventricular end-diastolic pressure (PIM) and the diastolic blood pressure (DBP) are shown. (A) In this example,
when PPL is 0 mmHg, the LV must increase its intramural pressure (ΔPIM) by 72 mmHg during isovolumic con-
traction to open the aortic valve, and, at the onset of the ejection phase, ventricular transmural pressure (PTM)
is 80 mmHg. (B) When PPL increases to 10 mmHg, PIM rises by the same amount during isovolumic contrac-
tion. Since DBP does not change, the ventricle must generate only 62 mmHg, PTM decreases to 70 mmHg,
and LV afterload falls. (C) Reducing DBP by 10 mmHg has the same effect on ΔPIM, PTM, and LV afterload as
increasing PPL by 10 mmHg.

chest wall compliance is high (e.g., a “flail” chest caused by
multiple rib fractures), ΔPL-TM becomes a larger portion and
ΔPPL becomes a smaller portion of ΔPALV, and PEEP has a
greater effect on RV afterload than on ventricular preload and
LV afterload.

The relationship between PEEP, ΔPPL, ΔPL-TM, and res-
piratory system mechanics can also be derived mathemati-
cally (61). Elastance (E), the reciprocal of compliance, is used
because the equations require the sum of lung and chest wall
elastance to equal respiratory system elastance; this is not true
of lung and chest wall compliance.

E = ΔPTM∕ΔV (17)

Rearranging and substituting into Eq. (17) shows that the
change in PL-TM, PCW-TM, and PRS-TM equals the product of
ΔV and the elastance of the lungs (EL), chest wall (ECW), and
respiratory system (ERS), respectively.

ΔPL-TM = EL × ΔV
ΔPCW-TM = ΔPPL = ECW × ΔV

ΔPRS-TM = ΔPALV = ERS × ΔV

Because ΔV is the same in these three equations,

ΔV = ΔPPL∕ECW = ΔPL-TM∕EL = ΔPALV∕ERS

Thus,
ΔPPL∕ECW = ΔPALV∕ERS

and
ΔPL-TM∕EL = ΔPALV∕ERS

which can be rearranged to give

ΔPPL = ΔPALV × ECW∕ERS = ΔPALV × ECW∕(ECW + EL)

and

ΔPL-TM = ΔPALV × EL∕ERS = ΔPALV × EL∕(ECW + EL)

Since PEEP equals ΔPALV, these equations can be re-
written as

ΔPPL = PEEP × ECW∕(ECW + EL) (18)

and
ΔPL-TM = PEEP × EL∕(ECW + EL) (19)

Thus, ΔPPL rises disproportionately with PEEP as chest
wall elastance increases (compliance decreases) or lung
elastance decreases (compliance increases), and ΔPL-TM rises
disproportionately as lung elastance increases (compliance
decreases) or chest wall elastance decreases (compliance
increases).
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Figure 18 (A) Normal, static, expiratory volume-transmural pressure
curves of the lungs, chest wall, and respiratory system showing the
increase in pleural pressure (ΔPPL-1) and lung transmural pressure
(ΔPL-TM-1) during tidal inflation. When tidal volume (VT) is constant,
a decrease (arrows) in chest wall (B) or lung (C) compliance (i.e., a
decrease in slope) reduces the equilibrium volume (EV) of the respi-
ratory system and causes a larger tidal increase in pleural pressure
(ΔPPL-2 > ΔPPL-1) and lung transmural pressure (ΔPL-TM-2 > ΔPL-TM-1),
respectively. PTM, transmural pressure; PALV, alveolar pressure; PL-TM,
lung transmural pressure; PPL, pleural pressure; V, volume; VT, tidal vol-
ume; TLC, total lung capacity; RV, residual volume; +, positive transmu-
ral pressure; −, negative transmural pressure. From Kreit J. Mechanical
Ventilation. Oxford University Press, 2018. Reproduced with permission
of the licensor through PLSclear.

Intravascular volume

The ventricles normally function on the steep portion of the
Starling curve. Thus, the positive-pressure-induced reduction
in venous return and ventricular preload is more prominent in
hypovolemic or euvolemic patients and reduced or eliminated
by hypervolemia. Hypovolemia further magnifies the effect
of mechanical ventilation on RV function because (i) vas-
cular waterfalls are more likely to occur in the intrathoracic
and intra-abdominal veins (37, 39, 40, 134, 135, 145); and
(ii) reduced PC-IM and PC-TM increase the number of Zone-1
and Zone-2 capillaries, thereby raising the back pressure
for flow through the pulmonary circuit and increasing RV
afterload (120, 158).

Right and left ventricular function

With its thin free wall and small muscle mass, the normal
RV is incapable of acutely generating high intraventricular
pressures. Thus, patients with preexisting RV dysfunction are
much more susceptible to positive-pressure-induced increases
in RV afterload. As shown in Figure 11, when contractility
is reduced, the Starling curve and the ventricle’s “position”
on it shift downward and to the right; this increases preload,
and the RV approaches or reaches the curve’s plateau. Thus,
when an increase in afterload further reduces stroke volume
and pushes the RV to the right along the plateau of its function
curve, the ventricle cannot restore stroke volume by additional
increases in preload. Conversely, patients with LV systolic
dysfunction are likely to benefit from the fall in LV preload
and afterload produced by a rise in PPL.

Intra-abdominal pressure

Abnormally high PAB pushes the diaphragm upward, thereby
decreasing intrathoracic volume and increasing PPL; it also
predisposes to Zone-2 conditions in the IVC (134, 135).
Thus, the decrease in ventricular preload and stroke vol-
ume produced by mechanical ventilation and PEEP may be
exaggerated in the presence of intra-abdominal hypertension.

Important Respiratory-cardiovascular
Interactions in Mechanically Ventilated
Patients
Acute respiratory distress syndrome
Since it was first recognized as an effective therapy in 1967
(5), PEEP has played an important role in the manage-
ment of patients with acute hypoxemic respiratory failure.
By increasing PALV and the equilibrium volume of the
respiratory system, PEEP opens or “recruits” atelectatic
alveoli throughout the respiratory cycle, thereby reducing the
shunt fraction and improving arterial hemoglobin saturation
and O2 content. An optimal level of PEEP may also reduce
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Figure 19 Static, expiratory volume-transmural pressure curves of the lungs, chest wall, and respiratory system showing normal lung and
chest wall compliance (A), decreased chest wall compliance (B), increased lung compliance (C), and decreased lung compliance (D). In
each figure, the new equilibrium volume (EV-2) produced by PEEP of 10 cmH2O (arrow) and the resulting volume increase (ΔV) above the
original equilibrium volume (EV) are shown. Also shown is the partitioning of the increase in alveolar pressure (ΔPALV =10 cmH2O) between
the increase in pleural (ΔPPL) and lung transmural (ΔPL-TM) pressure. Note that PEEP= ΔPALV and ΔPALV = ΔPPL + ΔPL-TM. V, volume; PTM,
transmural pressure; TLC, total lung capacity; RV, residual volume; +, positive transmural pressure; −, negative transmural pressure. Based on,
with permission, Chapin JC, et al., 1979 (20); Jardin F, et al., 1985 (61); O’Quinn RJ, et al., 1985 (96).

ventilator-induced lung injury by preventing alveolar recruit-
ment and de-recruitment during each ventilatory cycle (130).
Unfortunately, by elevating PALV, PEEP also increases both
PPL, which reduces ventricular preload, and PL-TM, which
increases RV afterload. Based on the principles discussed
in the preceding section, the type and severity of adverse
hemodynamic effects are determined by PEEPT, lung and
chest wall compliance, intravascular volume, intra-abdominal
pressure, and baseline RV and LV function.

Lung compliance is decreased in patients with the acute
respiratory distress syndrome (ARDS) (103, 117); thus, FRC
is reduced, and PEEP proportionally increases PL-TM more
than PPL (Figure 19D) (59, 61). This probably explains the
clinical observation that even high levels of PEEP usually
have relatively little effect on cardiac output and BP in the
absence of significant hypovolemia (59, 149). Studies sep-
arating ARDS patients based on underlying cause (43, 117)
have shown that chest wall compliance is usually normal

in those with primary lung disease (e.g., pneumonia) but
reduced in those with extra-pulmonary causes (e.g., pan-
creatitis, intra-abdominal infection, abdominal trauma) that
predispose to abdominal distention and intra-abdominal
hypertension. Thus, PEEP would cause a greater rise in PPL
(Figure 19B), and patients with extra-pulmonary ARDS
would be expected to have a higher risk of PEEP-induced
hypotension (43).

Prone positioning reduces chest wall compliance and
increases PAB by limiting movement of the anterior chest and
abdominal walls and may increase lung compliance by aug-
menting alveolar recruitment (53, 90, 104). When used during
surgical procedures, prone positioning decreases cardiac out-
put, primarily through a reduction in venous return (6, 141).
However, in physiological studies (13, 53, 104) and random-
ized, clinical trials (46) of ARDS patients, prone ventilation
has rarely had adverse hemodynamic effects and may even
increase ventricular preload (66), cardiac output (53, 66),
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and BP (66), especially in volume-responsive patients. Pos-
sible explanations include patient selection, routine volume
resuscitation prior to prone positioning, reduced PEEP
requirement (146) while prone, and the more dependent posi-
tion of the RA, SVC, and IVC when supine, semi-recumbent
patients are moved to the prone position (2, 77). Despite
its apparent safety, vigilance is advised when implementing
prone ventilation in patients with hypovolemia, reduced
chest wall compliance (e.g., morbid obesity, extra-pulmonary
ARDS), or intra-abdominal hypertension.

Although lung injury and acute respiratory failure domi-
nate the clinical picture, ARDS also has significant, adverse
effects on the pulmonary circulation and the heart (163,
164). Vascular damage and thrombosis, and vasoconstriction
induced by alveolar hypoxia and hypercapnia and the local
release of vasoactive mediators, increase RV afterload by
elevating PVR (163, 164). When PL-TM is disproportion-
ately increased, mechanical ventilation and PEEP further
elevate RV outflow impedance and may precipitate acute RV
dysfunction (59, 149, 151).

During the latter part of the twentieth century, studies
confirmed that pulmonary hypertension and RV dysfunction
were common in patients with ARDS (62, 152, 163). In the
era of low-tidal-volume ventilation, the prevalence has fallen,
but acute cor pulmonale (ACP), which, in research studies,
is usually defined by transesophageal echocardiography
as RV/LV chamber area greater than 0.6 accompanied by
leftward septal shift, still occurs in approximately 25% of
patients (15, 74, 88). Acute cor pulmonale has been iden-
tified as an independent risk factor for mortality in some
studies (15, 63, 88, 97) but not in others (74, 151). In the
largest study to date, mortality increased only when RV/LV
chamber area exceeded 1.0; this was present in 11% of
patients (88).

In agreement with previously discussed physiological
principles, identified risk factors for ACP include (i) high
VT; (ii) high PEEPT; (iii) low lung compliance; (iv) ele-
vated end-inspiratory PALV (plateau pressure), which
incorporates VT, PEEPT, and lung compliance; and (v)
increased driving pressure (plateau pressure minus PEEPT),
which incorporates VT and lung compliance (15, 88, 89,
125). The prevalence of ACP also increases with arterial
hypercapnia (62, 74, 88, 89), which causes pulmonary
vasoconstriction, and ARDS severity (88), presumably
because of worsening pulmonary vascular injury, increasing
alveolar hypoxia- and hypercapnia-induced vasoconstriction,
decreasing lung compliance, and higher PEEP require-
ments. Elevated intravascular volume may also be a risk
factor for ACP by predisposing to RV volume and pressure
overload.

To reduce the risk of ACP, a management strategy called
“RV-protective ventilation” has been proposed (100, 150).
This approach seeks to reduce RV afterload by avoiding
hypercapnia and by using low VT and driving pressure and
the lowest PEEP needed to optimize alveolar recruitment.
Recommended goals are plateau pressure less than 27 cmH2O

(63), driving pressure less than 18 cmH2O (146), and PaCO2
less than 48 mmHg (88).

Prone positioning is also an important component of
RV protective ventilation because it reduces RV afterload,
decreases RV size, and improves RV function in patients
with severe ARDS (146). These beneficial effects have been
attributed to a decrease in ΔPL-TM produced by (i) the fall in
chest wall compliance; (ii) the increase in lung compliance
from enhanced alveolar recruitment; and (iii) a decrease
in the required level of PEEP (100, 150). The impact of
RV protective ventilation on patient outcomes has not been
evaluated.

Obstructive lung disease
Patients with chronic obstructive pulmonary disease, acute
asthma, bronchiectasis, and bronchiolitis may develop
dynamic hyperinflation and intrinsic PEEP during mechan-
ical ventilation (82). Clinical experience indicates that these
patients, at similar levels of PEEPT, are much more likely
to develop preload-mediated hypotension than patients with
ARDS. This is explained by the difference in lung com-
pliance, not by a difference between intrinsic and extrinsic
PEEP. When lung compliance is low (Figure 19D), a set level
of PEEP has a relatively small effect on PPL and ventricular
preload. When lung compliance is normal (Figure 19A)
or high (Figure 19C), as in emphysema, the same level
of (intrinsic) PEEP causes a larger increase in PPL and is
more likely to reduce ventricular preload, stroke volume,
and BP (20).

Pulmonary hypertension and right ventricular failure
Although the normal RV is incapable of acutely generating
high intraventricular pressures, it has a remarkable ability
to adapt to gradually increasing pulmonary arterial pres-
sure through concentric hypertrophy, which, according to
the law of LaPlace, reduces wall stress and afterload (121,
139, 153, 154). Although hypertrophy can preserve ventric-
ular function by reducing afterload, it predisposes to RV
ischemia as increased RV mass raises myocardial O2 require-
ments, and high intraventricular pressures reduce coronary
blood flow.

In patients with chronic pulmonary hypertension or acute
RV dysfunction (e.g., RV infarction or pulmonary embolism),
overt RV failure can be precipitated by a sudden decrease
in RV contractility, an acute increase in afterload, or both.
In response, end-diastolic volume rises and the RV dilates,
which increases RV wall stress and afterload, worsens tricus-
pid regurgitation, and impairs LV filling through a leftward
shift of the interventricular septum. This triggers a vicious
cycle with a progressive fall in LV stroke volume, cardiac
output, and BP (121, 139, 153, 154).

One of the most common causes of acute RV failure in
at-risk patients is intubation and mechanical ventilation.
This feared complication is usually attributed to the sudden
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increase in RV afterload produced by positive-pressure
ventilation, although sedatives, anesthetics, and narcotics
administered before and after intubation probably contribute
by directly depressing myocardial function, inducing RV
ischemia through a reduction in systemic BP, or both (22,
27, 55, 124, 143). Based on previously discussed principles,
baseline RV dysfunction and low lung compliance (e.g.,
interstitial lung disease) significantly increase the risk of
acute RV failure.

Little data is available to guide therapy, and expert opinion
focuses primarily on prevention (22, 27, 55, 69, 124, 143).
The most effective measure, of course, is to avoid mechan-
ical ventilation, and the importance of early, extracorporeal
support in appropriate patients has been emphasized (55).
If mechanical ventilation is required, several measures may
reduce the risk of acute RV failure (22, 27, 55, 124). First,
noninvasive ventilation, which does not require patient seda-
tion, should be used, if possible. Second, intubation should
be performed using etomidate, a rapidly acting anesthetic
with minimal cardiovascular effects, and sedation during
mechanical ventilation should be minimized to reduce the
risk of drug-induced hypotension. Third, a continuous nore-
pinephrine infusion should be used, if necessary, to produce
mild hypertension prior to intubation. In the hypertensive
patient, norepinephrine must be immediately available during
and after intubation to rapidly correct systemic hypotension
and prevent RV ischemia. Fourth, the increase in RV afterload
should be limited by maintaining low VT and by minimizing
or (preferably) avoiding PEEP. Finally, the ventilator rate
should be adjusted to minimize hypercapnia and acidemia,
which increase PVR.

Recommended therapies for established, ventilator-
induced RV failure include inhaled nitric oxide or epoprostenol
to reduce RV afterload, an intravenous inotrope, such as dobu-
tamine (68) to increase RV contractility, and norepinephrine
to increase RV perfusion by maintaining a gradient between
systemic arterial pressure and RV systolic pressure (22, 27,
55, 69, 124, 143). Serial assessments of RV function using
echocardiography or right heart catheterization may help to
guide therapy (69).

Cardiogenic pulmonary edema
In patients with decompensated systolic heart failure and
pulmonary edema, the LV functions far to the right on the
plateau of a depressed Starling curve. Thus, LV end-diastolic
pressure and pulmonary capillary pressure are markedly
elevated, and stroke volume and cardiac output are low.
Diuretics and nitrates treat pulmonary edema without further
reducing stroke volume by moving the “position” of the LV
to the left along the plateau of the Starling curve. Arterial
vasodilators assist the failing heart by decreasing LV after-
load, which increases stroke volume and further reduces LV
and pulmonary capillary pressure.

It has long been recognized that invasive and noninva-
sive mechanical ventilation rapidly improve dyspnea and

tachypnea in patients with cardiogenic pulmonary edema
(45, 84, 95). Although this could logically be attributed to
mechanical ventilatory support, similar benefits are achieved
using continuous positive airway pressure (CPAP), which
provides no ventilatory assistance (33, 99). The explanation
is straightforward. By increasing PPL, CPAP and mechanical
ventilation, like diuretics, nitrates, and arterial vasodilators,
directly assist the failing LV by reducing RV and LV preload
and LV afterload in proportion to the applied airway pres-
sure. Meta-analyses of mostly small, randomized trials have
concluded that CPAP and noninvasive mechanical ventilation
(NIV) also reduce both the need for intubation and hospital
mortality in patients with cardiogenic pulmonary edema
(9, 156).

When positive-pressure therapy is stopped, the negative
PPL during spontaneous breaths abruptly increases venous
return and LV preload and afterload. When the heart is
unable to compensate, the rise in LV end-diastolic and pul-
monary capillary pressure initiates a vicious cycle in which
respiratory distress further decreases inspiratory PPL and
activates the sympathetic nervous system, which increases
heart rate, blood pressure, and myocardial O2 demand (3, 67,
73). Thus, it is not surprising that patients with LV sys-
tolic dysfunction may develop pulmonary edema and acute
respiratory failure following extubation or when CPAP or
NIV are stopped. Furthermore, occult LV dysfunction can
cause persistent ventilator dependence even when respiratory
parameters, such as spontaneous VT, respiratory rate, and
vital capacity indicate the ability to maintain spontaneous
ventilation (67, 73). This has led to the practice of gradually
reducing mask-delivered airway pressure and performing
truly spontaneous (i.e., T-piece) breathing trials in intubated
patients. Patients who fail initial attempts can usually be
successfully liberated from positive-pressure therapy after
aggressive diuresis (3, 73). In many cases, diuresis to the
point of prerenal azotemia is needed.

Assessing volume responsiveness
Intravenous (IV) fluid is an essential therapy for many
patients with hypotension and shock. In the presence of
hypovolemia, volume expansion increases systemic venous
return, RV and LV preload and stroke volume, cardiac output,
BP, and tissue O2 delivery. Excessive IV fluids, however,
are unlikely to further increase cardiac output and may
cause tissue and pulmonary edema, worsen oxygenation, and
increase the duration of mechanical ventilation (159). Thus, it
is important to determine if hypotensive patients are volume
responsive—that is, whether they are likely to have a clini-
cally significant increase in stroke volume following volume
infusion. Physical examination and static measurements such
as central venous pressure, pulmonary artery wedge pressure,
ventricular end-diastolic volume, and end-expiratory IVC
diameter are unreliable indicators of volume responsiveness
(80, 148). However, several dynamic measurements that
assess the response to a change in ventricular preload have
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been shown to accurately predict the response to volume
expansion (127).

Although many dynamic measurements have been studied,
all have the same physiological basis. The Starling curve
dictates that a change in preload alters stroke volume only
when the ventricle is functioning on the steep portion of the
Starling curve, not when it has reached its plateau. Thus, all
measurements quantify the change in stroke volume, cardiac
output, or a surrogate following a transient change in ven-
tricular end-diastolic pressure and volume; they differ in the
measurements performed and the way in which ventricular
preload is altered. Several, commonly used, predictive tests
rely on respiratory-cardiovascular interactions, and these will
be discussed here.

Systolic pressure variation

The systolic pressure variation (SPV) is the difference
between the maximal and minimal systolic arterial pressure
during a passive mechanical breath (Figure 15B). It is the sum
of the initial rise in systolic pressure from its end-expiratory
value (Δup) and the subsequent fall below end-expiratory
systolic pressure (Δdown). Systolic pressure variation and
Δdown, but not Δup, are highly correlated with the volume
of blood removed during stepwise hemorrhage in dogs (106)
and with volume responsiveness in critically ill patients (81).
Thus, Δdown, which reflects the positive-pressure-induced
drop in RV and LV preload and stroke volume, accounts for
the predictive value of the SPV.

Pulse pressure variation

Arterial pulse pressure (PP), the difference between systolic
and diastolic pressure, is directly proportional to LV stroke
volume and inversely related to aortic compliance (138).
Thus, during passive mechanical ventilation, pulse pressure
is highest during inspiration and lowest during expiration
(Figure 15B). The pulse pressure variation (PPV), expressed
as a percentage, is calculated by dividing the difference
between the maximum (PPMAX) and minimum (PPMIN) pulse
pressure by their average.

PPV(%) = [(PPMAX − PPMIN)∕[(PPMAX + PPMIN)∕2]] × 100
(20)

Studies have shown a highly significant, positive corre-
lation between PPV and the increase in stroke volume or
cardiac output following an IV fluid bolus (138). Most have
arbitrarily defined volume responsiveness as an increase in
stroke volume or cardiac output of at least 15% and have iden-
tified a threshold PPV that best separates volume-responsive
from nonresponsive patients. A meta-analysis published
in 2014 included 22 trials with a total of 807 critically ill
patients who were passively ventilated with a VT of at least
8 mL/kg (162). Based on the pooled data, the threshold PPV
was 12%, and pooled sensitivity and specificity were 0.88
and 0.89, respectively.

Stroke volume variation

This calculation is identical to PPV except that stroke vol-
ume (SV) is repeatedly measured during passive mechanical
ventilation, and SVMAX and SVMIN are substituted for PPMAX
and PPMIN in Eq. (20). Like SPV and PPV, clinical studies
have shown an excellent correlation between stroke volume
variation (SVV) and the increase in stroke volume or cardiac
output following volume infusion (81). A meta-analysis
published in 2009 found a mean SVV threshold of 12%
and a pooled sensitivity and specificity of 0.82 and 0.86,
respectively for a volume-induced increase in stroke volume
or cardiac output of at least 15% (81). A major source of
heterogeneity among clinical studies is the method used
to calculate stroke volume; techniques have included ther-
modilution, pulse contour analysis, esophageal Doppler, and
bioimpedance (123).

Inferior vena cava diameter

The ventilation-induced increase in the diameter of the
intra-hepatic IVC during passive mechanical breaths
also predicts volume responsiveness (7, 128). Ultrasound
is used to obtain a long-axis view of the IVC from the
subcostal window, and M-mode is used to measure its
maximum (IVCMAX) and minimum (IVCMIN) diameter
during the respiratory cycle. A meta-analysis published
in 2018 evaluated 12 studies that included 753 mechani-
cally ventilated patients with shock (128). Eleven studies
calculated the percent IVC diameter change (ΔIVC)
as [(IVCMAX − IVCMIN)/IVCMIN]× 100; one study used
[(IVCMAX − IVCMIN)/[(IVCMAX + IVCMIN)/2]]× 100. All
studies defined volume responsiveness as an increase in
stroke volume, cardiac output, or a surrogate measurement
of at least 15% following a fluid bolus. The median ΔIVC
threshold was 16%, and pooled sensitivity and specificity in
patients receiving VT greater than 8 mL/kg and PEEP less than
or equal to 5 cmH2O were 0.80 and 0.94, respectively (128).

Limitations

Although experimental evidence is lacking for many, sev-
eral factors have been shown or predicted to significantly
reduce the accuracy of SPV, PPV, SVV, and ΔIVC during
mechanical ventilation (128, 138, 144). These limitations
can be explained by the physiological principles underlying
respiratory-cardiovascular interactions.

• Low VT and spontaneous inspiratory efforts reduce the
rise in PPL and the fall in ventricular preload, thereby
increasing the number of false-negative results. Studies
have shown that mechanical breaths must be passive, and
a VT of at least 8 mL/kg is needed for acceptable accuracy
(29, 128). Because most patients now receive volumes
less than 8 mL/kg, a temporary increase in VT is usually
required during these measurements.
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• At a given VT, low chest wall compliance increases the
rise in PPL and the fall in ventricular preload during
positive-pressure inflation (Figure 18B) (20, 61, 91, 96).
This increases the number of false-positive results.

• Intra-abdominal hypertension decreases chest wall com-
pliance, thereby exaggerating the fall in ventricular
preload during mechanical inflation (91). Intra-abdominal
hypertension also predisposes to a vascular waterfall,
which makes PAB, not PRA-IM, the back pressure for
lower body venous return (134, 135). Thus, SPV, PPV,
SVV, and ΔIVC may be uncoupled from the change in
PPL and the response to volume infusion (10, 34, 79).

• In patients with RV failure, the reduction in RV preload
during positive-pressure inflation may, through ventricular
interaction, increase LV preload and stroke volume (92).
On the other hand, the inflation-induced rise in RV after-
load may reduce ventricular stroke volume. Either way,
SPV, PPV, and SVV are unlikely to accurately predict the
response to volume infusion. Right ventricular pressure
and volume overload dilate the IVC; thus, ΔIVC is likely
to be small even in volume-responsive patients.

• An irregular cardiac rhythm (e.g., atrial fibrillation) con-
stantly changes ventricular preload through its effects on
diastolic filling time independent of ventilation-induced
variations. Thus, SPV, PPV, SVV, andΔIVC are not useful
in predicting the response to volume infusion.

Conclusion
Ventilation influences cardiovascular function by altering the
extramural pressures acting on the heart and the intrathoracic
and intra-abdominal blood vessels. The elevation in PALV,
PPL, PL-TM, and PAB produced by mechanical inflation and
PEEP is accompanied by a reduction in RV and LV preload
and LV afterload and an increase in RV afterload. The magni-
tude and clinical significance of the resulting hemodynamic
effects depend on the delivered tidal volume, PEEPT, lung and
chest wall compliance, intravascular volume, intra-abdominal
pressure, and baseline RV and LV function.
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