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Summary

The prone posture is known to have numerous effects on gas exchange, both under normal condi-
tions and in patients with ARDS. Clinical studies have consistently demonstrated improvements in
oxygenation, and a multi-center randomized trial found that, when implemented within 48 h of
moderate-to-severe ARDS, placing subjects in the prone posture decreased mortality. Improve-
ments in gas exchange occur via several mechanisms: alterations in the distribution of alveolar
ventilation, redistribution of blood flow, improved matching of local ventilation and perfusion, and
reduction in regions of low ventilation/perfusion ratios. Ventilation heterogeneity is reduced in the
prone posture due to more uniform alveolar size secondary to a more uniform vertical pleural
pressure gradient. The prone posture results in more uniform pulmonary blood flow when com-
pared with the supine posture, due to an anatomical bias for greater blood flow to dorsal lung
regions. Because both ventilation and perfusion heterogeneity decrease in the prone posture, gas
exchange improves. Other benefits include a more uniform distribution of alveolar stress, relief of
left-lower-lobe lung compression by the heart, enhanced secretion clearance, and favorable right-
ventricular and systemic hemodynamics. Key words: prone; acute respiratory distress syndrome;
ARDS; respiratory failure; gas exchange; respiratory physiology. [Respir Care 2017;62(8):1097-1110.
© 2017 Daedalus Enterprises]

Introduction

The prone posture has been used for more than 40 years
to treat patients with severe ARDS.!3 The effects of the
prone posture on gas exchange are complex and related to
alterations in the distribution of alveolar ventilation and
blood flow, improved matching of local ventilation and
perfusion, and reduction in regions of low ventilation/per-
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fusion ratios.!#¢ Other benefits include a more uniform
distribution of alveolar stress, enhanced secretion clear-
ance, and favorable right-ventricular and systemic hemo-
dynamics. A number of early trials demonstrated that the
prone posture improves gas exchange, but none documented
a mortality benefit.’-!'> A multi-center randomized trial
found that, when implemented within 48 h of moderate-
to-severe hypoxemia due to ARDS, ventilation in the prone
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posture decreased both 28- and 90-d mortality and in-
creased ventilator-free days.!> As a result, there has been
a growing interest in this intervention for treatment of
ARDS patients with significant hypoxemia.

In this article, we describe the effects of prone posture
on gas exchange. We begin by reviewing the principles of
gas exchange, including normal physiology and pathologic
alterations independent of posture, and then discuss the
physiologic basis for improved gas exchange in the prone
posture. We conclude by discussing other physiologic ben-
efits of ventilation in the prone posture and reviewing data
from clinical trials on the effects of prone posture on gas
exchange.

Overview of Gas Exchange
Lung Structure

The lung’s structure facilitates efficient exchange of re-
spiratory gases. Air enters the adult trachea with a cross-
sectional area of roughly 3 cm” and is delivered through
repeated generations of bifurcating airways to the alveoli,
which, in total, have a surface area of ~140 m?, roughly
the size of a tennis court.'*!> The pulmonary vasculature
follows a similar pattern, branching in tandem with the
airways from the main pulmonary artery all the way down
to the capillaries, which cover 85-95% of the alveolar
surface. Under normal conditions, gases diffuse easily
across the exceptionally thin barrier (~1 wm) between
capillary blood and the alveolar space.!*!©

Normal Exchange of Oxygen and Carbon Dioxide

The exchange of O, depends on a partial pressure gra-
dient between alveolar gas and pulmonary capillary blood.'*
In the normal lung, capillaries deliver mixed venous blood
with a low Py (P5e ) to the alveolus (Fig. 1). Because the
Po, in the alveoli (P,(,) is much higher than in the pul-
monary capillary, O, diffuses passively from the alveolar
space into the blood. Under normal conditions, the P02
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Fig. 1. A single-lung unit model with notations used for partial
pressures (P), gas fractions (F), and content (C) for oxygen for
different compartments. Note that with a single-unit lung model,
arterial and end-capillary values are equal.

rapidly equilibrates between the alveolar gas and pulmo-
nary capillary blood, although there is always a small dif-
ference between the alveolar and arterial O,, referred to as
the alveolar-arterial O, difference (P(4_4)0,) due to blood
returning to the left atrium from the bronchial and thebe-
sian veins. As will be described further below, the mag-
nitude of the P, 40, can be used to identify cause(s) of
hypoxemia in a given patient.

Exchange of CO, follows similar principles. The partial
pressure of CO, (P¢p,) is greater in mixed venous blood
(Pgco,) than in the alveolar gas (Ppco), so net flow is
down a pressure gradient from capillary blood to alveolar
gas. Elimination of CO, is highly efficient due to the steep-
ness of the carbon dioxide dissociation curve in the phys-
iologic range of partial pressures when compared with
oxygen (Fig. 2).

Abnormal Exchange of Oxygen and Carbon Dioxide

Hypoxemia, defined as a low P,o, can develop as a
result of one of 5 different processes. The first is hypoven-
tilation. Because P, is determined by the ratio between
the delivery to and removal of oxygen from the alveolus
(alveolar ventilation [V 4] and blood flow [Q], respectively)
hypoventilation in the setting of normal cardiac output
results in a globally low V,/Q for the entire lung, which
lowers P,o, and, consequentially, P, . Low inspired Pg,
typically occurs at altitude, where barometric pressure drops
in the setting of a constant fraction of O, in the air.

Diffusion limitation is a rare cause of hypoxemia in
humans at rest and occurs when pulmonary blood flow is

RESPIRATORY CARE ® AucusT 2017 VoL 62 No 8



GAs EXCHANGE IN THE PRONE POSTURE

Total CO, content

Total O, content

O, or CO, content (mL/100 mL)

10 oY

0 = r r r r r
0 20 40 60 80 100

PO, or PCO, (mm Hg)

Fig. 2. Content versus partial pressure of CO, and O,. Although
the change in Pgo, from the venous to the arterial blood of ~5
mm Hg is small compared with a 60-mm Hg change in Pg,, an
equivalent volume of CO, is eliminated as O, taken up, due to the
steepness of the CO, dissociation curve.

so rapid that the time for complete equilibration between
PLo,and P, is inadequate, resulting in an increased Py,
Diffusion limitation can be seen in high-performance ath-
letes achieving extremely high cardiac outputs, during ex-
ercise at high altitude, and possibly in patients with idio-
pathic pulmonary fibrosis and a very low diffusing capacity
for carbon monoxide exercising at low elevation.!”

The final 2 causes of hypoxemia, low V,/Q units and
shunt, are both examples of V ,/Q mismatch. When one or
more lung unit has a low V,/Q, P,q_ is low, leading to a
decrease in the Py of end-capillary blood. Mixing well-
oxygenated blood from lung units with normal V ,/Q ra-
tios with poorly oxygenated blood from low V,/Q units
results in hypoxemia. The overall effect of low V ,/Q units
is therefore a reduced P, and increased P, )0, Note
that this example is analogous to hypoventilation above,
but in this case, it only relates to a part of the lung. Shunt
can be viewed as one extreme of the range of V,/Q ratios
with a ratio of O (ie, perfusion without ventilation). The
end-capillary P, is unchanged from mixed venous blood,
because no gas exchange occurs across the alveolar-cap-
illary barrier of such units. This blood then mixes with
blood from other lung units, leading to hypoxemia and
decreased arterial oxygen content. The contribution of shunt
and low V,/Q regions to hypoxemia is termed venous
admixture and can be quantified as the equivalent fraction
of cardiac output that would be distributed to non-venti-
lated units (Q/Q,, shunt fraction). As with low V ,/Q, the
P(a-a)0, 18 increased in shunt. The response to supplemen-
tal oxygen is less in shunt physiology than that seen with
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low V,/Q units and varies based on the magnitude of the
shunt fraction.

Dead space and wasted ventilation are key concepts for
describing abnormal exchange of CO,. Dead space is de-
fined as a lung region with ventilation but no blood flow,
and wasted ventilation includes the combination of dead
space and high-V ,/Q regions. Total, or physiologic, dead
space is composed of both anatomical and alveolar dead
space, with the former referring to the conducting airways
and apparatus (such as an endotracheal tube) and the latter
referring to alveolar units that do not receive perfusion.

Gas Exchange in the Prone Posture Under
Normal Conditions

Beyond the effect of the P, and Pc_ in alveolar air and
mixed venous blood, gas exchange is determined by the
local relationships between ventilation and blood flow,
which are determined, in part, by posture.'® There are a
number of mechanisms that create variability in both ven-
tilation and blood flow at the level of gas exchange. Ver-
tical differences in hydrostatic pressures within the vascu-
lar compartment and pleural space create regional
differences in ventilation and blood flow, which are influ-
enced by posture. Because inspired air and blood are de-
livered to the alveoli via structures that bifurcate repeat-
edly, small asymmetries in branching angles and diameters
produce heterogeneous distributions of ventilation and per-
fusion. Additionally, alveolar and capillary pressures in-
teract to alter the caliber of the capillary vessels within the
alveolar space, thereby altering blood flow.

Spatial Distribution of Ventilation

Ventilation has long been suspected to be distributed
unevenly within the lung and to be affected by changes in
posture.'8-20 Early studies in both humans and dogs dem-
onstrated differences in regional alveolar gas distribution
based on posture, thought to be largely due to the effect of
pleural pressure gradients on alveolar size.?'?3 Due to
higher pleural pressures and consequently lower elastic
recoil pressure of the lung, the most dependent alveoli
were thought to be smaller at functional residual capacity
(FRC) (Fig. 3). Because all alveoli inflate to the same size
at total lung capacity, dependent alveoli receive the most
ventilation on inhalation. Based on these experiments, the
alveolar size hypothesis proposed that the magnitude of
local ventilation is determined by the extent of inflation at
the initiation of a breath, which itself is determined by the
gravitationally oriented pleural pressure gradient.

Confirming the alveolar size hypothesis, a number of
subsequent studies demonstrated that, if regional ventila-
tion is normalized by alveolar tissue content, large scale
ventilation becomes remarkably constant throughout the
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Fig. 3. The effect of prone posture on alveolar size at functional residual capacity (FRC) and FRC plus tidal volume (V5). In the supine posture,
at FRC, the most dependent alveoli are small due to higher pleural pressures, compression from the heart, and extrinsic compression from
abdominal contents as compared with the prone posture. During tidal breathing, the distribution of local ventilation is more uniform in the
prone posture because the alveolar volumes are more uniform at the initiation of each breath.

lung, regardless of posture.?4-2¢ The exception to the alve-
olar size hypothesis is found in the dorsal caudal portion of
the lung in the supine posture, where the weight of the
abdominal contents redistributes ventilation. If ventilation
is analyzed on a per-alveolus basis, the large-scale gravi-
tational contribution to ventilation heterogeneity is mini-
mized, regardless of posture, with the exception of this
dorsal caudal region.

Studies using more sophisticated whole-lung imaging
techniques demonstrated that a much larger gradient of
ventilation exists in the supine compared with the prone
posture.?’-3! The prone posture results in an increase of
regional inflation distribution in dorsal regions and a de-
crease in ventral regions and a more homogeneous distri-
bution of pleural pressure, resulting in more uniform trans-
pulmonary pressure and regional inflation throughout the
lung (Fig. 4).432

A major reason for more homogeneous ventilation in
the prone posture as compared with the supine posture is
probably related to the distribution of lung tissue (and,
consequentially, alveoli) within the thoracic cavity. A sub-
stantially greater proportion of lung tissue is contained in
the dorsum of the chest. In the supine posture, approxi-
mately 20% of lung tissue is above the level of the heart,
compared with 50% below the heart.33 Although some
tissue mass redistributes toward the ventral portion of the
chest cavity when prone, relatively less tissue mass is
exposed to the compressive forces of the tissue above it.2¢
Additionally, the fraction of lung tissue compressed by the
heart is less in the prone posture when compared with the
supine posture.?* The net result is that less lung tissue and
fewer alveoli in the most dependent portion of the lung are
compressed by the weight of tissue above in the prone
compared with the supine posture.

The weight and pressure generated by the abdominal
contents influence pressure in the thoracic cavity to a greater
extent in the supine than in the prone posture. When su-

1100

pine, intra-abdominal pressure greatly exceeds intratho-
racic pressure, an effect that is exacerbated by obesity.!-33-3¢
The highest intra-abdominal pressure is consistently mea-
sured in the dorsal regions and is transmitted to the pleural
space, thus acting to compress the dorso-caudal lung re-
gions.! A similar effect may be seen in the prone posture
when the abdomen is compressed, although the effects on
gas exchange and lung and chest wall compliance are less
clear.!:36-38 In an animal model of abdominal distention,
Mure et al?® demonstrated that the prone posture resulted
in a greater improvement in oxygenation compared with
the supine posture when the animals had increased abdom-
inal pressures.

The prone posture also results in a more uniform dis-
tribution of stress and strain because the greater mass of
dorsal lung tissue is suspended along a relatively larger
horizontal dorsal chest wall.! Several authors have likened
the lung to a triangular-shaped spring alternatively sus-
pended from either its apex (supine posture) or its base
(prone posture) (Fig. 4).14°0 The combined effects of grav-
ity and the greater tissue mass suspended from a larger
dorsal chest wall produce more equal distribution of stress
and strain, resulting in more uniform end-expiratory lung
volume and alveolar size.

In addition to large-scale ventilation heterogeneity based
on gravitational gradients, there is also evidence of heter-
ogeneity among small lung regions in the same gravita-
tional plane.*'-** Studies using advanced imaging technol-
ogy confirmed this finding and demonstrated that the
relationship was scale-dependent: Ventilation heterogene-
ity increased as resolution to detect it increased.'* The
high degree of ventilation heterogeneity strongly suggested
that normal ventilation heterogeneity might have the same
fractal characteristics as the initially described heteroge-
neity of perfusion, which are present in any progressively
branching distribution system.*> This fractal ventilation
hypothesis was confirmed by Altemeier et al,*® who dem-
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Fig. 4. Distribution of stress and strain and matching of ventilation and perfusion in the supine and prone postures. Considering the lung
as a triangular-shaped spring (left), the combined effects of gravity and the greater tissue mass suspended from a larger dorsal chest wall
produce more equal distribution of stress and strain in the lung, resulting in more uniform end-expiratory lung volume and alveolar size. On
the right, each dot represents a single piece of lung. In the supine posture, there is close matching of ventilation and perfusion in the ventral
lung but markedly poor matching in the dorsal lung, resulting a wide distribution of ventilation in perfusion (middle and right). In the supine
posture, ventilation and perfusion are more closely matched throughout, resulting in a tighter distribution of ventilation/perfusion ratios.

onstrated that ventilation was distributed in a fractal pat-
tern and that the large range of small-scale differences in
ventilation are not randomly scattered but are clustered
with adjacent regions having similar ventilation. This small-
scale heterogeneity is less likely to be influenced by pos-
tural changes.

In summary, ventilation heterogeneity is determined by
both large-scale and small-scale factors. Large-scale factors,
such as alveolar size, depend on a gravitational pleural pres-
sure gradient that is most pronounced in the upright and
supine postures and is less apparent in the prone posture.
Heterogeneity also exists among small-isogravitational lung
regions, with high-ventilation regions adjacent to other high-
ventilation regions and low-ventilation regions adjacent to
other low-ventilation regions following a fractal pattern. The
net effect of the prone posture is a more uniform distribution
of ventilation.

Spatial Distribution of Perfusion

Before the mid-1900s, it was thought that blood flow
was relatively uniform throughout the lungs. Early studies
demonstrated that blood flow was greatest in dependent
regions of the lungs and influenced by changes in posture,
presumably due to hydrostatic pressure gradients.!47 As
the spatial resolution of imaging methods improved, how-
ever, the heterogeneity of perfusion became more appar-
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ent. Studies have demonstrated nearly as much perfusion
heterogeneity within isogravitational planes as from the
apex to the base of the lung.!848

Perfusion heterogeneity is now known to be influenced
by 4 key factors: the hydrostatic gradient induced by grav-
ity and influenced by posture, the local interaction be-
tween alveolar and vascular pressures, arteriolar smooth
muscle tone, and vascular conductance due the geometry
of the vascular tree.!® Whereas it has long been recognized
that vascular and alveolar pressures interact with gravity to
influence blood flow, West et al*® proposed the most widely
referenced model in which the lung was conceptualized as
having 3 vertically arranged zones. Zone 1 represents the
apex of the lung, where the alveolar pressure (P, ) is greater
than arterial (P,) and venous pressure (P, ), and, as a result,
blood flow is minimal. Zone 2 is the middle portion of the
lung, where P, > P, > P, and blood flow is moderate.
The base of the lung comprises zone 3, where P, > P, >
P, and blood flow is greatest due to increasing vascular
caliber and decreasing vascular resistance.

It was later observed that, even within isogravitational
planes, pulmonary blood flow is heterogeneous.>0-52
Whereas this variability was initially thought to reflect
random noise within the observations, in a landmark study,
Beck and Rehder>? demonstrated that blood flow distribu-
tion has a topological pattern independent of gravity. Us-
ing microspheres to measure regional blood flow in pump-
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perfused lungs, they found that, regardless of posture or
lung volume, blood flow is always greatest in the dorsal
region of the lung. This dorsal bias counteracts the effects
of gravity in the prone posture, resulting in more uniform
blood flow when prone.*>*

Subsequent studies confirmed that perfusion heteroge-
neity favoring the dorsal region is an innate characteristic
of the lung, probably related to the geometry of the vas-
cular tree and affected little by changes in posture.!8->3-57
Insights from fractal geometry probably explain this pat-
tern: Dichotomously branching vascular trees produce het-
erogeneous distribution of perfusion due to asymmetry in
blood flow at branch points.>3->° The distribution of blood
within isogravitational planes is not random. Instead, sim-
ilar to the distribution of ventilation, it is spatially orga-
nized with high-flow regions near other high-flow regions
and low-flow areas neighboring other low-flow areas.®®
This fractal pattern of perfusion has been demonstrated
across a large range of mammals and in various develop-
mental stages and probably accounts for both heteroge-
neous flow within isogravitational planes as well as the
spatial correlation of perfusion across the lung.4>-61-67

The relative contributions of gravity and vascular ge-
ometry to perfusion heterogeneity are dependent on both
posture and the scale at which perfusion is observed.!8.68
Because the vertical hydrostatic gradient is almost double
the magnitude in the upright compared with the prone
posture in humans, gravity will have a larger contribution
to perfusion heterogeneity when upright. If the scale of the
observation is the whole lung, variability in perfusion from
apex to base will be the sole determinant of perfusion
heterogeneity. If the scale is at the level of gas exchange,
variability within isogravitational planes becomes predom-
inant. In an attempt to discern the relative contributions of
vascular geometry and gravity at the level of gas exchange,
the spatial distribution of blood flow in swine was mea-
sured during parabolic flight in which gravity can be tem-
porarily abolished or doubled.®® Even under markedly dif-
ferent gravitational conditions, high flow lung regions
remained high flow, and low flow regions remained low
flow, suggesting a greater contribution by vascular geom-
etry (Fig. 5). Subsequent studies using a variety of imag-
ing techniques confirmed this finding.”®7! In summary,
pulmonary blood flow is influenced by changes in posture
due to 2 major factors: hydrostatic pressure due to gravity
and conductance of vessels due to geometry. The hydro-
static effect is important in the prone and supine postures,
but because of the anatomic differences in conductance
due to vascular geometry, pulmonary blood flow favors
dorsal regions. These effects balance each other in the
prone posture, making perfusion more homogeneous. In
the supine posture, both hydrostatic pressure and vascular
geometry act to increase flow in the dorsal regions when
supine, making perfusion more heterogeneous.
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Fig. 5. Blood flow in either 2G supine or 2G prone conditions. Each
dot represents the amount of blood flow to one of 1,500 lung
pieces within the same animal under 2G supine and 2G prone
conditions. Note that, independent of gravity and posture, high-
flow pieces remain high-flow and low-flow pieces remain low-flow.
G = gravitational constant.

Ventilation and Perfusion Matching

Given that both perfusion and ventilation are heteroge-
neously distributed, efficient exchange of respiratory gases
depends largely on intimate matching of local ventilation
and perfusion. In a theoretical analysis, Wilson and Beck®
explored the impact of ventilation and perfusion hetero-
geneity on V ,,/Q inhomogeneity. They demonstrated math-
ematically that V,/Q heterogeneity is related to heteroge-
neity of ventilation, heterogeneity of perfusion, and the
correlation between ventilation and perfusion (Fig. 6). Be-
cause the correlation between V , and Q varies from com-
plete independence to tight coupling, the heterogeneity
of the V,/Q distribution varies from a maximum of the
sum of the individual variances in both ventilation and
perfusion to a perfectly uniform distribution. Hence,
regardless of the degree of heterogeneity in V, or Q,
tight coupling of V, and Q creates V,/Q homogeneity,
and the more uniform the V A/Q distribution, the better
the gas exchange.

Ventilation and perfusion matching occurs via active
and passive processes.!*!8 Active processes include hy-
poxic pulmonary vasoconstriction, inhalation of nitric ox-
ide from the sinuses, and pneumoconstriction in response
to low Pyco .'%7277 Of these, the most important is hy-
poxic pulmonary vasoconstriction, which redistributes
blood away from poorly ventilated regions in response to
alveolar hypoxia.’®80 These active processes have little
effect when the P, is normal but are important in the
setting of regional pathology and alveolar hypoxia.”8.79-81
Passive mechanisms are related to the effect of gravity on
ventilation and perfusion distributions, mirroring geome-
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Fig. 6. Depiction of the Wilson and Beck concept. The ventilation and perfusion distribution for 1,024 lung regions are shown in A and D,
respectively. Both distributions are heterogeneous and skewed rightward. The correlation between ventilation and perfusion as popularized
by Altemeier et al*¢ with alveolar ventilation/perfusion (V,/Q) isopleths is shown in B. Each dot in this figure represents the ventilation and
perfusion to a single piece of lung tissue. Note the regions of shunt along the perfusion axis. The correlation between ventilation and
perfusion (0.76 in this example) produces a relatively narrow V,/Q distribution in C. Note the regions of shunt (V,/Q = 0) in the leftmost

portion of this graph.

tries of the airway and vascular trees, and homogenizing
effects, such as rebreathing gases from anatomical dead
space.32-87

Animal data suggest that, in the prone posture, V,, and
Q each individually become more homogeneous, and the
correlation between regional V,, and Q becomes stronger,
resulting in improved gas exchange.*88 Using fluorescent
aerosols and intravenous microspheres, Mure et al®® mea-
sured regional ventilation and perfusion in supine and prone
swine and found a clear vertical distribution in V ,/Q when
supine but not when prone. A study by Treppo et al®® also
demonstrated that Q was found to have a high and signif-
icant spatial correlation with V, in the prone posture,
but none in the supine. Similar studies by Altemeier
et al°® determined that most of the changes in the V,/Q
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distribution that occur when changing from the supine
to the prone posture are in the dorsocaudal regions,
where the lung is compressed in the supine but not the
prone posture.

Both regional ventilation and blood flow and the rela-
tion between them are also affected by positive-pressure
ventilation. During mechanical ventilation of healthy vol-
unteers, for example, the addition of PEEP in the prone
posture causes greater redistribution of blood flow than
ventilation toward ventral regions of the lung, causing
increased V,/Q mismatch.®! Another study of anesthe-
tized human volunteers demonstrated that the addition of
PEEP in the prone posture resulted in a redistribution of
blood flow to the ventral lungs with less redistribution
of ventilation, leading to increased V ,/Q mismatch.! With-
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out PEEP, the vertical V ,/Q gradient was less in the prone
posture when compared with the supine.®? In contrast, with
PEEP, the gradient was similar.

In summary, matching of ventilation and perfusion
depends on ventilation and perfusion heterogeneity in-
dividually as well as the correlation between them. In
the prone posture, both ventilation and perfusion heter-
ogeneity decrease, and the correlation between regional
V, and Q improves. All 3 of these changes favor im-
proved gas exchange in the normal lung when in the
prone posture.

Mechanisms by Which the Prone Posture Improves
Gas Exchange in Animal Models of ARDS

Although improved gas exchange in the prone posture
was initially observed in patients with ARDS, animal stud-
ies have been instrumental in elucidating some of the mech-
anisms responsible for better oxygenation. These studies
have demonstrated that hypoxemia improves because of
reduced venous admixture in the prone posture due to a
combination of physiologic changes, including (1) more
uniform distribution of ventilation; (2) more uniform
distribution of perfusion; (3) better regional matching
between ventilation and perfusion; and (4) reduced low-
V ,/Q regions.3” The mechanisms by which these changes
occur are outlined below.

As noted above, the pleural pressure has a smaller ver-
tical gradient at FRC in the prone compared with the su-
pine posture due to shape fitting within the thoracic cav-
ity.®3 This more uniform pleural pressure gradient results
in a more uniform distribution of alveolar volumes at FRC
and therefore more uniform distribution of ventilation with
inspiration. In ARDS, dependent lung regions become con-
solidated, increasing the pleural pressure gradient in the
supine posture, leading to airway closure and atelectasis at
FRC. Due to the loss of surfactant function in ARDS,
these collapsed regions are more likely to remain atelec-
tatic throughout the respiratory cycle, a phenomenon that
is probably exaggerated when using low-tidal volume ven-
tilation. In addition, the weight of the heart compresses the
adjacent lung, leading to more low-ventilation regions. If
perfusion persists in these low-ventilation regions, units
with low V,/Q and even pure shunt are created, leading to
hypoxemia. Altemeier et al°© have demonstrated that in
pigs without ARDS, the majority of low-V,/Q regions
exist in the posterior diaphragmatic area and that these
regions show the greatest improvement when animals
are rotated from the supine to the prone posture. Hy-
poxic pulmonary vasoconstriction should minimize the
impact of these regions on the P, ; however, many
patients with ARDS have sepsis with inflammatory cy-
tokine or endotoxin that may inhibit hypoxic pulmonary
vasoconstriction.*%3
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Wiener et al®® were the first to show in a canine model
of ARDS that the vertical gradient of perfusion is less in
the prone compared with the supine posture. Whereas they
hypothesized that the extravascular lung water in the de-
pendent lung regions would compress the vasculature and
redistribute blood flow away from areas of edema, they
saw no correlation between regional lung water and blood
flow. Richter et al°7 used a lung lavage model of ARDS in
sheep and measured regional perfusion with positron emis-
sion tomography. Measurement of a ventral-to-dorsal per-
fusion gradient demonstrated a significantly lower slope in
the prone compared with the supine posture.

Albert et al®’ conducted one of the first studies to
explore the effect of posture on ventilation/perfusion
distributions in a canine ARDS model using the multi-
ple-inert gas elimination technique. They demonstrated
that the shunt fraction (Q/Q;) decreased from a mean
of 27.5% to 13.15% when animals were changed from
the supine to the prone posture. The multiple-inert gas
elimination technique does not provide spatial informa-
tion, and they were not able to conclude how the shunt
fraction was reduced. Using a similar oleic acid-induced
ARDS model in dogs, Lamm et al®® measured regional
ventilation and perfusion with single-photon emission
tomography, a method that provides spatial informa-
tion. They found that the ventilation/perfusion ratio gra-
dient from ventral to dorsal was significantly less in the
prone posture and that regions of shunt were located in
the dorsal lung regions when supine and nearly resolved
when turned prone. Whereas these observations can be
explained on the basis of improved aeration of the dor-
sal lung in the prone posture, systemic oxygenation would
not improve if blood flow increased to the dependent
lung region, as predicted by the gravitational model. In
their lung lavage model of ARDS, Richter et al®7 found
that the dorsal lung regions received most of the blood
flow regardless of posture, recapitulating the findings of
Beck and Rehder.>3 The methods used by Richter et al®?
allowed them to partition the lung into isogravitational
planes and measure total perfusion, shunt, total lung
volume, and aerated lung (gas volume) in each plane.
Graphical representations of their data nicely demon-
strate how gas exchange improves in the prone posture
in an animal model of ARDS (Fig. 7). The bottom line
is that ventilation improves most in the dorsal lung, and
blood flow remains greatest in the dorsal lung in the
prone posture, thereby improving ventilation-perfusion
matching, decreasing venous admixture, and improving
oxygenation.

Because shunt physiology, a component of venous
admixture, is a major cause of hypoxemia in ARDS, an
increase in the mixed venous O, content will improve
arterial oxygenation. Assuming a constant hemoglobin
concentration and O, consumption, the mixed venous
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Fig. 7. Lung lavage model of ARDS in sheep that measured regional perfusion and aerated lung with PET. The lungs of each animal were
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remains greatest in the dorsal lung in the prone posture, thereby decreasing venous admixture and improving gas exchange. Data from
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O, content will increase if cardiac output increases in
the prone posture. A clinical study by Blanch et al®® did
not see any change in cardiac output in the prone pos-
ture, whereas a 2013 study in subjects with ARDS dem-
onstrated that cardiac output increases in the prone com-
pared with the supine posture in some subjects.!00
Interestingly, the subjects noted to have an increased
cardiac output did not have a concomitant increase in
their mixed venous Pg . Only a few animal studies of
ARDS have measured hemodynamic changes with prone
posture. Studies by Albert et al3” and Lamm et al®® did
not show any differences in cardiac output or mixed
venous P02 in their canine models, and neither Mure
et al®8 nor Altemeier et al®® saw statistically significant
changes in cardiac output in their animal studies with-
out lung injury.

CO, elimination has been noted to improve in the prone
posture in patients with ARDS, although this is not a con-
sistent finding across all studies.!'°! In fact, an improve-
ment in P,co when transitioning from the supine to the
prone posture has been associated with improved outcome
in ARDS subjects.!®! The mechanism is unknown but has
been attributed to decreased dead space ventilation. More
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likely, the decreased P, in a patient with unchanged
minute ventilation receiving mechanical ventilation is due
to the decrease in the venous admixture when turned prone.
By decreasing the shunt fraction, less CO, is delivered to
the arterial blood, decreasing the P, . The observation
that dead space deceases in the prone posture is due to the
use of the Enghoff modification of the Bohr dead space
equation, where the P, is used as a substitute for the
Paco,.'%1%% With shunt physiology, there is a Pz co,
difference, and the P, is no longer a good estimate of
the Poco,-

Additional Physiologic Effects of the Prone Posture

Beyond the alterations in gas exchange described above,
ventilation in the prone posture has other physiologic ef-
fects that may benefit patients with ARDS. By changing
the vertical orientation of the airways, prone posture may
prevent pooling of secretions in the base of the lungs and
promote secretion clearance. Although changes in secre-
tion volume as a function of posture have not been sys-
tematically investigated, clinical studies on the use of prone
posture in subjects with ARDS have noted increased se-
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cretion production upon repositioning in this posture. 04105
Improved secretion clearance may contribute to improve-
ments in regional ventilation and ventilation-perfusion
matching, but whether this translates into a decreased in-
cidence of ventilator-associated pneumonia is unclear be-
cause major clinical trials have reported conflicting results
in this regard.s-!!

Ventilation in the prone posture may also promote clear-
ance of edema fluid from the alveolar space in a time-
dependent manner. McAuley et al,'% for example, dem-
onstrated transient increases in extravascular lung water, a
surrogate measure of lung edema, after 1 h of ventilation
in the prone position but significant decreases after 18 h.
The precise mechanism is not clear but may relate to ef-
fects of lung recruitment on alveolar epithelial function,
because similar increases in alveolar fluid clearance have
also been demonstrated in patients who respond to lung
recruitment maneuvers.!07

Lung injury is heterogeneous in ARDS, and focal areas
of consolidation or atelectasis may act as stress multipliers
or stress risers, leading to distention and injury of venti-
lated alveoli.!08-110 The prone posture may also reduce
lung injury by reducing ventilation inhomogeneity.

Another potentially important physiologic effect of prone
ventilation is an improvement in right-ventricular func-
tion. Acute cor pulmonale may occur in up to 50% of
patients with severe ARDS and may be associated with
increased mortality.!'''2 By increasing the alveolar Pq,
and decreasing P, through improved ventilation-perfu-
sion matching and lowering plateau pressure through im-
proved alveolar recruitment, prone ventilation decreases
pulmonary vascular resistance and right-ventricular after-
load, which have, in turn, been shown to decrease right-
ventricular enlargement and septal dyskinesia and decrease
flow through a patent foramen ovale.!!!.112.114

Finally, by eliminating dependent atelectasis and pre-
venting alveolar collapse at end-exhalation, ventilation in
the prone posture can decrease the repetitive opening and
closing of alveoli that is thought to contribute to the de-
velopment of ventilator-induced lung injury through shear
forces that increase capillary permeability and trigger in-
flammatory responses.!!>-116

Clinical Trials

Beyond the physiologic studies described in detail above,
multiple randomized, controlled trials have been conducted
to determine whether mechanical ventilation in the prone
posture improves clinical outcomes, such as markers of
oxygenation, mortality, ICU length of stay, and duration of
mechanical ventilation, when compared with ventilation in
the supine posture (Table 1).

In the majority of studies, the primary measure of
oxygenation is P, /Fo . Some studies also report the
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alveolar-arterial oxygen difference or the oxygenation in-
dex, which is the product of the F,; and mean airway
pressure divided by the Pq .

Regardless of the method for assessing oxygenation, a
consistent finding across trials is that prone ventilation is
associated with improvements in gas exchange. Despite
this consistent result, however, all but one failed to dem-
onstrate a mortality benefit from ventilation in the prone
posture. A key feature of the single study to demonstrate
improved mortality is that unlike many of the earlier trials,
the investigators only included subjects with P, /Fjq =
150, initiated prone positioning within 1 h of study ran-
domization, and maintained subjects prone for = 16 h/d.!3
Whereas a subsequent systematic review supported the
finding that a mortality benefit may be seen in the sub-
group of subjects with severe hypoxemia who are placed
prone early in their hospital course and for sufficient du-
ration, neither this review nor the study by Guérin et al'3
established that the improvement in mortality resulted from
the improvements in gas exchange rather than some other
factor, such as decreased volutrauma.!'3:'® For example,
in the study by Guérin et al,'3 the use of neuromuscular
blockade, an intervention shown to improve mortality in a
randomized controlled trial of subjects with moderate-to-
severe ARDS, was higher in the prone than in the supine
group and may have accounted for the mortality benefit
rather than the improvement in gas exchange.!20

Summary

The effects of the prone posture on gas exchange are
many and include a more uniform distribution of ventila-
tion and perfusion along with improved matching of ven-
tilation and blood flow and reduction in regions with low
ventilation/perfusion ratios.!#¢ A large randomized trial'3
has demonstrated that early placement of subjects with
moderate-to-severe ARDS in the prone posture improves
mortality. The mechanism by which the prone posture
confers this mortality benefit is unclear, but it is probably
related to reduced stress and strain leading to less lung
injury rather than its effects on gas exchange.
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