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Prone Positioning

Beyond Physiology

IN the current issue of ANESTHESIOLOGY, Petersson et al.
provides us with a physiologic study describing, in anes-

thetized human volunteers, the effects of prone positioning
and the application of 10 cm H2O positive end-expiratory
pressure (PEEP) on the regional distribution of pulmonary
ventilation and perfusion.1 This article creates a complete
formulation of the pulmonary ventilation and perfusion in
the prone position.

In the supine position, at 0 cm H2O PEEP, the size of
the alveolar units decreases exponentially from ventral
(nondependent) to dorsal (dependent) lung regions.2 This
indicates that the distending forces of the lung (i.e., the
difference between the alveolar and the pleural pressure)
decreases along the ventral-to-dorsal axis. The increase of
pleural pressure close to the dependent lung regions is
commonly considered the result of the push of the abdom-
inal organs towards the lungs, which increases from the
ventral to the dorsal regions.

In spontaneously breathing subjects, the engine of ventila-
tion is the diaphragm, which displaces a huge amount in its
dorsal (dependent) portion. This action is associated with a
more favorable position of the dependent alveolar units along
their pressure-volume curves3 and accounts for the greater
ventilation observed in the most dependent lung regions.
During anesthesia and paralysis, however, the diaphragm
acts as a passive flaccid membrane. The insufflated gas is
then preferentially distributed towards the ventral and
nondependent lung areas.4 Because the regional distribu-
tion of lung perfusion is greater in the dependent lung
regions, the final result is that mechanical ventilation, at 0
cm H2O PEEP, is associated with some degree of ventila-
tion-to-perfusion (VA/Q) mismatch. This result is consis-
tent with both the gravitational (West et al.5) or fractal
distribution (Glenny et al.6) theories of lung ventilation/
perfusion. The addition of PEEP partially corrects this
mismatch because it progressively moves ventilation to-
wards the dependent lung regions (as previously shown by
computed tomography scanning7 and in the current
study1), whereas perfusion is further increased in the de-
pendent lung regions.

In the prone position, at 0 cm H2O PEEP, the size of

alveolar units decreases with an exponential decay from dor-
sal (now nondependent) to ventral (now dependent) lung
regions. This occurs to a much lower extent than that ob-
served in the supine position. As a result, alveolar ventilation
is more homogeneously distributed in the prone than in the
supine position.2 Because lung perfusion redistributes to-
wards the dependent regions, this results in a more homog-
enous VA/Q matching at 0 cm H2O PEEP, such as shown by
Petersson et al.1 and others.8,9 Surprisingly, after the addition
of PEEP, Petersson et al. found that perfusion increased in
the ventral lung regions (now dependent), whereas the dis-
tribution of alveolar ventilation remained unchanged. Con-
sequently, the authors claimed that VA/Q matching was de-
creased by the addition of PEEP in the prone position and
suggested that lower PEEP levels might be preferred in the
prone position compared with the levels of PEEP used in the
supine position.

This conclusion may be incorrect when a patient has un-
derlying acute lung injury. Because patients with acute lung
injury often have severe hypoxemia resistant to typical ther-
apies, Bryan 10 suggested that prone positioning might
lead to improved oxygenation. His prediction was fully
confirmed in most of the studies subsequently published,
which undoubtedly showed that in approximately 70% of
patients with acute respiratory distress syndrome (ARDS),
prone position–always applied in association with some
degree of PEEP–improves oxygenation. Therefore, there
is clearly a difference between normal lungs; for example,
a deterioration of VA/Q was observed by the current au-
thors after 10 cm H2O PEEP was added to the patients in
the prone position.1

The explanation for the improvement of VA/Q in patients
with ARDS in the prone position involves understanding the
distribution of edema in the diseased lungs. In patients with
ARDS, the mass of the lung with the edema may be increased
to 300% of that of normal lungs.11 Therefore, the dependent
lung regions in ARDS patients are compressed from the ab-
normal weight of the lung tissue above (nondependent) in
the supine position.12 When the ARDS patient is prone,
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the mass of the dorsal lung, which reinflates (i.e., dorsal
becomes the nondependent lung regions), is greater than
the potential mass of the ventral (now dependent) lung
regions, which may collapse.13 When lung perfusion is
substantially unmodified, the overall VA/Q matching im-
proves as new pulmonary units are recruited for more
effective gas exchange.

This is probably the primary mechanism for the im-
provement in oxygenation in the prone ARDS patient,
although other mechanisms (including a different shape
of the diaphragm, changes of hypoxic pulmonary vaso-
constriction, and a differential production of nitric oxide
in different lung regions) may play a role. Sadly, there can
be negative consequences to prone positioning, including
a possible increase in chest wall stiffness.2 The reduced
chest wall compliance leads, in the case of pressure-con-
trolled ventilation, to an initial reduction in transpulmo-
nary pressure (i.e., decreased tidal volume) or, in the case
of volume-controlled ventilation, to an increase in plateau
airway pressure. The overall balance of the positive and
negative effects of the prone position can be observed by
looking at the variation in arterial carbon dioxide. Inde-
pendent of oxygenation changes, a decrease in arterial
carbon dioxide indicates a recruitment of lung paren-
chyma, whereas an increase in arterial carbon dioxide may
indicate a large increase in chest wall stiffness.

We believe that the most recent clinical trial of prone
ARDS patients may provide some insights about the rela-
tionship between PEEP and the prone position.14 In that
study, the patients that had been randomized to the prone-
arm were allowed to undergo a variation in the ventilator
settings aimed towards a less dangerous ventilation, if the
oxygenation improved. Two maneuvers were allowed: first, a
reduction of inspired oxygen fraction, and second, a reduc-
tion of PEEP, with a target arterial partial pressure of oxygen
between 70–90 mmHg. The results clearly showed an iden-
tical level of PEEP between the two arms, suggesting that a
decrease in PEEP was not possible in the prone ARDS
patients.

These data from prone ARDS patients, contrast with
the findings observed by Petersson et al. in normal pa-
tients.1 The comparison of the results suggest that in
ARDS patients, reductions of PEEP are inappropriate, at
least when VA/Q matching and systemic oxygenation are
being evaluated.

Finally, although the article by Petersson et al., as well as
our comments, have focused on gas exchange, there may be
an effect from prone positioning in ARDS patients on their
survival. The survival benefit of prone positioning during
ARDS is probably a result of a decrease in the harmful effects
of mechanical ventilation. The prone position leads to more
homogeneous lung inflation and more homogeneous alveo-
lar ventilation, suggesting that the strain applied to the lung
parenchyma and its associated stress are more homoge-
neously distributed than in the supine position.15 This
should decrease ventilator-induced lung injury. As a matter

of fact, all the meta-analyses performed on prone positioning
of ARDS patients, so far, agree with two major points: (1) In
all patients, a systemic oxygenation improvement is ob-
served, and this is obviously greater in the most hypoxemic
patients; and (2) in the most severe ARDS patients, when
lung dishomogeneity is the greatest, prone positioning ap-
pears to provide about a 10% survival benefit.16,17
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Positive End-expiratory Pressure Redistributes Regional
Blood Flow and Ventilation Differently in Supine and
Prone Humans
Johan Petersson, M.D., Ph.D.,* Malin Ax, M.D.,* Joana Frey, M.D.,*
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ABSTRACT
Background: Animal studies have demonstrated an interac-
tion between posture and the effect of positive end-expiratory
pressure (PEEP) on regional ventilation and lung blood flow.
The aim of this study was to explore this interaction in humans.
Methods: Regional lung blood flow and ventilation were
compared between mechanical ventilation with and without
PEEP in the supine and prone postures. Six normal subjects
were studied in each posture. Regional lung blood flow was
marked with 113mIn-labeled macroaggregates and ventilation
with Technegas (99mTc). Radiotracer distributions were
mapped using quantitative single-photon emission com-
puted tomography.
Results: In supine subjects, PEEP caused a similar redistri-
bution of both ventilation and blood flow toward dependent

(dorsal) lung regions, resulting in little change in the V/Q
correlation. In contrast, in prone subjects, the redistribution
toward dependent (ventral) regions was much greater for
blood flow than for ventilation, causing increased V/Q mis-
match. Without PEEP, the vertical ventilation-to-perfusion
gradient was less in prone postures than in supine, but with
PEEP, the gradient was similar.
Conclusions: During mechanical ventilation of healthy vol-
unteers, the addition of PEEP, 10 cm H2O, causes redistri-
bution of both lung blood flow and ventilation, and the
effect is different between the supine and prone postures.
Our results suggest that the addition of PEEP in prone might
be less beneficial than in supine and that optimal use of the
prone posture requires reevaluation of the applied PEEP.

MECHANICAL ventilation with positive end-expira-
tory pressure (PEEP) is an important intervention

employed to counteract arterial hypoxemia in patients with
acute respiratory failure. Large clinical trials have confirmed
that prone positioning improves oxygenation in the majority
of these patients.1–4 Both interventions are widely used
clinically, although clinical trials have failed at showing a
survival benefit of prone positioning or using high versus
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What We Already Know about This Topic

❖ Prone positioning improves oxygenation in hypoxemic pa-
tients with acute respiratory distress syndrome.

What This Article Tells Us That Is New

❖ In healthy anesthetized, mechanically ventilated volunteers, a
high-resolution imaging method documented that positive
end-expiratory pressure caused a redistribution of blood flow
and ventilation that is different between the supine and prone
positions, leading to increased ventilation-to-perfusion mis-
match in prone normals.
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low PEEP.1–3,5–7 However, a recent meta-analysis sug-
gests that prone positioning is associated with improved
survival in patients with severe acute respiratory distress
syndrome.8 One reason for the negative clinical trials
might be an incomplete understanding of the physiology of
these interventions, precluding optimal clinical use. With
both treatment modalities, arterial oxygenation is improved
through redistribution of either regional lung blood flow,
ventilation, or both. Prior studies have shown that lower
PEEP is needed to maintain oxygenation in the prone pos-
ture than in the supine.9,10 These results suggest that optimal
PEEP might be lower in the prone posture than in the su-
pine, possibly adding to the lung protective effect of prone
positioning demonstrated in animal experiments.11,12 Re-
cent animal experiments have shown an interaction between
PEEP and posture and its effect on regional lung blood flow
and ventilation.13–17 For example, Walther et al. showed that
PEEP redistributed both blood flow and ventilation differ-
ently in the supine and prone postures.14,15 In this study of
mechanically ventilated healthy volunteers, our aim was to test
the hypothesis that the effect of PEEP on regional lung blood
flow and ventilation also differ between supine and prone nor-
mal subjects. A novel quantitative single-photon emission com-
puted tomography (SPECT) method was used to map regional
blood flow and ventilation simultaneously during mechanical
ventilation with and without PEEP in the supine and prone
postures.

Materials and Methods

Subjects
Twelve healthy volunteers (3 men and 9 women), age 20–52
yr, were studied. For six subjects, radiotracers were adminis-
tered in the supine posture, and for six other subjects, radio-
tracers were administered in the prone posture. All subjects
were of normal weight and height. None of the subjects had
any underlying lung disease, all were nonsmokers, and all had

normal spirometry and lung volumes. The subjects received
written information about the procedure, and written con-
sent was obtained. The local committees for research ethics
(Stockholm, Sweden) and radiation safety (Stockholm,
Sweden) approved the study.

Experimental Protocol
An outline of the experimental protocol is provided in figure
1. Induction of general anesthesia and intubation and inser-
tion of an arterial catheter were done with subjects supine.
For six subjects, the protocol was continued in the supine
posture, and six subjects were turned to the prone posture.
Stabilization was followed by a recruitment maneuver and 15
min of unaltered conditions. Regional lung blood flow and
ventilation were then marked using radiotracers, as described
below, followed by computed tomography and SPECT im-
aging. Gas exchange efficiency at the time of radiotracer ad-
ministration was assessed by measurements of arterial blood
gases and end-tidal concentration of carbon dioxide. After
image acquisition, subjects studied in the prone posture were
turned to the supine posture. Imaging was then repeated in
this posture after a new recruitment maneuver and 15 min of
stabilization. Each subject was studied twice, once ventilated
with a PEEP of 10 cm H2O before and during radiotracer
administration and once ventilated without PEEP in ran-
domized order. Thus, when radiotracers were administered
supine, the protocol yielded two sets of images, both sets
obtained in supine, representing regional ventilation and
blood flow during ventilation with and without PEEP.

An interval of at least 48 h was required between the two
occasions. The sequence of the two conditions was random-
ized. All images were obtained during ventilation without
PEEP to ensure identical lung tissue distribution during im-
aging, and 10 min without PEEP was allowed for stabiliza-
tion before imaging, if PEEP had been applied during radio-
tracer administration.

Anesthesia
Monitoring included electrocardiogram, blood pressure,
pulse oximetry, airway pressures, respiratory rate, tidal vol-
ume, and concentration of oxygen and carbon dioxide in
inhaled and exhaled gases. General anesthesia was induced by
IV administration of alfentanil 0.5–1.0 mg and propofol 1–3
mg/kg, and induction was preceded by preoxygenation using
60% oxygen. Muscle paralysis was established with rocuro-
nium 0.5 mg/kg, and subjects were intubated orally. Anes-
thesia was maintained by infusion of propofol 4–10 mg/kg/h
and alfentanil 0.5 mg as needed. Repeated doses of rocuro-
nium were administered when more than one twitch oc-
curred at train-of-four stimulation.

Mechanical Ventilation
Subjects were ventilated with a Siemens Servo 900D venti-
lator (Siemens, Solna, Sweden) using volume control with a
tidal volume of 8 ml/kg throughout the experiment. Respi-
ratory rate was adjusted to maintain an end-tidal carbon

Fig. 1. The figure outlines the experimental protocol.
(A) Anesthesia induction, (B) administration of inhaled Tech-
negas via the ventilator and IV injection of 113mIn-labeled
macroaggregates, (C) SPECT imaging in the same posture as
during tracer administration, and (D) repeated imaging in
supine for subjects where tracers were administered in
prone. Six subjects were studied in each posture, and each
subject was studied twice, once during ventilation with PEEP,
10 cm H2O, during tracer administration and once without. All
images were obtained during ventilation without PEEP.
PEEP ! positive end-expiratory pressure; SPECT ! single-
photon emission computed tomography.
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dioxide concentration of 4.5–5.5 kPa. The inspiratory oxy-
gen concentration was initially 30% and increased if pulse
oximetry readings decreased below 95%. Lung recruitment
was performed by changing the ventilator setting to contin-
uous positive airway pressure and applying a pressure of 40
cm H2O for 20 s.

Radiotracers
Regional ventilation was marked using inhaled Technegas,
microscopic graphite particles labeled with radioactive Tech-
netium (99mTc),18 approximately 100 MBq. Subjects were
connected to the inspiratory port of the ventilator via two
parallel circuits, one incorporating the Technegas generator
(Tetley Manufacturing Ltd., Sydney, Australia). During
Technegas administration, a valve was turned that allowed a
variable fraction of the flow from the ventilator to pass
through the generator. Administration was done during close
monitoring of inspiratory oxygen concentration (maintained
above 21%) and pulse oximetry because Technegas initially
consists of 100% argon. Immediately after Technegas ad-
ministration, regional lung blood flow was marked by the use
of 50 MBq 113mIn-labeled macroaggregates of albumin ad-
ministered via a peripheral venous catheter. The subjects
were estimated to receive a total effective dose of radioactivity
of about 8 mSv.

SPECT
The employed dual-isotope SPECT method is a develop-
ment of a previously reported technique.19,20 Images were
obtained using a combined computed tomography-SPECT
system (Millenium VG; General Electric Medical Systems,
Milwaukee, WI). Image acquisition required 30 min. The
two sets of projected images, one for each principal photon
energy (140 and 392 keV), were corrected for photon scat-
tering and attenuation as well as for the contribution of high-
energy photons in the lower photon energy window and the
radioactive decay before image reconstruction. Computed
tomography images were used for the attenuation correction
routine and for delineation of the lungs. Spatial coordinates
and number of events per voxel (size 4.423 mm3) were ex-
tracted from the reconstructed 113mIn-LyoMAA and 99mTc-
Technegas images. Counts per voxel were normalized to the
mean number of counts for all voxels. The final data repre-
sent blood flow or ventilation for each voxel relative to the
mean for all voxels. These data were also used to calculate
ventilation-to-perfusion ratios for each voxel.

Data Analysis
In the following, dependent and nondependent always refer
to the conditions during radiotracer administration, regard-
less of posture during imaging. The lung was divided into
segments, each representing 10% of the total distance from
the most dependent to the most nondependent lung regions.
Distributions of blood flow, ventilation, and ventilation-to-
perfusion ratios were visualized using plots of mean values for
all voxels within each segment. Ventral-to-dorsal gradients

were estimated as the regression coefficients from linear re-
gressions of regional blood flow, ventilation, and ventilation-
to-perfusion ratio on the dependent-to-nondependent dis-
tance. Gradients are thus quantified as the change in
normalized flow, ventilation, and ventilation-to-perfusion
ratio per cm. The PEEP-induced redistributions were esti-
mated from (1) comparison of plots from ventilation with
and without PEEP and (2) by subtracting the gradient dur-
ing ventilation with PEEP from the gradient without PEEP
for each posture. A difference in gradient more than 0 means
a PEEP-induced redistribution from dependent to nonde-
pendent regions, a difference less than 0 means a shift in the
opposite direction, and a difference of 0 means that the ad-
dition of PEEP did not change the gradient.

Interpretation of images of regional lung blood flow and
ventilation is complicated because the amount of tissue per
unit lung volume varies between regions in a posture-depen-
dent manner.21,22 Differences between images of, for exam-
ple, regional blood flow in two postures can therefore be
caused by either different distribution of lung tissue within
the thorax or different distribution of blood flow within
the vasculature. We used radiotracers that remain fixed in the
lung parenchyma after administration. Thus, regardless
of any change in posture before imaging, the distribution of
radioactivity within the tissue represents the distribution of
blood flow and ventilation at the time of administration. The
effect of posture on the distributions of blood flow or venti-
lation within the lung tissue can be estimated if radiotracer
administration in different postures is followed by imaging
in one posture. Differences between images can then only be
explained by different distribution of blood flow or ventila-
tion within the lung vasculature and airways, respectively, at
the time of radiotracer administration. Recently, we used this
to demonstrate that the redistribution of lung tissue is re-
sponsible for most of the differences between images of re-
gional blood flow and ventilation obtained in the supine and
prone postures during spontaneous breathing.22 In the cur-
rent study, we therefore used images obtained in supine after
radiotracer administration in prone posture to compare the
PEEP-induced redistribution of blood flow and ventilation
between the two postures. Likewise, we also used these im-
ages to compare the distribution of blood flow and ventila-
tion between the two postures. Reporting prior studies, we
have been asked about the spatial distributions while being in
the prone posture for comparison with previous data. Imag-
ing prone, after radiotracer administration prone, was there-
fore included in the study protocol. Also PEEP might shift
the distribution of lung tissue, confounding the comparison
of regional blood flow or ventilation during ventilation with
and without PEEP. All images were therefore obtained dur-
ing ventilation without PEEP.

Statistics
Paired two-tailed t tests were used for statistical comparisons
of physiologic parameters and gradients during ventilation
with and without PEEP. Unpaired two-tailed t tests were

Effect of Positive End-expiratory Pressure in Supine and Prone Humans
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used to compare physiologic parameters, gradients, and
PEEP-induced redistribution between the two adminis-
tration postures. Gradients and PEEP-induced redistribu-
tions were tested for equality with zero using two-tailed
one-sample t test. A P value less than 0.05 was considered
significant. All analyses were done using Statistica 7.0
(Statsoft, Tulsa, OK).

Results
Gas exchange parameters and airway pressures are reported
in table 1. Differences in mean arterial pressure between
ventilation with and without PEEP or between the postures
were not statistically significant (data not shown). Technegas
administration was required in an average of 6 min. No data
were lost to observation or missed in the analysis.

PEEP and Regional Blood Flow
Both the change in gradients in table 2 and the plots in figure
2 demonstrate that the addition of PEEP caused a redistri-
bution of blood flow from nondependent to dependent re-
gions in both postures. The differences between gradients
with and without PEEP were !0.050 " 0.029 and
!0.054 " 0.015 (relative blood flow per voxel per cm) in the
supine and prone postures, respectively, suggesting quantita-
tively similar redistribution in the two postures (table 2).

PEEP and Regional Ventilation
The plots in figure 2 show that in the supine posture, PEEP
caused a shift of ventilation from nondependent to depen-

dent regions with no apparent redistribution in the prone
posture. Also, the change in gradients, !0.062 " 0.057
(relative ventilation per voxel per cm) (table 2), is consistent
with a shift in ventilation to dependent regions in the supine
posture. The change in gradients in the prone posture,
!0.017 " 0.011 (relative ventilation per voxel per cm),
suggests a much smaller, but statistically significant, redistri-
bution of ventilation from nondependent to dependent
(ventral) regions (table 2).

PEEP and Regional Ventilation-to-Perfusion Ratios
In the supine posture, PEEP caused similar redistributions of
both blood flow and ventilation toward dependent regions,
resulting in little change in the gradients of ventilation-to-
perfusion ratios (fig. 2, table 2). Addition of PEEP in the
prone posture caused a redistribution of both blood flow and
ventilation toward dependent regions, but the shift was
much smaller for ventilation. Consequently, in the prone
posture, PEEP increased the ventilation-to-perfusion ratios
in nondependent regions and decreased the ratios in depen-
dent regions (fig. 2), resulting in an increase in the depen-
dent-to-nondependent gradient of 0.045 " 0.024 (relative
ventilation-to-perfusion ratio per voxel per cm) (table 2).
However, the vertical gradient of ventilation-to-perfusion
ratios with no PEEP was smaller in prone subjects than in
supine and similar in prone and supine subjects during ven-
tilation with PEEP gradients (data not shown). In summary,
PEEP increased ventilation-to-perfusion mismatch in the
prone posture, whereas the effect was small in supine.

Table 1. Measurements of Gas Exchange and Airway Pressure

Supine Prone

No PEEP PEEP 10 cm H2O No PEEP PEEP 10 cm H2O

PaO2 mmHg 206 " 53 211 " 55 274 " 20 242 " 5
PaO2/FIO2 mmHg 526 " 117 522 " 140 611 " 40 592 " 23
PaCO2 mmHg 39 " 2 39 " 2 38 " 2 39 " 2
PaCO2-ETCO2 mmHg 3 " 1 3 " 2 2 " 2 4 " 2
Pplat cm H2O 9.9 " 1.6 16.1 " 1.2 9.8 " 1.5 18.2 " 1.0*

Values are mean " SD and refer to measurements at the time of radiotracer administration.
* P # 0.01 versus supine with PEEP.
ETCO2 $ end-tidal carbon dioxide partial pressure; PaCO2 $ arterial carbon dioxide partial pressure; PaCO2-ETCO2 $ difference
between arterial carbon dioxide partial pressure and end-tidal carbon dioxide partial pressure; PaO2 $ arterial oxygen partial pressure;
PEEP $ positive end-expiratory pressure; Pplat $ inspiratory plateau pressure.

Table 2. Effect of PEEP on Gradients from Dependent to Nondependent Lung Regions

Blood Flow Ventilation Ventilation-to-Perfusion Ratio

Supine !0.050 " 0.029* !0.062 " 0.057† !0.003 " 0.049
Prone (imaged supine) !0.054 " 0.015* !0.017 " 0.011* 0.045 " 0.024*
Prone (imaged prone) !0.064 " 0.025* !0.011 " 0.021 0.065 " 0.046*

Effect of PEEP on the dependent-to-nondependent distributions of blood flow, ventilation, and ventilation-to-perfusion ratios, estimated
as differences in gradients (gradient with PEEP minus gradient without PEEP) from least squares regressions. Values are mean " SD.
Units are normalized blood flow, ventilation, or ventilation-to-perfusion ratio per cm. A difference in gradient % 0 means a PEEP-induced
redistribution from dependent to nondependent regions, a difference # 0 means a shift in the opposite direction, and a difference of
0 means that the addition of PEEP did not change the gradient.
† P # 0.05, * P # 0.01 for being different from zero (single sample t test).
PEEP $ positive end-expiratory pressure.
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Effect of Posture
Comparison of dependent to nondependent blood flow dis-
tribution in prone and supine (fig. 2, table 2) postures dem-
onstrates that a shift from supine to prone causes a redistri-
bution of blood flow from regions dependent in supine (i.e.,
dorsal regions) to regions dependent in prone (i.e., ventral

regions) and that the effect is augmented during ventilation
with PEEP. In other words, there is a clear effect of posture
on regional blood flow. Without PEEP, a change from su-
pine to prone posture caused a shift of ventilation from
regions nondependent in supine (i.e., ventral regions) to
regions nondependent in prone (i.e., dorsal regions). Dur-

Fig. 2. For these plots, the lungs were divided into 10 sections of equal height along the dependent-to-nondependent distance.
Normalized regional ventilation, blood flow, and ventilation-to-perfusion ratios per voxel were averaged within each section.
Plotted values are the mean value across all individuals for each section; error bars illustrate SD for the individual values for each
section. Values at the extremes of the dependent-to-nondependent distance are influenced by the edge effect (underestimation
of the radiotracer concentration at the lung periphery). PEEP ! positive end-expiratory pressure.
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ing ventilation with PEEP, a shift from supine to prone
caused a small redistribution of ventilation from regions
dependent in supine (i.e., dorsal regions) to regions de-
pendent in prone (i.e., ventral regions), opposite the re-
distribution at change in posture during ventilation with-
out PEEP. In both postures, ventilation-to-perfusion
ratios were lower in dependent regions than in nondepen-
dent, both during ventilation with and without PEEP.
During ventilation without PEEP, a shift from supine to
prone posture resulted in a decreased gradient, whereas
there was little change during ventilation with PEEP
(table 2, fig. 2).

Imaging Prone
As expected, images obtained in the prone posture after ra-
diotracer administration in prone demonstrated a similar ef-
fect of PEEP as images obtained in the supine posture, al-
though the effect on the dependent to nondependent
distribution of ventilation was not statistically significant (ta-
ble 2). During mechanical ventilation without PEEP in the
prone posture, regional blood flow was greatest in dependent
regions, and addition of PEEP caused a further shift of blood
flow to dependent regions and an increase in gradient of
!0.064 " 0.025 (relative blood flow per voxel per cm) (fig.
3, table 2). In contrast, regional ventilation was preferentially
distributed to nondependent regions with little difference
between ventilation with and without PEEP (fig. 3, table 2).

Discussion
To our knowledge, this is the first study that used a high-
resolution imaging method to evaluate simultaneously the
effect of PEEP and posture on regional lung blood flow and
ventilation in humans. A further novelty is the use of a study
design that allowed us to exclude the confounding effect of
different lung tissue distribution during different conditions.
The main results are that, in anesthetized and mechanically
ventilated normal subjects, a change from supine to prone
causes a redistribution of both regional blood flow and ven-
tilation within the lung parenchyma and that these redistri-
butions are modified by the application of PEEP. In sum-
mary, during positive pressure ventilation:

● Regional lung blood flow is greater to dependent regions in
both prone and supine postures, and the addition of PEEP
increases this gradient in both postures.

● Regional ventilation is preferentially distributed to nonde-
pendent (dorsal) regions in prone with little vertical gradi-
ent in supine. The addition of PEEP has little effect on
regional ventilation in prone but shift ventilation from
nondependent to dependent (i.e., from ventral to dorsal)
regions in supine.

● During ventilation without PEEP, ventilation-to-perfu-
sion ratios in the dependent to nondependent direction are
more uniform in prone than in supine. Addition of PEEP
increases the gradient in prone but not in supine, resulting
in little difference between the postures.

Our discussion will first focus on some methodological
issues and then on the effect of PEEP and posture on regional
lung blood flow and ventilation.

Methodological Issues
The characteristics and limitations of the SPECT method
have been discussed at depth in our previous publica-
tions.19,20,22,23 We used radionuclide-labeled particles that
are deposited in the lung in proportion to regional blood flow
and ventilation, which has been confirmed with other meth-
ods.15,24 Quantitative SPECT measurements are hampered
by attenuation and scatter of the radiation emitted from the
radiotracer within the body. In this study, we applied new
methods of correcting for attenuation and scatter, including
low-dose computed tomography to obtain data for the atten-
uation correction routine. Linear regression coefficients are
not perfect descriptors of the profiles presented in figure 1.
However, linear regression is easy to comprehend, and it
identifies any general trend for blood flow or ventilation to
change in a certain direction. In the current study, regional
blood flow, ventilation, and ventilation-to-perfusion ratios
were compared between images obtained in the same posture
during ventilation without PEEP. Differences between im-
ages can therefore only be explained by different distribu-
tions within the parenchyma at the time of radiotracer ad-
ministration. This design allowed us to capture the effect of
PEEP and posture on the distribution of blood flow and
ventilation within the vasculature and airways, respectively.

The number of subjects, studying different subjects prone
and supine, and measurements at only one PEEP level are
obvious limitations of our study. We chose a number of
subjects, which has allowed identification of physiologic
meaningful differences in previous studies. The maximum
dose of radioactivity only allows two conditions to be studied
per subject. We studied the same subject during ventilation
with and without PEEP but different subjects prone and
supine because the focus of the study was the effect of PEEP.

Effect of PEEP on Regional Blood Flow
Previous work in supine animals have found a similar effect
of PEEP (i.e., redistribution of blood flow to dependent re-
gions).14,16,17,25–27 Studies in prone animals have shown ei-
ther little redistribution14,27 or a shift to dependent re-
gions.16 Speculative suggestions regarding the mechanisms
causing redistribution of lung blood flow at addition of
PEEP are: reduction of hypoxic vasoconstriction in atelec-
tatic or poorly ventilated dependent regions, hyperinflation
of nondependent regions increasing regional vascular resis-
tance, reduced cardiac output and pulmonary arterial pres-
sure, and increased airway pressures. The last three sugges-
tions might increase the vertical blood flow gradient by
causing zone 1–2 conditions in a greater part of the lung.28

Effect of PEEP on Regional Ventilation
PEEP is thought to change regional ventilation through
changes in regional alveolar expansion at end-expiration and
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regional differences in compliance within the interval of in-
spiratory and expiratory airway pressures. In supine subjects,
we demonstrated that PEEP shifted ventilation from nonde-
pendent (ventral) to dependent (dorsal) regions, suggesting a
decrease in compliance in nondependent regions and/or an

increase in dependent regions. The result is consistent with a
gravitational pleural pressure gradient, decreasing alveolar
expansion down the lung, and a PEEP-induced hyperinfla-
tion in nondependent regions in the supine posture.29–32

The effect of PEEP was much less in the prone posture,

Fig. 3. For these plots, the lungs were divided into 10 sections of equal height along the ventral-to-dorsal distance. The profiles
are identical to those in fig. 1, but here they are arranged to clarify the effect of posture on regional blood flow, ventilation, and
ventilation-to-perfusion ratios. Note that the x axis is the ventral-to-dorsal distance as opposed to the dependent-to-
nondependent distance in fig. 2. Normalized regional ventilation, blood flow, and ventilation-to-perfusion ratios per voxel were
averaged within each section. Plotted values are the mean value across all individuals for each section; error bars illustrate SD
for the individual values for each section. Values at the extremes of the dependent-to-nondependent distances are influenced
by the edge effect (underestimation of the radiotracer concentration at the lung periphery). PEEP ! positive end-expiratory
pressure.
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which is consistent with more uniform pleural pressure and
alveolar expansion in prone.31,33

Effect of PEEP on Regional Ventilation-to-Perfusion
Ratios
In the current study, PEEP increased the vertical gradient in
ventilation-to-perfusion ratios in prone but not in supine. The
gradient without PEEP was, however, smaller in prone than in
supine; the effect of PEEP therefore resulted in similar gradients
in the two postures. Similar to the current results, Mure et al.
showed that continuous positive airway pressure caused in-
creased ventilation-to-perfusion mismatch in prone but not in
supine normal subjects breathing spontaneously awake.34

Effect of Posture and Mechanical Ventilation
In a previous SPECT study, we demonstrated that a change
between the supine and prone postures cause little change in
the distribution of regional blood flow and ventilation within
the lung tissue in awake normal subjects breathing sponta-
neously.22 In contrast, in the current study of mechanically
ventilated volunteers, we demonstrated a clear effect of pos-
ture with a redistribution of blood flow in the direction of
gravity at a change in posture (fig. 2). Moreover, the redis-
tribution was accentuated during ventilation with PEEP. We
can only speculate regarding the cause of the greater effect of
posture during positive pressure ventilation. During sponta-
neous breathing in horizontal postures, most of the lung is in
zone 3 conditions, whereas positive pressure ventilation
through several mechanisms might cause zone 1 and 2 con-
ditions, which would explain a greater gravitational gradient
and a greater effect of posture during mechanical ventilation.
This hypothesis is supported by the greater effect of posture
during greater airway pressures (i.e., ventilation with PEEP).

Our results also suggest that posture has a greater effect on
regional ventilation during positive pressure ventilation than
during spontaneous breathing.22 Without PEEP, a change
from supine to prone caused a shift of regional ventilation
from ventral (in supine nondependent) to dorsal (in prone
nondependent) regions. During ventilation with PEEP, a
shift from supine to prone caused a redistribution of ventila-
tion in the opposite direction (i.e., from dorsal to ventral [in
prone dependent] regions).

When measured in the same posture as during radiotracer
administration, regional blood flow per unit lung volume
was greater in dependent regions in both postures and more
so during ventilation with PEEP (fig. 2). Without PEEP,
regional ventilation per unit lung volume decreased down
the lung in both postures (fig. 2), which is opposite the
gradient during spontaneous breathing awake.22 In supine,
the application of PEEP reversed the gradient, causing re-
gional ventilation to be greater in dependent than nondepen-
dent regions (fig. 2, table 2). In other words, PEEP resulted
in a vertical distribution of ventilation similar to that during
spontaneous breathing.22 In prone, PEEP caused a small
reduction of the gradient, but ventilation per unit lung vol-
ume remained greater in nondependent regions (table 2).

Clinical Implications
It is noteworthy that our results primarily apply to mechan-
ical ventilation of normal lungs. Pulmonary edema, alveolar
collapse and consolidation, and hypoxic vasoconstriction are
all important causes and modulators of arterial hypoxemia in
patients with acute respiratory failure but absent, or much
less important, in patients without lung disease. The effect of
both PEEP and the prone posture might therefore be differ-
ent in patients with acute lung injury. However, Richard et
al.17 studied regional lung blood flow and ventilation in pigs
with experimental acute lung injury and demonstrated sim-
ilar effects of PEEP and the prone posture, such as in the
current study. Our results suggest that the effect of PEEP on
ventilation-to-perfusion matching is posture-dependent.
The redistribution of ventilation at the application of PEEP
was much smaller in prone than in supine. We therefore
speculate that a beneficial effect of PEEP in supine, causing
more uniform ventilation in patients with acute lung injury,
might be less in the prone posture. Consequently, optimal
PEEP might be different in supine and prone patients.

Conclusions
Addition of PEEP (10 cm H2O) causes redistribution of
both lung blood flow and ventilation, and the effect is differ-
ent between the supine and prone postures. Our results sug-
gest that the addition of PEEP in prone might be less bene-
ficial than in supine, and the best use of the prone posture
might mean that PEEP should be reduced in relation to
optimal PEEP while supine. We also conclude that in normal
subjects, the effect of posture (prone vs. supine) on regional
lung blood flow and ventilation is much greater during gen-
eral anesthesia and positive pressure ventilation than while
awake, breathing spontaneously.
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