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Abstract Purpose: To clarify
whether the gas exchange response to
prone position is associated with lung
recruitability in mechanically venti-
lated patients with acute respiratory
failure. Methods: In 32 patients, gas
exchange response to prone position
was investigated as a function of lung
recruitability, measured by computed
tomography in supine position.
Results: No relationship was found
between increased oxygenation in
prone position and lung recruitability.
In contrast, the decrease of PaCO2

was related with lung recruitability
(R2 0.19; P = 0.01). Patients who
decreased their PaCO2 more than the
median value (-0.9 mmHg) had a

greater lung recruitability (19 ± 16
vs. 8 ± 6%; P = 0.02), higher base-
line PaCO2 (48 ± 8 vs.
41 ± 11 mmHg; P = 0.07), heavier
lungs (1,968 ± 829 vs.
1,521 ± 342 g; P = 0.06) and more
non-aerated tissue (1,009 ± 704 vs.
536 ± 188 g; P = 0.02) than those
who did not. Conclusions: During
prone position, changes in PaCO2, but
not in oxygenation, are associated
with lung recruitability which, in turn,
is associated with the severity of lung
injury.
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Introduction

Prone position is currently used in the treatment of acute
lung injury (ALI) and acute respiratory distress syndrome
(ARDS) primarily as a rescue maneuver for severe hyp-
oxemia, as it has been consistently shown to improve
oxygenation compared to supine position [1, 2].

Apart from ameliorating gas exchange, prone position
may decrease the danger associated with mechanical
ventilation [3–6]. Indeed, reversing the vertical lung
weight gradient is associated with an increase in normally
inflated tissue in the dorsal regions (recruitment) and a

variable decrease in aeration in the ventral ones (de-
recruitment) [7]. If the net result is recruitment, then
ventilation will become more uniform and inflation more
homogeneously distributed, with a decrease in stress and
strain, the first triggers of ventilator-induced lung (and
distant organs) injury [4, 6, 8, 9]. Moreover, any gas
exchange improvement occurring in prone position may
reduce the need of using (potentially injurious) high
fraction of inspired oxygen and ventilator support [10].

Although, so far, prone position has not been associ-
ated with any survival benefit [11, 12], despite positive
trends [13, 14], we found that patients who significantly
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decrease their PaCO2 while prone have a higher survival
rate compared to those who do not [15]. It is tempting to
speculate that this outcome benefit depends on effective
lung recruitment in prone position and that the decrease in
PaCO2 suggests a decrease in physiological dead space
possibly due to the ventilation of newly recruited and
perfused pulmonary units.

Patients with ALI or ARDS have, however, highly
variable lung recruitability, ranging from negligible val-
ues up to more than 50% of total lung parenchyma,
which, in turn, is associated with the overall severity of
lung injury [16]. We may then expect that patients with
different lung recruitability display different gas exchange
responses to prone position.

Therefore, we decided to investigate the relationship
between gas exchange response to prone position and
lung recruitability, hypothesizing that most of the changes
occurring in prone position depend on the amount of
tissue effectively recruited.

Materials and methods

At two University Hospitals, we retrospectively analyzed
the data-sheets of adult, mechanically ventilated patients
admitted to Intensive Care Unit with ALI or ARDS since
January 2003, who underwent prone ventilation within
72 h from the assessment of lung recruitability by CT
scan. Twenty-five of these patients were originally
enrolled in another study, specifically aimed at investi-
gating lung recruitability during acute respiratory failure
[16].

ALI and ARDS were defined according to standard
criteria: a ratio of arterial oxygen tension to fraction of
inspired oxygen (PaO2:FiO2) of less than 300 (ALI) or
200 (ARDS) mmHg, the presence of bilateral infiltrates
on the chest radiograph, and no clinical evidence of left
atrial hypertension [17].

Demographic data, primary diagnosis, and severity of
illness at admission (expressed as simplified acute phys-
iology score, SAPS, II) were recorded. We reviewed gas
exchange variables (PaO2:FiO2 and arterial carbon diox-
ide tension, PaCO2), minute ventilation, positive end-
expiratory pressure (PEEP), respiratory system compli-
ance (the ratio of tidal volume to the difference between
inspiratory plateau pressure and PEEP) in supine position
and after an average period of 4 h of prone position, while
the ventilator setting was kept constant. Patients were
classified as ‘‘PaO2 responders’’ if PaO2:FiO2 increased
more than the median value observed in the entire group
and as ‘‘PaCO2 responders’’ if PaCO2 decreased more
than the corresponding median value.

Whole lung CT scans obtained at 5 and 45 cm of
water of airway pressure with the patient lying supine

were analyzed as previously described [18]. Potential
lung recruitability was defined as the difference in the
amount of non-aerated lung tissue (density equal to or
above -100 HU) at these two levels of airway pressure,
expressed as the percentage of total lung weight. We also
studied the regional recruitability of the ventral and dorsal
halves of the lung, ideally separated by a transverse line
crossing the vertical mid-point in each sectional image.

The local Ethics Committee was informed of the
ongoing retrospective analysis and did not require any
specific informed consent. Indeed, patients included in the
present work were either part of other prospective studies
in which informed consent had been already obtained or
underwent prone position and assessment of lung recru-
itability by CT scan as part of routine clinical practice and
not for research purposes.

Statistical analysis

Data are presented as mean ± standard deviation (range
was also reported when appropriate). The association
between continuous variables was analyzed using linear
regression and expressed as R2. When patients were cat-
egorized according to gas exchange response, differences
between groups were investigated using Student t-test (in
case of variables normally distributed), Mann–Whitney
rank sum test (in case of variables that did not appear
normally distributed on graphic inspection), or one way
analysis of variance (ANOVA) with post hoc Bonferroni
test, as appropriate. A P \ 0.05 was considered as
significant.

Results

Thirty-two patients were identified (Table 1). On average,
lung recruitability was assessed by CT scan within
30 ± 20 h from the evaluation of the response to prone
position (range 4–72 h) (Fig. 1). The lung CT scan pre-
ceded prone ventilation in 24 patients and followed it in 8
cases. Gas exchange was evaluated in supine position,
1 ± 1 (1–5) h before turning the patient prone, and in
prone position, after 4 ± 3 (1–13) h of prone ventilation.
Patients were identically ventilated in supine and prone
position, in a volume-controlled (n = 15) or pressure-
controlled (n = 17) modality. Tidal volume (528 ± 96
vs. 529 ± 116 mL, P = 0.93), respiratory rate (17 ± 6
vs. 17 ± 6, P = 0.33) and minute ventilation (8.7 ± 2.5
vs. 8.6 ± 2.6 L/min, P = 0.80) did not significantly differ
between supine and prone position.

Considering the entire study population, prone venti-
lation was associated with a PaO2:FiO2 increase of
52 ± 59 mmHg (P \ 0.001) and a PaCO2 decrease of
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2 ± 6 mmHg (P = 0.07) relative to supine position.
Nonetheless, the observed changes in PaCO2 and PaO2:
FiO2 were clearly not associated (R2 0.04; P = 0.26).

We could not find any relationship between the per-
centage of potentially recruitable lung and the changes of
PaO2:FiO2 to prone ventilation (R2 0.01; P = 0.57,
Fig. 2, upper panel). This finding was replicated when the
analysis was restricted to the patients who had their lung
CT scan performed within 24 h from the evaluation of the
response to prone position (n = 15, R2 0.02, P = 0.57)

and to those kept prone longer than 4 h (n = 13, R2 0.0,
P = 0.96). In contrast, lung recruitability was inversely
associated with the change in PaCO2 that is, the larger the
lung recruitability the lower the PaCO2 in prone com-
pared to supine position (R2 0.19; P = 0.01, Fig. 2, lower
panel). This signal was particularly evident in the patients
treated in pressure control ventilation (17 patients). In
these subjects the possible increase in lung compliance
related to the greater recruitment led to an increase of
total ventilation, which, in turn, resulted in decreased
PaCO2 (R2 = 0.76, P = 0.0045). In contrast, in patients
treated in volume control ventilation the greater recruit-
ment cannot lead to an increase of total ventilation.
Indeed the possible PaCO2 decrease in these subjects
may be only due to a decrease of alveolar dead space (see
Fig. 2 for further details).

According to median values, patients were defined as
‘‘PaO2 responders’’ when PaO2:FiO2 increased at least
40 mmHg and as ‘‘PaCO2 responders’’ if PaCO2

decreased at least 0.9 mmHg in prone compared to supine
position. PaO2 responders and non-responders did not
differ in any of the physiological baseline values and any
of the CT scan-derived variables (Table 2). In contrast,
PaCO2 responders appeared more severely ill than PaCO2

non-responders. In fact, the bulk of baseline physiological
variables (PaO2:FiO2, PaCO2, compliance of the respira-
tory system) were worse, although not significantly, in
patients who decreased their PaCO2 while prone,

Table 1 Baseline characteristics

N 32
Age (year) 55 ± 17
Female sex: no. (%) 15 (47)
Body mass index (kg/m2) 24 ± 4
Height (cm) 169 ± 10
PaO2:FiO2 (mmHg) 158 ± 66
PaCO2 (mmHg) 44 ± 10
PEEP (cmH2O) 13 ± 3
Plateau pressure (cmH2O) 28 ± 5
Respiratory system compliance (mL/cmH2O) 39 ± 15
Tidal volume (mL/kg of ideal body weight) 8.5 ± 1.4
Minute ventilation (L/min) 9 ± 3
Primary lung disease: no. (%) 23 (72)
ARDS: no. (%) 28 (88)
Time from diagnosis to study entry (day) 3 ± 3
SAPSII 42 ± 13
Twenty-eight-day-mortality: no. (%) 10 (31)

Fig. 1 Upper panel
representative CT images of the
lung obtained at 5 (left) and 45
(right) cm of water of airway
pressure from a patient with low
lung recruitability. Total lung
weight at 5 cm of water was
1,508 g and that of non-aerated
tissue 372 g. The percentage of
recruitable lung was 1% of total
lung weight. Lower panel
representative CT images of the
lung obtained at 5 (left) and 45
(right) cm of water of airway
pressure from a patient with
high lung recruitability. Total
lung weight at 5 cm of water
was 2,123 g and that of non-
aerated tissue 1,341 g. The
percentage of recruitable lung
was 59% of total lung weight
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compared to those who did not. In line with these find-
ings, the quantitative analysis of CT scans revealed a
significantly higher lung weight (that is, much more
oedema), greater amount of non-aerated tissue and
increased lung recruitability in PaCO2 responders than
non-responders (Table 2).

The main results from the regional analysis of CT
scans are shown in Table 2. In PaCO2 responders, the
lung weight, the non-aerated tissue as well as the lung
recruitability were significantly greater in the dorsal and
ventral regions compared to PaCO2 non-responders. The

ratio between non-aerated tissue in the upper and lower
halves of the lung, however, was not different in PaCO2

responders and non-responders (0.89 ± 0.63 vs. 0.68 ±
0.39; P = 0.30), suggesting a similar distribution of lung
injury.

Discussion

The primary findings of this study are that oxygen and
carbon dioxide responses to prone position are indepen-
dent and, more important, that the PaCO2 decrease, rather
than the PaO2:FiO2 increase, is significantly associated
with lung recruitability (R2 0.19; P = 0.01).

Although the beneficial effect of prone position on
oxygenation has been widely reported [1, 2] and has
been further confirmed in the present study, with 30 out
of 32 patients actually improving their PaO2:FiO2, the
underlying mechanism(s) still remains unidentified. Most
of the difficulties arise from our inability to simulta-
neously measure regional blood flow and ventilation in
patients with ALI or ARDS. Indeed, while we can quite
easily measure the ‘‘gas side’’ of the determinants of
PaO2, the blood counterpart usually remains undeter-
mined. Even so, however, there is no doubt that PaO2

can increase independently of lung recruitment [19].
This does not mean that recruitment does not produce
any improvement in oxygenation, but rather implies that
changes of global cardiac output and/or its distribution
between non-aerated and aerated lung regions can lead
to a rise in PaO2 even in the absence of lung recruit-
ment. This is likely the reason why inhaled nitric oxide
ameliorates oxygenation [20]. Accordingly, in this study,
the response in oxygenation to prone position was not
associated with lung recruitability, as quantified by CT
scan. Others have also suggested that the pattern of lung
disease measured by CT scan with the patient lying
supine cannot predict the response in oxygenation to
prone position [21].

In contrast, the response in PaCO2 to prone position,
with an unchanged ventilator setting, did correlate, in a
weak but statistically significant way, with lung recruit-
ability, which was in turn associated with signs of more
severe lung injury. We hypothesize that a greater lung
recruitability in supine position resulted in a greater net
recruitment in prone position, with a parallel increase in
ventilated and perfused lung units (that is a decrease in
alveolar dead space). Although PaO2 may change inde-
pendently from recruitment, it is interesting to note that
the increase in oxygenation was greater, although not
significantly, in PaCO2 responders. Furthermore, the
seven patients who simultaneously improved their
PaO2:FiO2 and PaCO2 while prone had significantly
higher lung recruitability (24 ± 18%) than those who
only increased their oxygenation or decreased their

Fig. 2 Upper panel association between the response in PaO2:FiO2

to prone ventilation and the percentage of potentially recruitable
lung (R2 0.01; P = 0.57). Triangles indicate patients treated with
pressure control ventilation, circles indicate patients treated with
volume control ventilation. Lower panel association between the
response in PaCO2 to prone ventilation and the percentage of
potentially recruitable lung (R2 0.19; P = 0.01). Triangles indicate
patients treated with pressure control ventilation, circles indicate
patients treated with volume control ventilation. According to this
stratification the relationships obtained are: Patients in volume
control: PaCO2 change = -1.14 - 0.16 9 potentially recruitable
lung (R2 = 0.05; P = 0.44); Patients in pressure control: PaCO2

change = 2.99 - 0.27 9 potentially recruitable lung (R2 = 0.31;
P = 0.02)
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PaCO2 (12 ± 10%, n = 17; P = 0.05), or did not
respond at all to prone position (7 ± 6%, n = 8;
P = 0.01).

At a first glance, our results may seem to contradict
previous findings from Galiatsou and colleagues, who
performed quantitative analysis of lung CT scans taken in
supine and prone position in 21 patients with ALI or
ARDS [22]. In that study, patients with ‘‘lobar’’ lung
injury (so defined according to morphological criteria)
almost halved their percentage of non-aerated tissue,
significantly decreased their PaCO2 and markedly
improved their oxygenation when turned prone. In con-
trast, in ‘‘diffuse’’ lung injury, also defined according to
lung morphology, the decrease in non-aerated tissue
(recruitment) was minor; PaCO2 did not decrease whereas
oxygenation improved. Nonetheless, if we consider the
quantitative CT scan analysis, it becomes evident that
patients with ‘‘lobar’’ ALI or ARDS (who had the most
striking response to prone position) had a significantly
higher amount of non-aerated tissue and lung recruit-
ability than those with ‘‘diffuse’’ lung injury.

Accordingly, PaCO2 decreased only in the most severely
ill and recruitable patients while oxygenation increased
independently of the extent of lung recruitment, a finding
that seems to be in line with our current results.

The regional analysis we performed showed that the
non-aerated tissue is distributed in equal proportion in
ventral and dorsal regions, independently of the change in
PaCO2 observed in prone position. The main difference
between PaCO2 responders and non-responders is in the
absolute amount of non-aerated tissue, i.e., the overall
severity of lung injury. This finding is consistent with the
following (sponge) model: the oedema is quite homoge-
neously distributed all over the lung; it increases the lung
weight and squeezes the gas out of the dependent lung
regions, thus producing alveolar collapse and increasing
the CT densities in dependent regions [23, 24]. The
greater the oedema (lung weight) the greater the collapse
(recruitability) [16]. In prone position, patients with the
greatest collapse have the greatest potential for recruiting
large portions of previously non-aerated tissue, thus
improving alveolar ventilation and decreasing their

Table 2 Physiological and lung CT-scan derived variables in patients classified as either PaCO2 or PaO2:FiO2 responders or
non-responders to prone ventilation

PaCO2

responders
(N = 16)

PaCO2

non-responders
(N = 16)

P PaO2:FiO2

responders
(N = 16)

PaO2:FiO2

non-responders
(N = 16)

P

Physiological variables
PaCO2 change (mmHg) -6.9 ± 4.5 2.6 ± 3.9 \0.01* -3.1 ± 7.1 -1.2 ± 5.6 0.41
PaO2:FiO2 change (mmHg) 60 ± 73 45 ± 41 0.81 92 ± 60 13 ± 19 \0.01*
PaO2:FiO2 supine (mmHg) 140 ± 58 177 ± 69 0.11 145 ± 49 172 ± 79 0.26
PaCO2 supine (mmHg) 48 ± 8 41 ± 11 0.07 43 ± 8 45 ± 12 0.65
CRS supine (mL/cmH2O) 37 ± 16 43 ± 13 0.36 35 ± 16 41 ± 14 0.41
CRS change (mL/cmH2O) -3 ± 8 -2 ± 6 0.79 0 ± 6 -4 ± 8 0.23
Minute ventilation (L/min) 9 ± 3 9 ± 2 0.78 8 ± 2 9 ± 3 0.48
Tidal volume (mL/kg per ideal body weight) 8.3 ± 1.6 8.8 ± 1.2 0.50 8.5 ± 1.5 8.6 ± 1.4 0.80
PEEP (cmH2O) 13 ± 3 13 ± 3 0.65 13 ± 4 13 ± 3 0.75
SAPSII at admission 44 ± 11 40 ± 14 0.39 45 ± 11 38 ± 14 0.13

Total lung
Weight at PEEP 5 (g) 1,967 ± 829 1,521 ± 342 0.06 1,631 ± 445 1,857 ± 827 0.35
Non aerated lung at PEEP 5 (g) 1,009 ± 704 536 ± 188 0.02* 679 ± 306 867 ± 734 0.36
Lung recruitability (g) 374 ± 313 132 ± 111 \0.01* 299 ± 302 206 ± 213 0.28
Lung recruitability (%) 19 ± 16 8 ± 6 0.02* 17 ± 15 10 ± 9 0.15

Ventral half of the lung
Weight at PEEP 5 (g) 954 ± 467 663 ± 238 0.04* 755 ± 269 862 ± 491 0.50
Non aerated lung at PEEP 5 (g) 482 ± 448 199 ± 142 0.03* 282 ± 195 399 ± 467 0.86
Lung recruitability (g) 180 ± 184 72 ± 70 0.04* 141 ± 142 94 ± 109 0.11
Lung recruitability (%) 20 ± 18 10 ± 7 0.07 20 ± 17 10 ± 10 \0.05*

Dorsal half of the lung
Weight at PEEP 5 (g) 1,013 ± 377 814 ± 221 0.08 876 ± 211 952 ± 406 0.50
Non aerated lung at PEEP 5 (g) 527 ± 284 313 ± 134 0.01* 396 ± 176 444 ± 302 0.59
Lung recruitability (g) 194 ± 153 61 ± 56 \0.01* 141 ± 142 113 ± 125 0.56
Lung recruitability (%) 18 ± 15 7 ± 7 0.02* 15 ± 15 9 ± 10 0.21

CRS is the respiratory system compliance (change in CRS was
available in only 19 patients). Ventral and dorsal refer to the upper
and lower halves of the lung, with the patient lying supine

* Indicates statistically significant differences between responders
and non-responders
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PaCO2. Our actual results are further corroborated by
those from Galiatsou and collegues [22].

Several trials have investigated the impact of prone
position on outcome of patients with ALI or ARDS [11–
13]. They have consistently shown that prone position
does not decrease mortality when randomly applied, but
have also suggested that the subgroup of patients with
more severe lung injury may still experience a significant
benefit. We believe that in these patients prone position-
ing is associated with net recruitment. This, in turn, may
reduce the injurious effects of mechanical ventilation on
lungs and distant organs, allowing to modify the venti-
lator setting towards safer limits or reducing the regional
lung stress and strain for a given ventilation [25]. Indeed,
the patients with the higher lung injury severity/greater
lung recruitability, should be the ones who are benefited
more by prone position. Actually in a post hoc analysis of
a randomized study on prone position [15] we found that
in the prone position group the patients who decreased
their PaCO2 (likely the greater lung recruiters) did survive
significantly more than the patients who did not modify
their PaCO2 (likely the low lung recruiters). However,
these findings seem to be in contrast with another study
[16] where we found that patients with greater lung re-
cruitability have lower survival rate than patients with
lower lung recruitability (all patients were treated in
supine position). To reconcile these two findings the only
rational explanation is that the prone position may be
harmful to patients with moderate lung injury and low

lung recruitability, due, as an example, to a redistribution
of infection throughout the bronchial tree [26]. If this is
the case, prone position should be indicated only in
patients with high lung recruitability. Ongoing studies on
prone position should help to clarify this issue. Our study
has several limitations. It is retrospective and in some
cases quite a long time (up to 3 days) passed between the
CT scanning and the evaluation of the response to prone
position. Moreover, the study was not standardized and
lung CT scan was obtained either before or after a period
of prone ventilation. In order to reduce any bias, gas
exchange response and CT scan analysis were performed
by two independent groups of investigators, unaware of
each other’s findings. Another limitation of our study is
that no CT scan was obtained with the patient lying prone
and lung perfusion was not investigated at all.

Even so, we believe that our results may help the
clinician in appropriately selecting those patients who
may get the best out of prone positioning: those more
severely ill and with high lung recruitability. Although the
quantitative analysis of lung CT scans taken at 5 and
45 cm of water of airway pressure is currently the only
way to measure lung recruitability, the subjective evalu-
ation of the lung density redistribution on the two CT
scans or the computation of the weight of total and non-
aerated lung tissue at 5 cm of water appear as acceptable
surrogates, as these variables have been shown to strongly
correlate with the potential for lung recruitability [16].
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