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ABSTRACT

BACKGROUND

In the acute respiratory distress syndrome (ARDS), positive end-expiratory pressure
(PEEP) may decrease ventilator-induced lung injury by keeping lung regions open
that otherwise would be collapsed. Since the effects of PEEP probably depend on
the recruitability of lung tissue, we conducted a study to examine the relationship
between the percentage of potentially recruitable lung, as indicated by computed
tomography (CT), and the clinical and physiological effects of PEEP.

METHODS

Sixty-eight patients with acute lung injury or ARDS underwent whole-lung CT dur-
ing breath-holding sessions at airway pressures of 5, 15, and 45 cm of water. The
percentage of potentially recruitable lung was defined as the proportion of lung
tissue in which aeration was restored at airway pressures between 5 and 45 cm of
water.

RESULTS

The percentage of potentially recruitable lung varied widely in the population, ac-
counting for a mean (+SD) of 13+11 percent of the lung weight, and was highly cor-
related with the percentage of lung tissue in which aeration was maintained after
the application of PEEP (r2=0.72, P<0.001). On average, 24 percent of the lung could
not be recruited. Patients with a higher percentage of potentially recruitable lung
(greater than the median value of 9 percent) had greater total lung weights (P<0.001),
poorer oxygenation (defined as a ratio of partial pressure of arterial oxygen to frac-
tion of inspired oxygen) (P<0.001) and respiratory-system compliance (P=0.002),
higher levels of dead space (P=0.002), and higher rates of death (P=0.02) than pa-
tients with a lower percentage of potentially recruitable lung. The combined physi-
ological variables predicted, with a sensitivity of 71 percent and a specificity of 59
percent, whether a patient’s proportion of potentially recruitable lung was higher or
lower than the median.

CONCLUSIONS

In ARDS, the percentage of potentially recruitable lung is extremely variable and is
strongly associated with the response to PEEP.
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CUTE RESPIRATORY DISTRESS SYN-

drome (ARDS) is a clinical syndrome char-

acterized by inflammatory pulmonary ede-
ma, severe hypoxemia, stiff lungs, and diffuse
endothelial and epithelial injury.? Mechanical
ventilation is often implemented in these patients
to restore adequate oxygenation. However, it has
become evident over the past two decades that
mechanical ventilation itself can augment or cause
pulmonary damage that is indistinguishable from
that caused by ARDS.? As a consequence, the ther-
apeutic target of mechanical ventilation in patients
with ARDS has shifted from the maintenance of
“normal gas exchange”* to the protection of the
lung from ventilator-induced lung injury.>”

The lung-protection strategy combines the use
of higher levels of positive end-expiratory pres-
sure (PEEP) (greater than 12 to 15 cm of water)
and low tidal volumes to prevent regional and
global stress and strain on the lung parenchy-
ma.®1° Ventilation at low tidal volumes alone has
been shown to increase survival among patients
with acute lung injury or ARDS,** and the addi-
tion of higher PEEP to low tidal volumes did not
further increase survival.'? In patients with low
levels of recruitable lung (i.e., lung tissue in which
aeration can be restored),'3® however, the ap-
plication of higher levels of PEEP may be more
harmful than beneficial, since it will serve only to
increase inflation of lung regions that are already
open, increasing the stress and strain on these
regions.'” It follows that knowledge of the capac-
ity of the lung to become and remain recruited
should be a prerequisite for a rational determina-
tion of the levels of PEEP to be applied.

Using computed tomography (CT) to analyze
the entire lung in patients with ARDS, we mea-
sured the percentage of lung that can be re-
cruited, termed “potentially recruitable lung,” by
increasing airway pressures.’®1° We also investi-
gated the relationship between the percentage of
lung that can be recruited by this maneuver and
the changes in physiological respiratory variables
during mechanical ventilation with lower or
higher PEEP.

METHODS

PATIENTS

The patients were studied from June 2003 through
January 2005 at four university hospitals. The study
was approved by the institutional review board of

each hospital, and written informed consent was
obtained according to the national regulations of
the participating institutions (consent was delayed
in Italy until after the patients had recovered from
the effects of sedation, obtained from a legal rep-
resentative in Germany, and obtained from the next
of kin in Chile; for details see the Supplementary
Appendix, available with the full text of this article
at www.nejm.org).

Patients were enrolled if they met the standard
criteria for acute lung injury: a ratio of the partial
pressure of arterial oxygen to the fraction of in-
spired oxygen (Pa0,:F10,) of less than 300, the
presence of bilateral pulmonary infiltrates on the
chest radiograph, and no clinical evidence of left
atrial hypertension (defined by a pulmonary-cap-
illary wedge pressure of 18 mm Hg or less, if
measured).2’ The exclusion criteria were an age
of less than 16 years, pregnancy, and chronic ob-
structive pulmonary disease, according to the pa-
tient’s medical history. The underlying cause of
acute lung injury or ARDS was recorded by each
institution, but no specific classifications were
defined a priori. Patients with healthy lungs and
patients with unilateral pneumonia who under-
went CT for clinical purposes from April 2001
through June 2005 were retrospectively selected
from five hospitals and included in the study for
comparison (Fig. 1 and the Supplementary Ap-
pendix).

PEEP TRIAL
The clinical characteristics of the patients, respira-
tory variables, and ventilator settings were record-
ed before the study. Immediately before each step
of the PEEP trial, as well as before each CT session,
a recruitment maneuver — that is, a sustained in-
flation of the lungs to higher airway pressures and
volumes than are obtained during tidal ventilation
— was performed in which the patient underwent
ventilation for two minutes in the pressure-con-
trolled mode at an inspiratory plateau pressure of
45 cm of water, a PEEP of 5 cm of water, a respira-
tory rate of 10 breaths per minute, and a 1:1 ratio
of inspiration to expiration.?22 After the recruit-
ment maneuver, PEEP at a level of 5 or 15 cm of
water was randomly applied (Fig. 1). The tidal vol-
ume (8 to 10 ml per kilogram of predicted body
weight), F10,, and respiratory rate were identical
to the values used in everyday clinical treatment.
After 20 minutes, the systemic arterial and cen-
tral venous pressures and blood gas tensions, min-

N ENGLJ MED 354;17 WWW.NEJM.ORG APRIL 27, 2006

Downloaded from www.nejm.org on August 20, 2008 . For personal use only. No other uses without permission.

Copyright © 2006 Massachusetts Medical Society. All rights reserved.



LUNG RECRUITMENT IN PATIENTS WITH THE ACUTE RESPIRATORY DISTRESS SYNDROME

Study group Comparison groups
68 Patients enrolled with Retrospective selection
diagnosis of acute from hospital database
lung injury or ARDS of 63 patients with lung

injury other than acute
lung injury or ARDS who
underwent whole-lung CT
for diagnostic purposes

Recruitment maneuvers  ——

PEEP trial with PEEP

at 5 and 15 cm of water 1 With congestive heart | |
(random sequence) and failure excluded
physiological variables

Recruitment maneuver — ——

CT with inspiratory plateau ’ .
pressure of 45 cm of water 62 With pneumonia

Recruitment maneuvers  ——

CT with PEEP at 5 and 15 cm 28 With bilateral pneumonia
of water (random sequence) excluded
Quantitative analysis — Quantitative analysis —
34 With lower percentage 34 With higher percentage 39 Had healthy lungs 34 Had umIaFeraI
pneumonia

Figure 1. Enrollment and Study Protocol.

In the study group, a recruitment maneuver was performed immediately before application of each PEEP level. In the comparison
groups, patients with bilateral pneumonia were excluded from the analysis to limit the possible confounding factors caused by the par-
tial overlapping between patients with less severe acute lung injury or ARDS and patients with bilateral pneumonia (see the Supplemen-
tary Appendix for further details). Therefore, only patients with unilateral pneumonia, who by definition did not meet the inclusion crite-
ria for acute lung injury or ARDS, were included. The group with a lower percentage of potentially recruitable lung includes patients with
potentially recruitable lung values at or below the overall median of 9 percent, and the group with a higher percentage of potentially re-
cruitable lung includes patients with values above the median.

ute ventilation, and inspiratory plateau pressure Standard formulas were used to calculate the
were recorded. The dead-space fraction and the right-to-left intrapulmonary shunt fraction, alve-
end-tidal partial pressure of carbon dioxide were olar dead-space fraction, and respiratory-system
measured with a CO,SMO monitor (Novametrix). compliance (see the Supplementary Appendix).

N ENGLJ MED 354;17 WWW.NEJM.ORG APRIL 27, 2006 1777

Downloaded from www.nejm.org on August 20, 2008 . For personal use only. No other uses without permission.
Copyright © 2006 Massachusetts Medical Society. All rights reserved.






























