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Summary Mechanical ventilation is a complex therapy with several different parameters
which can be altered. In preterm and term infants, more attention has been paid to the
levels of peak inspiratory pressure than to the positive end-expiratory pressure (PEEP).
An awareness that lung protection can be conferred by an appropriate level of PEEP has
increasingly stimulated a renewed interest in achieving the “best PEEP” strategy. We
review the history of the introduction of PEEP therapy, some of the early demonstrations
of its potential for mischief, the evidence on what levels of PEEP are appropriate in infants,
some data concerning the lung-protective value of PEEP and finally some recent efforts at
defining measures to determine the so-called “best PEEP”. Some of this work has been
performed in adults with the acute respiratory distress syndrome. In newborns, we are
regrettably forced to conclude that there is, for the immediate present, no easy substitute
for sensible clinical observations coupled with a judicious and cautious adjustment of
PEEP. We anticipate that a more logical application of PEEP with individualisation of
therapy, based on a pressure—volume relationship, will in future enable targeted tests of

PEEP as a lung-protection strategy.
© 2003 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Much discussion has emphasised the concept that whereas
mechanical ventilation achieves gas exchange, it may simul-
taneously damage the lung. From early in the modem
history of mechanical ventilation of newborns, many work-
ers attempted to dissect out which of the various compo-
nents of the complex interactions in mechanical ventilation
had the most beneficial impact on the baby's respiratory gas
status. Most attention focused on the potential for damage
resulting from the peak inspiratory pressure but the impor-
tance of other parameters was accorded by the prominent
place held by the mean airway pressure. This value arith-
metically summed all the components of the ventilation into
one number." In retrospect, the simplifying but reductionist
elegance that focused upon a single unitary number may
have misled the field. We argue that comparatively little
attention has been paid to determining the appropriate level
of positive end-expiratory pressure (PEEP) to be applied,
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more attention having been paid to its possible dangers than
to its potential for benefit. The lack of clear evidence has,
unsurprisingly, led to varying opinions. When we recently
conducted a survey of neonatologists across Canada, we
put a specific case scenario to tertiary care neonatologists
and asked them whether they would increase the PEEP,
decrease the PEEP or leave it the same. The answers fell
almost exactly into a third for each camp.” This review tries
to assess how PEEP should be viewed today. It takes an
explicitly historical view, which allows the relative merits of
prior work to be acknowledged while suggesting how this
may have led to an undervaluation of the potential for PEEP.

EARLY CONCEPTS OF THE
APPLICATION OF POSITIVE END-
EXPIRATORY PRESSURE

The concepts of continuous positive airways pressure
(CPAP) and PEEP are similar, both originating in clinical
observations that newborns with hyaline membrane dis-
ease "grunt” It was argued that, in trying to keep the lung

© 2003 Elsevier Science Ltd. All rights reserved.
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expanded, the infant kept the glottis shut for as long as
possible, producing a very short expiration with a very rapid
and forceful expulsion of gas resulting in the characteristic
sound of a baby in trouble. This notion of an end-expiratory
pressure led to the clinical treatment strategy of CPAP.
Following these observations on the role of the glottis, it
was noted that intubated infants would, of necessity, have
their glottis bypassed, and the “bypass” phenomenon could
be prevented by using CPAP.

The beneficial effects of CPAP were linked with obser-
vations that the chest wall of newborns was almost infinitely
compliant, leading to the collapse and in-drawing charac-
teristically seen in sick newborns.” This was quickly
mimicked in ventilated infants by the use of PEEP. It was
first achieved by adopting a strategy of using a high
inspiration:expiration ratio (i.e. a longer inspiratory time
than normal) such that when higher rates were used, the
expiratory time was too short to enable complete expira-
tion. This resulted in a higher end-expiratory pressure by a
process of “air trapping”. An extension of this was quickly
applied using a “reversed inspiration:expiration (I:E) ratio”,
where the inspiratory time was even further increased
above that of the expiratory time in order to maintain
lung volumes. The same result was, however, more pur-
posely achieved when Llewellyn started to use a positive
expiratory pressure in newbom ventilation in 1970.° In
applying CPAP, Gregory et al. had used a simple rule of
thumb to determine the best pressure, i.e. increasing the
pressure in 2 cmH,O increments until a PaO, of over
50 mmHg was achieved.” This process was one of
attempted individualisation.

Others tried to refine the process. Bonta and co-work-
ers used oesophageal pressure measurements to find the
point at which there was a maximal transmission of CPAP
applied pressure through the lung to the pleura.®

EARLY INVESTIGATION INTO THE
EFFECTS IN NEWBORNS OF
POSITIVE END-EXPIRATORY
PRESSURE

The systematic investigation of the effects of changing each
ventilator parameter (respiratory rate, peak inspiratory
pressure, |:E ratio, and PEEP) began with manipulation of
the E ratio by inspiratory gas flow changes.” This focus on
the LE ratio was retained in much of the early work,®’
largely for technical reasons as it was easily adjusted on the
ventilators. In 1973, however, Herman and Reynolds
showed that an increase in the |:E ratio, coupled with an
increase in  PEEP, reduced barotraumas,'® and Boros
showed in 1977 that PEEP increased the PaO,/FiO; ratio.''
[t was these experiments that led Boros to urge the
numeric amalgamation of these individual parameters —
peak inspiratory pressure, respiratory rate, I:'E and PEEP —

: p - VL
into the “mean airway pressure”.

Some attempts to unravel the mean airway pressure into
its constituent parts continued, however, and perhaps the
most systematic demonstration of the effects of PEEP on
oxygenation was provided by Stewart et al.'’ These
researchers established that the major impact on oxygena-
tion in newborns with respiratory failure was the level of
PEEP. They showed that whereas PEEP (raising or lowering
it 4 cmH,O) increased oxygenation, it also increased the
mean carbon dioxide by 7 mmHg. In the whole group of
infants, there was no relationship between PEEP and raised
intra-cranial pressure (ICP), although changes in mean
airway pressure associated with peak inspiratory pressure
alterations were related to ICP elevations.

CAUTIONS RAISED ABOUT
POSITIVE END-EXPIRATORY
PRESSURE THERAPY

Early concerns were raised about the potential side-effects
of PEEP, especially with regard to cardiac function.” A
problem was then highlighted that increased the overall
concerns; this was unrecognised, or “inadvertent”, PEEP.
Simbruner showed that this could be detected by clamping
the expiratory limb of the ventilator at end-expiration.' If
this was followed by an increase in expiratory time, the level
of “inadvertent PEEP” fell and the measured compliance (a
measure of unit lung volume per unit pressure used to
obtain that volume) would rise. This led to a heightened
awareness of the deleterious effects of PEEP.'* More
evidence of the potential for mischief during routine appli-
cations of PEEP continued to accumulate, as demonstrated
by a fall in minute ventilation and carbon dioxide accumula-
tion,'” an increase in effective left ventricular afterload,'® an
increase in carbon dioxide and a consequent increased
cerebral blood flow velocity.'”

Although many authors cautioning about the side-effects
of PEEP were aware of the important caveats demon-
strated by Holzman and Scarpelli,|8 the net cumulative
message was that PEEP was harmful and that its level should
be kept low. Holzman and Scarpelli had, however, shown in
animal experiments that although cardiac output fell in
compliant (i.e. healthy) lungs, this fall was much less
explained in unhealthy lungs. The mechanism they invoked
was that the sickest lungs did not transmit the intrathoracic
pressure to the pleural space and therefore did not much
affect the venous return; as preload was preserved, cardiac
output was not affected. The clinical implication was that
we should be most concerned about the effects of PEEP on
cardiac output in the most healthy lungs rather than in the
sickest lungs; in fact in the very patients we were most
anxious to wean off the ventilator!

Other clues to a larger role for PEEP lay in the debate on
respiratory frequency vs. |:E ratio, in which the potential role
of PEEP appeared to be ignored. Although the interaction
between inadvertent PEEP and I:E ratio had been long
understood, the results of the key trial - OCTAVE'? — were
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interpreted only in terms of the beneficial effect being
related to low I:E ratios and fast ventilator rates. In retro-
spect, at least some of the benefit observed in the
OCTAVE trial in the lower barovolutrauma group might
have been related to an unappreciated value of PEEP,
“inadvertent PEEP” perhaps.

DOES THE LEVEL OF POSITIVE END-
EXPIRATORY PRESSURE AFFECT
LUNG INJURY?

This question is not trivial as alveolar epithelial disruption
and capillary leak leads to an infiltration of acute inflam-
matory cells in newborns even following the first breath.”® It
is now generally agreed that zero end-expiratory pressure
(ZEEP), or near-ZEEP, is deleterious.”'”” The beneficial
effects of PEEP upon various airway and histological mar-
kers of inflammation were found in an isolated, non-
perfused rat lung model in which low end-expiratory lung
volume and ZEEP significantly augmented lung injury.23 If,
however, PEEP was set at greater than the opening pres-
sure, or the “lower inflection point”, histopathological lung
injury was reduced.”® This in vitro work has been paralleled
in adults with acute respiratory distress syndrome: if they
were ventilated with a PEEP greater than the lower inflec-
tion point, the bronchoalveolar concentrations of inflam-
matory mediators were significantly reduced at 36 h
compared with controls.**

Whether these anti-inflammatory effects of an appro-
priate PEEP are mediated by the surfactant system is
unclear but PEEP has long been known to preserve sur-
factant function, one school of thought having advocated to
“keep the lung open” partly because of this.”> >’ Animals
sustain lung injury within 3 h of high-volume ventilation and
ZEEP, whereas PEEP prevents a compression-induced
inactivation of the surfactant.”” When lambs are ventilated
using a tidal volume of 10 ml/kg and PEEP, higher levels of
PEEP (7 cmH,O rather than 3 cmH,QO) ensure that sur-
factant is still maintained in its active form.”® Although this
data is convincing, does information in the human newborn
allow us to derive a safe or a standard level of PEEP to use?

SHOULD - AND CAN - THERE BE A
STANDARD SETTING FOR POSITIVE
END-EXPIRATORY PRESSURE?

Simbruner'® showed that actual measurements could be
made on infants being ventilated to determine the true
PEEP a baby was receiving. Simbruner's recommendation
was in fact that a so-called "patient-tailored” ventilation
incorporating measures of the inadvertent PEEP would
enable the clinician to achieve “optimal PEEP". This was
a term used by Suter and co-workers where the level of
PEEP was such as to give optimal compliance and ventila-
tion at the lowest mean airway pressures.”” This did not,

however, become standard clinical practice. The approach
was usually to adopt a “normative range” — the difficulty
being to know what that was. It was clear that functional
residual capacity in infants increased in a stepwise fashion as
PEEP values were increased®®?' but what levels were
appropriate? In 1992, Greenough et al. assessed which
level of PEEP achieved the best oxygenation — just as
Gregory had for CPAP — in |6 infants at a median gesta-
tional age of 29 weeks.*” It appeared that in acute hyaline
membrane disease and the chronic stages of bronchopul-
monary dysplasia, PEEP of 3—6 cmH,O promoted better
oxygenation than PEEP of 0-3 cmH,O. It became obvious
that results from the pre-surfactant era would need to be
modified following the introduction of surfactant therapy
since the ensuing rapid recruitment of previously closed
lung segments led to an increase in functional residual
capacity.”?

Accordingly, when Dimitriou repeated earlier studies on
PEEP levels, the results suggested that, within 18 h of giving
surfactant, an appropriate level of PEEP was 3 cmH,O, as
judged by the higher carbon dioxide level at 6 cmH,O.**
Caution was expressed, however, since the sample of eight
infants was small and there was a trend to higher oxygena-
tion with higher PEEP values that did not achieve statistical
significance. In attempts to derive easy rules from such
results, the varying time of study from surfactant adminis-
tration is also a limiting factor. In Dimitriou’s study, this
ranged from |2 to 68 h after the use of surfactant. We are
now far more aware of the rapidity with which acute lung
injury can occur and ensuing changes in the pressure—
volume relationships of the lung over such a period of
time make simple clinical rules difficult to apply. If simple
standard guidelines allowing a clinician to set a PEEP level
cannot be stated unequivocally, what other approaches can
be adopted? Can we individualise PEEP levels, in the same
way that authors have tried to individualise CPAP levels.®

EARLY ATTEMPTS TO
INDIVIDUALISE POSITIVE END-
EXPIRATORY PRESSURE FOR
NEWBORNS

Although clinicians have tried to individualise ventilator
settings to particular infants, it was of necessity left vague.*
Several attempts have been made to utilise the physiolo-
gical principles that underlie the pressure—volume curve
(or alternatively the flow—volume curve).

Mathe et al. used the characteristics of the inflationary limb
of the pressure—volume curve (Fig. ) to determine what
they called the “appropriate PEEP", or APEEP*® They
instilled gas at a flow rate of 10 ml/kg over 20-30 seconds
while monitoring airway pressures, trying to find the point at
which the lower portion of the volume—pressure loop
abruptly became straight. Mathe et al. argued that this was
the point of "APEEP". If APEEP was set within the first 24 h, it
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Figure | Idealised pressure—volume curve of a single breath to

demonstrate the principles underlying the location of the points
referred to in the text. The up-going arrow represents the
inflationary limb and the down-going arrow the deflationary limb.
A, the lower inflection point or appropriate positive end-
expiratory pressure, as described by Mathe et al*® or the P flex
mentioned by Gattinoni et al* B, the end of the linear portion of
the curve that represents the most desirable portion of the curve
avoiding underdistension and collapse and overdistension and the
potential for barovolutrauma. This corresponds to the so-called
upper inflection point, described by Mergoni et al* and used by
Rimensberger et al*® C, the point of ‘maximum’ inflation, at which
inflation ends and deflation begins. D, the so-called closing
pressure, as used by Rimensberger et al*® Rimensberger et dl
found that the pressure at point D was less than that at B.

appeared that infants had a shorter duration of exposure to
oxygen. The drawback was that these infants were curarised
and there was a potential risk of developing a pneu-
mothorax, afthough none of the 40 babies studied did so.
Sinha et al. describe a variant of this approach, using one of
the commercially available pulmonary graphics packages.’

A recent summary describing the lung’s elastic properties
has, however, rightly concluded that it is too early to apply
in a routine manner to the ventilated infant.*' The potential
for this approach has nevertheless been illustrated by
Schibler et al, who described how an improvement in
the use of PEEP can be followed by visual displays of an
increasing dynamic compliance and decreasing dynamic
resistance.”’

FINDING THE RIGHT POINT

If it was easy to set the PEEP, ventilation strategies could be
optimised to the individual subject. Apart from Mathe et al.’s
pioneering study,*® most work has been done in animals or
adult humans. The point that was labelled by Mathe et al. as
the point of APEEP*® is now more frequently known as the
lower inflection point or opening pressure. Both the loca-
tion of this point and its corollary at the top end of the
pressure—volume curve on the deflation hysteresis limb —
found following a “sigh manoeuvre” (often known as the
upper inflection point or closing pressure; see below) — are

now the focus of attention. Rimensberger et al. found that
the closing pressure was lower than the upper inflection
point on the inspiratory limb,*® but finding the closing
pressure has so far been described only in animals.

Evidence from the adult literature indicates the potential
benefits of “individualisation” since, as in newborns, there is a
great vaniability in the clinical spectrum of respiratory failure
with acute respiratory distress syndrome.®” Such variability
may explain the differing results in when workers have
utilised these concepts. Pepe et al. could not demonstrate
any benefit from a simple raised PEEP strategy™ but two
randomised trials showed benefits of PEEP set above the
lower inflection point on a static pressure—volume curve, in
terms of improved lung function,”' mortality at 28 days,
increased weaning rate and decreased barotrauma.**

There is, however, a lack of agreement on which point on
the pressure—volume curve to use to keep the lung open,”
or even on the terminology. Some authors describe the
lower inflection point on the inflation limb and set the PEEP
just above this;"*** the same point is called “P flex’ by
others.™ Others use the upper inflection point, or deflection
point on the inflation limb.*® Others describe a “closing
pressure” point on the deflation limb of the pressure—
volume curve, found by a superimposed sigh, as the optimal
point for lung recruitment, arguing that this strategy avoids
the potential for overinflation.®

Further difficulty lies in disagreement over whether the
various points can be found in all subjects. Although some
report that neither the upper nor the lower inflection point
is a consistently observed phenomenon,”*® we have
recently been able to observe a lower inflection point in
all newborn piglets studied,™ and Mathe et al*¢ did not
report any infants whose APEEP point could not be found.
The safety and reproducibility of finding these points needs,
however, further detailed confirmation in newboms. In
addition, the exact method for how these points can in
practice be safely determined at the cot-side and which
point is the “best” point to use for tailoring ventilation,
needs to be determined. This is by far the most difficult one
to address and has not yet yielded any agreement. In adult
populations, a technique employing the “super-syringe” has
been extensively used.”® This allows detection of the lower
inflection point after building the inspiratory limb of the
pressure—volume curve by injecting a known volume of gas
at a fixed rate and recording the equilibrium pressures
thereby obtained. This is similar to Mathe et al’s techni-
que.® It is, however, tricky to perform, especially in sick
patients.

CONCLUSION: WHAT DOES THIS
MEAN IN CLINICAL PRACTICE?

No convincing benefits have yet been demonstrated by
randomised data in infants, leaving it impossible to make
firm recommendations. Some general and uncontroversial
principles can, however, be suggested (see Practice points).
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These can be subsumed into the old adage of the clinician

to

“look at your patient” — perhaps to be modified as “look

at your patient and her/his monitors”.

PRACTICE POINTS

e ZEEP is deleterious even in diseases such as
meconium aspiration with apparent areas of
overinflation. This is often accompanied by areas
of collapse or underdistension, for which the
presence of even a small degree of PEEP could be
useful. In hyaline membrane disease, the nature of
the lack of homogeneity is even more obvious
making ZEEP a contraindication.

e When changing ventilator settings ensure that
each step is accompanied by an adequate time
interval to enable the effects of the changes to be
detectable at steady state. Attention should be
paid to oxygen saturation, and the evidence of
adequate peripheral perfusion and central blood
pressure. A blood gas level should be obtained to
verify the observed non-invasive trends of oxygen
saturation and/or transcutaneous carbon dioxide
monitoring.

o A chest X-ray may be helpful. There may be areas
of regional collapse or underdistension that might
benefit from a higher level of PEEP.

Note whether the heart is “squeezed” or com-
pressed, suggesting a need to volume-prime to
increase the preload or to make a slight reduction
in the degree of PEEP applied. The future is likely to
reveal some more logical means by which to titrate
levels of PEEP.
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