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42.1     Introduction 

 Success in providing respiratory support to the 
neonate requires a clear understanding of the 
context in which it is being applied. Perhaps 
more than for any other age group, the array of 

different situations in which ventilation is applied 
to the newborn infant is extremely broad, with in 
each case different pathophysiological distur-
bances and often the need to use a specifi c 
approach to apply ventilation optimally. 
Table  42.1  provides a list of the more common 
situations in which conventional ventilation is 
used in the neonate and includes some consider-
ations regarding ventilator settings for each situ-
ation. For each situation, a suggested mode of 
ventilation is indicated, along with target ranges 
for positive end-expiratory pressure (PEEP) and 
tidal volume ( V  T ). Further discussion of the phys-
iological rationale and available evidence for 
ventilator settings is set out below.

42.2        Choosing the 
Ventilator Mode 

 To a signifi cant degree, the clinician’s choice of 
ventilator modes is limited by the equipment avail-
able in his or her NICU. Although most modern 
ventilators are capable of providing the basic 
modes of synchronised (patient-triggered) ventila-
tion, there are a variety of hybrid modes or combi-
nations that may be unique to each manufacturer 
and device. For example, some ventilators make 
possible the combination of synchronised intermit-
tent mandatory ventilation (SIMV) and pressure 
support ventilation (PSV), and other ventilators 
employ PSV as a stand- alone mode with a backup 
rate, similar to assist/control (AC) but fl ow rather 
than time cycled. PSV eliminates the inspiratory 
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 This chapter aims to give an understanding of:
•    The clinical situations in which ventila-

tion is applied in the newborn  
•   The approach to initiation of ventilation, 

including choice of mode of ventilation 
and fi rst settings  

•   The physiological considerations and 
clinical evidence for adjustment of ven-
tilator settings  

•   The rationale for target ranges for tidal 
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hold, making for better synchronisation and auto-
matically adjusting the effective inspiratory time 
( T  I ) as time constants change. However, this mode 
may not be appropriate in extremely small prema-
ture infants in the fi rst few days of life, in whom 
respiratory time constants are so short that the 
actual  T  I  may be less than 0.25 s. This duration of 
inspiration may be inadequate for gas mixing in the 
terminal air spaces and additionally may lead to 
excessively rapid respiratory rates. 

 Ventilators designed primarily for adult/paedi-
atric patients but capable of also supporting neo-
nates tend to have a greater variety of modes 
(some untested in newborn infants) and to offer 
volume-controlled ventilation. Unlike on the spe-
cialty neonatal ventilators, PSV on these devices 
does not have a backup rate and thus requires a 
reliable respiratory effort, not often present in pre-
term infants. However, when ventilating newborn 
infants, the clinician must be aware of the pitfalls 
of applying various modes to this unique popula-
tion. The major limitation of volume- controlled 
ventilation is that the device only controls the vol-
ume delivered into the proximal (ventilator) end 
of the circuit, not the volume entering the patient’s 
lungs. Because of  compression of gas and stretch-
ing of the circuit, as well as leak around uncuffed 
endotracheal tubes (ETT), there is only a very 
indirect relationship between set and delivered  V  T . 
For this reason, time-cycled, pressure-limited 
ventilation has been the standard ventilation mode 
in the NICU. There are several volume-targeted 
modes of pressure- limited ventilation with differ-
ent operating principles and capabilities that more 
accurately control delivered  V  T  in newborn 
infants. Some of these modalities have been stud-
ied in considerable detail and shown to reduce the 
incidence of hypocapnia, excessively large  V  T , 
duration of mechanical ventilation and to decrease 
levels of pro-infl ammatory cytokines (Keszler 
 2009 ). Volume-targeted ventilation is discussed in 
detail elsewhere in this book. The more conven-
tional modes are discussed below, and sugges-
tions regarding the most appropriate modes for 
neonatal ventilation are incorporated in Table  42.1 . 

 Despite many years of daily use, no consensus 
has emerged regarding the relative merits of the 
commonly used modes of synchronised ventila-
tion. Guidance from large prospective trials with 

important clinical outcomes, such as incidence of 
air leak, chronic lung disease or length of ventila-
tion, is lacking. Short-term clinical trials have 
demonstrated less tachypnoea and less variable 
 V  T  (Mrozek et al.  2000 ), more rapid weaning 
from mechanical ventilation (Chan and 
Greenough  1994 ; Dimitriou et al.  1995 ) and 
smaller  V  T  with smaller fl uctuations in blood 
pressure (Hummler et al.  1996 ) with AC, com-
pared to SIMV. There are important physiologi-
cal considerations suggesting that SIMV may not 
provide optimal support in very premature 
infants. SIMV supports a user-defi ned number of 
breaths synchronised with the infant’s spontane-
ous respiratory effort. Spontaneous breaths in 
excess of the set rate are not supported, resulting 
in uneven tidal volume and high work of breath-
ing during weaning. This is particularly impor-
tant in extremely small and immature infants 
intubated with a narrow bore ETT (Fiastro et al. 
 1988 ). The high airway resistance of the ETT, 
limited muscle strength and mechanical disad-
vantage of the infant’s excessively compliant 
chest wall result in small, ineffective  V  T . Small 
breaths that largely rebreathe dead space gas will 
contribute little to effective alveolar ventilation. 
To maintain adequate alveolar minute ventila-
tion, relatively large  V  T  is thus required with the 
limited number of mechanical infl ations provided 
by the ventilator. In a group of ELBW infants in 
the recovery phase of respiratory distress syn-
drome (RDS) ventilated with SIMV, the  V  T  of 
mechanical infl ations was about 6 mL/kg with 
spontaneous  V  T  of 2.5 mL/kg, very close to ana-
tomical dead space (Osorio et al.  2005 ). However, 
most clinicians continue to use SIMV, particu-
larly during the weaning phase (Sharma and 
Greenough  2007 ). This is based on the intuitive 
assumption that fewer mechanical infl ations are 
less damaging and on the traditional thinking that 
the ventilator rate must be lowered before extu-
bation. However, because lung injury is primarily 
caused by excessive  V  T , irrespective of the pres-
sure required to generate that  V  T  (Dreyfuss and 
Saumon  1993 ; Hernandez et al.  1989 ; Dreyfuss 
and Saumon  1998 ), the smaller  V  T  used with AC 
(Hummler et al.  1996 ) likely outweighs the faster 
rate. This concept is supported by the Oxford 
Region Controlled Trial of Artifi cial Ventilation 
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study where a ventilator rate of 60 infl ations per 
min compared to 20–40 was shown to result in 
less air leak with unsynchronised IMV (OCTAVE 
Study Group  1991 ). Many clinicians also mistak-
enly believe that assisting every breath prevents 
respiratory muscle training. This concern refl ects 
a poor understanding of the patient–ventilator 
interaction during synchronised ventilation. With 
synchronised ventilation, the  V  T  is generated by 
the combined inspiratory effort of the patient (the 
baby pulling air in) and the positive pressure gen-
erated by the ventilator pushing air in. The result-
ing transpulmonary pressure, together with the 
compliance of the respiratory system, determines 
the  V  T . Thus, as ventilator infl ation pressure is 
decreased during weaning, the infant gradually 
assumes a greater proportion of the work of 
breathing and achieves respiratory muscle train-
ing. Ultimately, the ventilator pressure is 
decreased to the point when it only overcomes 
the added resistance of the ETT and circuit, at 
which point the infant should be extubated. 

 There is little difference between the modes 
during the acute phase of the disease when SIMV 
rate is relatively high. The differences become 
more meaningful during weaning, especially at 
rates <20. The less intuitive weaning process with 
AC appears to be one of the reasons clinicians 
continue to employ SIMV during weaning from 
mechanical ventilation. Another reason is the 
anecdotal observation that sometimes infants 
become tachypnoeic with AC and may have mild 
hypocapnia. This tachypnoea may refl ect the 
infant’s response to low mean airway pressure 
( P  AW ) during weaning – shortening the expiratory 
time ( T  E ) serves to maintain lung volume at end 
expiration. Tachypnoea appears to be infrequent 
when decreasing peak inspiratory pressure (PIP) 
is balanced by higher PEEP to avoid loss of lung 
volume. Low rate SIMV, especially in small 
infants with 2.5-mm-diameter ETT, is likely to 
impair the weaning process. Some ventilators 
offer the option of supporting spontaneous breaths 
with pressure support ventilation. This will com-
pensate for the problems associated with simple 
SIMV but becomes a more complex process 
requiring the clinician to select settings for both 
SIMV and the level of pressure support. 

Nonetheless, more rapid weaning when SIMV 
was combined with PSV compared to SIMV 
alone has been demonstrated (Reyes et al.  2006 ). 
Based on these fi ndings, it is recommended that 
when SIMV is used during the weaning process, 
PSV should be utilised to support spontaneous 
breathing. The alternate and less complicated 
approach is to use AC or PSV as a stand-alone 
mode to assist all spontaneous efforts and simply 
wean the infl ations pressure, taking care to main-
tain adequate  P  AW . This is most easily accom-
plished when using volume-targeted modes of 
ventilation discussed earlier in this book. Finally, 
the attributes of the particular ventilator may 
infl uence the choice of triggered modes. Many 
fl ow-triggered devices are susceptible to auto-
triggering due to leak around the ETT. This is 
more problematic with AC than with SIMV, 
where the mechanical breath rate is limited. 
Devices that have a very effective leak- adapted 
trigger and breath termination algorithms, such as 
the Draeger Babylog, are virtually immune from 
this problem and thus facilitate the use of AC.  

42.3     First Settings 

 This section focuses on the initial management of 
the ventilated infant following intubation. Overall 
rationale for, and evidence supporting, choice of 
ventilator settings in newborns is set out in 
Sect.  42.4 . 

 After intubation, a period of ventilation using 
a portable ventilation device will usually be 
required until the endotracheal tube is secured, 
nasogastric tube inserted, and the baby positioned 
in readiness for ventilation. In preterm infants, 
bolus surfactant may also be given at this time. If 
the ventilation device does not allow delivery of 
PEEP, the infant should be connected to the ven-
tilator as quickly as possible. 

 The initial ventilator settings should take into 
account the context in which ventilation is being 
applied to the neonate (Table  42.1 ) and the appar-
ent response to the pressure settings being used 
during ventilation with a portable device. There 
should be a stepwise approach to setting the ven-
tilator at the time of initiation of mechanical 
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 ventilation (Table  42.2 ), guided in part by a thor-
ough clinical appraisal (Table  42.3 ). PEEP should 
be considered fi rst, with suggested PEEP levels 
for a range of different situations set out in 
Table  42.1 . The  T  I  should be set at around 0.5 s 
for a term infant and 0.35 s for a preterm infant, 
and then further adjusted depending on the analy-
sis of the fl ow–time curve, which can be dis-
played on most modern neonatal ventilators. For 
most applications of time-cycled pressure-lim-
ited ventilation,  T  I  should be set long enough to 
allow complete or near-complete infl ow of gas 

into the lung during inspiration. If the  T  I  is too 
short, there may not be suffi cient time for an ade-
quate tidal volume to be delivered nor for alveo-
lar recruitment to occur with each tidal infl ation. 
Setting PIP should be guided by a visual appre-
ciation of chest rise and preferably the measured 
 V  T . Suggested target values for  V  T  are set out in 
Table  42.1 . Finally,  T  E  (and thus, respiratory rate) 
is adjusted, with the aim of producing suffi cient 
minute ventilation to clear CO 2  without causing 
dynamic hyperinfl ation related to inadvertent 
PEEP. An estimate of minute ventilation can be 
made using the product of measured  V  T  and res-
piratory rate, with a value of 200–300 mL/kg/min 
usually being an adequate starting point before 
the fi rst pCO 2  reading is obtained. Note that this 
estimate of minute ventilation does not incorpo-
rate dead space volume, which is substantial in 
some infants, particularly those with hyperin-
fl ated lungs (“alveolar dead space”). Additionally, 
rapid shallow breathing leads to high dead space 
to  V  T  ratio and reduced alveolar ventilation. 
Avoidance of inadvertent PEEP can be diffi cult 
when an infant has a rapid spontaneous breath-
ing rate and each breath is being supported by 
the ventilator. Examination of the fl ow–time 
curve during expiration will reveal whether gas 
outfl ow is complete before the next infl ation 
begins and thus whether dynamic hyperinfl ation 
is likely to occur. If so, further adjustment to the 
mode of ventilation, respiratory rate and even 
inspiratory time may be necessary, as discussed 
below.

42.3.1        Assessment After Going 
onto the Ventilator 

 A thorough clinical re-evaluation after initiation 
of ventilation is essential (Table  42.3 ), with the 
expectation that further adjustments to ventilator 
settings may be necessary. Careful note of the rate 
of spontaneous ventilation, and the effectiveness 
of triggering, should be made as the infant recov-
ers from the intubation and the effects of any sed-
ative and muscle relaxant drugs used prior to it. 
The need for further sedation/analgesia should be 
assessed. Muscle relaxation is rarely indicated in 

     Table 42.3    Clinical evaluation after initiation of 
mechanical ventilation   

  Observation  
  Colour and circulation 
  Infant’s spontaneous respiratory rate 
   Patient–ventilator interaction – evidence of 

triggering/autocycling 
  Chest rise and diaphragmatic excursion 
  Work of breathing 
  Gastric distension 
  Auscultation  
  Breath sounds to all lung areas 
  Adventitial sounds 
  Large airway sounds 
  Heart sounds 
  Ventilation parameters  
  Delivered tidal volume 
   Flow–time curve – evidence of suffi cient inspiratory 

and expiratory time 

   Table 42.2    Stepwise approach to initial ventilator settings   

 These parameters to be set in the order suggested 
   PEEP – set according to context (see Table  42.1 ) and 

oxygen requirement 
    T  I  – suffi cient to allow complete gas infl ow to occur 

(and longer, if tidal recruitment needed) 
   PIP – suffi cient to produce adequate chest movement 

(and  V  T , when measured) 
    T  E  (or ventilator rate) a  – set so as to allow complete 

gas outfl ow to occur and, in combination with  V  T , to 
produce adequate minute ventilation 

   PEEP  positive end-expiratory pressure,  T   I   inspiratory 
time,  PIP  peak infl ation pressure,  V   T   tidal volume,  T   E   
expiratory time 
  a In some ventilators, the rate is set directly, and in others it 
is determined by the combination of inspiratory and expi-
ratory time  
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the era of effective synchronised ventilation. 
Narcotic analgesia should be used judiciously; 
clinical trial evidence suggests morphine admin-
istration relieves pain in ventilated neonates but 
may increase the risk of adverse neurological out-
comes (Anand et al.  2004 ). If spontaneous breath-
ing is to continue, the trigger sensitivity may need 
to be altered to optimise patient–ventilator inter-
action. In general, the trigger threshold should be 
as low as possible without causing autocycling, 
because higher trigger threshold is associated 
with higher work of breathing and longer trigger 
delay. An attempt should always be made to con-
fi rm whether “triggered” infl ations are actually 
preceded by spontaneous respiratory effort or, 
alternatively, whether the ventilator is autocy-
cling. The latter situation is more likely when 
there is a signifi cant tube leak (despite “tube com-
pensation”) (Bernstein et al.  1995 ), or with con-
densed water collecting in the ventilator tubing, 
and can lead to very signifi cant hyperventilation 
particularly in AC mode. 

 Observation of the chest rise and abdominal 
motion will give some guide to the delivered  V  T , 
although this is a clinical skill that requires some 
time to learn (Aufricht et al.  1993 ), and may under-
estimate the actual  V  T  (Schmolzer et al.  2010 ). High 
residual work of breathing may refl ect inadequate 
tidal volume or inadequate minute ventilation, and 
ventilator settings should be adjusted appropriately. 
In the immediate post- intubation period, respiratory 
system compliance may be transiently decreased 
due to gaseous abdominal distension, especially 
after prolonged face mask ventilation. Venting of 
the stomach with a tube should occur soon after 
intubation to overcome any impairment of respira-
tory system compliance related to gastric distension 
with gas (Heldt  1988 ). Airway obstruction or ETT 
malposition should also be ruled out if the infant 
appears to be struggling. 

 Auscultation of the chest gives vital information 
in the intubated patient (Table  42.3 ) and should be 
conducted thoroughly and carefully after mechani-
cal ventilation has been initiated. The intensity and 
distribution of breath sounds within the thorax 
gives information about the nature of the respira-
tory pathology and the effectiveness of ventilation. 

Uneven breath sounds (lower intensity over left 
hemithorax) suggest the possibility of tube malpo-
sition with the tip in the right main bronchus. The 
presence of a large airway noise which abates when 
the tube is pulled out a small distance adds further 
support. Large airway noise (low-pitched inspira-
tory noise) can relate to a build-up of secretions in 
the intrathoracic conducting airways and may also 
be transmitted from the glottic level in the presence 
of an endotracheal tube leak. If caused by tube 
leak, the noise will be of similar intensity (or 
louder) on auscultation with the stethoscope 
applied over the forehead (due to its extrathoracic 
origin). Applying cricoid pressure to ablate the leak 
provides additional confi rmation. 

 The fi nal component of the initial clinical 
assessment after commencing ventilation is an 
analysis of available ventilator data. Observation 
should be made over a number of infl ations of the 
delivered  V  T  for a set PIP or, conversely, the PIP 
required to deliver a set  V  T . If in a volume- targeted 
mode, the PIP limit may need to be increased if 
the desired  V  T  is not being delivered. Analysis of 
the fl ow waveform will allow refi nements of  T  I  
and expiratory time ( T  E ). 

 After intubation and commencement of 
mechanical ventilation, a chest X-ray should 
always be performed to confi rm the position of the 
endotracheal tube, to assess the state of the lung 
parenchyma and to gain an appreciation of the 
degree of lung infl ation. Given that chest X-rays 
are taken at peak infl ation, the degree of lung infl a-
tion will be a refl ection of end- inspiratory lung vol-
ume (EELV plus  V  T ), and thus does not help 
signifi cantly in titrating PEEP. For this reason, 
some investigators have chosen to perform chest 
X-rays at end expiration (Pohlandt et al.  1992 ), but 
this is not currently a widespread practice.  

42.3.2     Monitoring and 
Documentation During 
Mechanical Ventilation 

 With the need for mechanical ventilation comes 
the need for intensive monitoring and care-
ful charting of physiological and ventilatory 
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parameters. All mechanically ventilated infants 
should have, at the very least, cardiorespira-
tory monitoring, continuous measurement of 
oxygen saturation (SpO 2 ) via a transcutaneous 
pulse oximetry probe and temperature moni-
toring (Table  42.4 ). An intra-arterial catheter 
to continuously monitor blood pressure and 
allow periodic arterial blood gas sampling is 
essential in the unstable and critically ill infant 
and highly desirable in any infant requiring 
mechanical ventilation. A continuous estimate 
of pCO 2  derived from transcutaneous moni-
toring or end-tidal gas sampling is also valu-
able, whether or not an arterial line is in place. 
Because ET CO 2  monitoring adds signifi cantly 
to the instrumental dead space and is often 
inaccurate in small infants whose rapid respira-
tory rates do not allow an end-tidal plateau to 
be reached, transcutaneous monitoring is to be 
preferred in most ventilated neonates.

   Ventilation parameters that should be moni-
tored and recorded include ventilator pressures 
and timing and the total breath number and num-
ber of mechanically assisted breaths per minute 
(Table  42.4 ). The delivered  V  T  (and the target  V  T , 
if set) should be noted, along with the proportion 
of leak. To be accurate,  V  T  must be measured at 
the airway opening, not at the ventilator end of 
the circuit. Whilst some devices offer a compli-
ance compensation feature that corrects for the 
loss of  V  T  in the circuit, this feature does not 
function well in the presence of ETT leak. The 
humidifi er temperature should be regularly 
checked and recorded. Most modern ventilators 
also provide continuous display of waveforms 
and/or tidal ventilation loops, and these, along 
with breath-by-breath compliance and resistance 
measurements, can be very helpful in fi ne-tuning 
ventilator settings, as described in this and other 
chapters in this text.   

    Table 42.4    Monitoring of the ventilated infant   

  Physiological monitoring  
 Essential 
   Cardiorespiratory monitoring (numeric display of heart rate and respiratory rate, with preferably a real-time 

display of 3-lead ECG wave and respiratory impedance tracing) 
  Transcutaneous SpO 2  (numeric display with preferably a plethysmographic SpO 2  tracing) 
  Temperature 
 Desirable 
   Intra-arterial catheter placement for continuous blood pressure monitoring and intermittent arterial blood gas 

sampling 
  Transcutaneous pCO 2  (+/− pO 2 ) 
  End-tidal CO 2  (infants beyond term) 
  Ventilation parameters to be monitored and recorded  
 Essential 
  Delivered ventilator pressures (PEEP, PIP and  P  AW ) 
   T  I  
  Respiratory rate (mechanically assisted and total) 
   V  T  (breath by breath, preferably the expired  V  T  measured at the airway opening) 
  %leak (difference between inspired and expired  V  T , expressed as a percentage of the inspired  V  T ) 
  Humidifi er temperature 
 Desirable 
  Ventilator waveforms (time scalars of pressure and fl ow) 
  Compliance and resistance measurements 
  Tidal pressure–volume curves 

   PEEP  positive end-expiratory pressure,  PIP  peak inspiratory pressure,  P   AW   mean airway pressure,  T   I   inspiratory time, 
 V   T   tidal volume  
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42.4      Ventilator Settings 
and Strategies: 
Pathophysiological 
Rationale, Meta-analytic 
Evidence and Therapeutic 
End Points 

42.4.1     Manipulating End-Expiratory 
Lung Volume 

 Physiological fi rst principles, and a large body of 
experimental and clinical evidence, point to the 
importance of manipulating EELV during 
mechanical ventilation of the diseased lung. It 
has become clear that to apply ventilation opti-
mally requires a well-recruited lung with ade-
quate end-expiratory volume (Rimensberger 
 2002 ; Clark et al.  2000 ). Such an approach is 
dependent on the application of suffi cient PEEP, 
and the physiological considerations that guide 
PEEP setting are discussed in this section. 

 Clinical and experimental data point to a clear 
relationship between PEEP and EELV and, thus, 
oxygenation. Changes in other ventilator settings 
may, however, potentially lead to alterations in 

EELV. A long-held belief was that an increase in 
 P  AW  by alteration of any combination of ventilator 
settings would have a similar impact on oxygen-
ation and thus that there should be an optimal  P  AW  
at which to apply ventilation (Boros et al.  1977 ). 
It is now becoming accepted that the components 
that make up the  P  AW  (PIP, PEEP,  T  I , rate and gas 
fl ow) should be considered separately. As stated 
by Monkman and Kirpalani:

  In retrospect, the simplifying but reductionist ele-
gance that focused upon a single unitary number 
[P AW ] may have misled the fi eld. (Monkman and 
Kirpalani  2003 ) 

   Thus, an improvement in oxygenation after a 
PEEP increase should not be viewed as having 
occurred simply because the  P  AW  is higher but 
rather because EELV has increased and  &V Q/    
matching has improved. Despite also producing 
 P  AW  changes, alteration in other ventilator parame-
ters does not have the same effect on EELV 
(Fig.  42.1 ) (Thome et al.  1998 ) nor on oxygenation 
(Stewart et al.  1981 ). The inextricable linkage 
between PEEP, EELV and oxygenation dictates 
that it is PEEP that is the fi rst, and arguably the 
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  Fig. 42.1    Effect of ventilation changes on end-expiratory 
lung volume. Changes in end-expiratory lung volume 
(EELV, denoted as functional residual capacity, FRC) during 
programmed manipulation of ventilator settings in a venti-
lated infant. EELV is seen to reduce with stepwise reduc-
tions in positive end-expiratory pressure (PEEP) and thus 

mean airway pressure ( P  AW , denoted as MAP) during the 
fi rst 30 min. At minute 34, inspiratory time is lengthened 
from 0.3 to 0.6 s, leading to an increase in  P  AW , but no signifi -
cant change in EELV. Conversely, when PEEP is increased 
(minute 52), there is a substantial improvement in EELV 
(Reproduced    from Thome et al. ( 1998 ) with permission)       

 

P.C. Rimensberger et al.



1111

most important, ventilatory parameter to be consid-
ered in the continuing management of the venti-
lated neonate.

   An important diffi culty in manipulating EELV 
in the ventilated subject is that the available meth-
ods to measure EELV at the bedside are imprecise 
and in some cases impractical (Dargaville and 
Rimensberger  2010 ). Whole- body plethysmogra-
phy (Stocks et al.  2001 ) and gas dilution (Sivan 
et al.  1990 ; Vilstrup et al.  1992 ), both of which 
give absolute values for EELV, are not appropriate 
for repeated measurements in a clinical setting. 
Other methods, including respiratory inductance 
plethysmography (Adams  1996 ; Emeriaud et al. 
 2010 ), fi bre-optic plethysmography (Davis et al. 
 1999 ) and electrical impedance tomography 
(Frerichs et al.  2001 ), allow measurement not of 
absolute volume but of change in EELV relative 
to a baseline condition, and only with prior cali-
bration can a gas volume change in mL be derived. 
Despite these limitations, a great deal of informa-
tion has been obtained from experimental studies 
in which EELV has been measured, either at the 
bedside or in the laboratory, as alterations in 
PEEP have been made. The key fi ndings of this 
work are set out below. This knowledge can be 
used by clinicians to set and titrate PEEP in venti-
lated subjects, aided by indirect measures of 
EELV, in particular oxygenation and tidal breath 
compliance. 

42.4.1.1     Relationships Between PEEP, 
EELV and Recruitment 

 An understanding of what can potentially be 
achieved through manipulation of lung volume 
using PEEP comes from fi rstly examining the 
changes in EELV and recruitment during step-
wise PEEP manoeuvres. Such information is 
derived from lung modelling, studies in experi-
mental animals and in humans with lung disease. 
An example is shown in Fig.  42.2 . With stepwise 
PEEP increments and a constant infl ating pres-
sure (PIP–PEEP), a surfactant-depleted lung 
starting at residual volume follows the path of the 
infl ation limb of the pressure–volume (PV) rela-
tionship (Fig.  42.2 ), with an improvement in tidal 
breath compliance as more non-aerated lung 
units are recruited, followed by a fall in 

 compliance as more lung units become overdis-
tended near total lung capacity. During PEEP 
decrements (Fig.  42.2 ), the property of hysteresis 
is demonstrated with a different PV trajectory 
than during PEEP increments, following a path 
closer to the defl ation limb of the PV relation-
ship. There is preservation of recruitment through 
a large proportion of this trajectory, and the open 
tidal ventilation loops refl ect the marked improve-
ment in compliance during PEEP decrements, as 
has been predicted by lung modelling (Hickling 
 2001 ). At the point of maximal curvature of the 
defl ation limb (“closing pressure”), the lung is 
still well infl ated, recruitment is largely preserved 
and tidal ventilation at this point is associated 
with minimal overdistension and a peak in com-
pliance. This is the point of “optimal PEEP”, at 
which the lung is ventilated with the best possible 
oxygenation and compliance and with the least 
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  Fig. 42.2    Stepwise vital capacity manoeuvre in the injured 
lung. Pressure–volume curve during a stepwise vital capac-
ity manoeuvre using positive end-expiratory pressure 
(PEEP) increments and decrements in a mechanically ven-
tilated 2.1 kg piglet after repeated saline lavage. Each PEEP 
level was held for 15 s. Infl ating pressure (peak inspiratory 
pressure – PEEP) remained at 10 cm H 2 O throughout. 
 Y -axis shows lung volume measured by respiratory induc-
tance plethysmography and scaled to total lung capacity 
(TLC). Complete tracing is shown in  grey  and the fi nal 
breath at each PEEP level in  black , and the tidal breath 
compliance (mL/cm H 2 O/kg) for each of the fi nal breaths is 
indicated in  italics  (Data derived from same experimental 
series as reference (Dargaville et al.  2010 ))       
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possible pressure (Rimensberger et al.  1999a ). 
Additional advantages of optimising PEEP in 
this way are shown in Table  42.5 . In the experi-
mental animal with recruitable lungs, PEEP set in 
relation to the point of maximal curvature of the 
defl ation limb is often at or below the PEEP value 
predicted from the lower infl ection point of the 
infl ation limb (Rimensberger et al.  1999a ).

    Finding optimal PEEP as described above is 
not diffi cult in experimental animals, as long as 
the lung is recruitable and can withstand brief 
infl ation to total lung capacity. The technique has 
also been applied to adult subjects with acute 
respiratory distress syndrome (Amato et al.  1998 ; 
Suarez-Sipmann and Bohm  2009 ), allowing con-
fi rmation of many of the physiological features 
noted in the laboratory. A limiting factor is that if 
the lung has few recruitable units, there will be 
minimal hysteresis and the PEEP at the point of 
maximal curvature of the defl ation limb may actu-
ally be higher than the PEEP at the lower infl ec-
tion point on the infl ation limb, with minimal 
benefi t in compliance, and the risk of overdisten-
sion with each tidal breath (Albaiceta et al.  2005 ). 

 In mechanically ventilated newborn infants, 
there have been few attempts to fi nd optimal PEEP 
using stepwise increments and decrements as 
described above. The PV relationship of the lung 
has, however, been mapped in ventilated infants 
on high-frequency oscillatory ventilation (HFOV), 
allowing defi nition of hysteresis and a point of 
maximal curvature (closing pressure) on the defl a-
tion limb (Tingay et al.  2006 ). Similar PV tracing 
during HFOV, using oxygenation as in indicator 
of lung volume, is routinely used in some institu-
tions to identify optimal  P  AW  (De Jaegere et al. 
 2006 ). The defl ation limb of the PV relationship 

has also been traced in preterm infants using a 
quasistatic technique performed over a maximum 
of 10 s (Vilstrup et al.  1996 ). A point of maximal 
curvature appears to be identifi able in each record-
ing, but in this early study, no attempt was made to 
use this landmark for PEEP setting. In parallel 
with adult studies, there has been some attempt to 
set PEEP in newborn infants based on the shape of 
the inspiratory PV curve, traced over 30 s after a 
5 s disconnection to ambient pressure (Mathe 
et al.  1987 ). An infl ection point was identifi able in 
each infant, with greater concavity in those with 
more severe disease (indicating potential for 
recruitment). Change in the position of the infl ec-
tion point, and the concavity of the infl ation limb, 
was noted with resolution of disease (Fig.  42.3 ). 
Setting PEEP by this method improved oxygen-
ation in infants at the height of disease, but not 
those in the recovery phase (Mathe et al.  1987 ).

   With the exception of these more penetrating 
studies, the investigation of PEEP and PEEP set-
ting in ventilated neonates has been limited to 
studies of short-lived PEEP adjustments, in some 
cases with stepwise PEEP increments analogous 
to the titration of CPAP described in the very earli-
est reports of this therapy (Gregory et al.  1971 ). 
Increases in PEEP universally lead to an increase 
in EELV (Thome et al.  1998 ; Dinger et al.  2001 ; 
Bose et al.  1986 ) and an improvement in oxygen-
ation (Stewart et al.  1981 ; Dinger et al.  2001 ; Bose 
et al.  1986 ). In the diseased lung, the oxygenation 
response to increasing EELV is related to both 
decreased venoarterial shunting due to recruitment 
of non-aerated lung units and improvement of 
 &V / Q    matching with better gas aeration. The 
potential for PEEP to induce change in EELV in 
the ventilated neonate is signifi cantly greater than 
for isolated changes in PIP or  T  I  (Thome et al. 
 1998 ). PEEP increases were most usually associ-
ated with a fall in tidal compliance suggesting 
overdistension (Dinger et al.  2001 ; Alegria et al. 
 2006 ). Infants with more severe lung disease may, 
however, demonstrate an improvement in compli-
ance with PEEP increments indicating lung 
recruitment (Dinger et al.  2001 ). The level of 
applied PEEP also has the potential to impact upon 
cardiac function, but it is clear that the adverse 
effects of PEEP on cardiac output are much more 
prominent in the normal lung (Holzman and 

   Table 42.5    The benefi ts of positive end-expiratory pres-
sure (PEEP) optimisation in the diseased lung   

 Maintenance of lung recruitment 
 Defence against absorption atelectasis in high FiO 2  
 Improved lung compliance and thus a reduction in peak 
infl ation pressure to achieve the same tidal volume 
 Better oxygenation and a reduction in FiO 2  
 More effi cient CO 2  removal 
 More even distribution of ventilation 
 Preservation of surfactant 
 Reduction in lung injury 
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Scarpelli  1979 ). This relates to the transmission of 
intra-alveolar pressure to the pleural and mediasti-
nal compartment, which is substantially greater in 
a recruited lung. Indeed, one study in the pre-sur-
factant era used rise in pleural pressure (as indi-
cated by oesophageal pressure) to indicate the 
point at which lung recruitment had occurred dur-
ing PEEP increments (Bonta et al.  1977 ). 

 The fi ndings of these studies are heavily infl u-
enced by the severity of lung disease in the subjects 
under study and the starting point and span of PEEP 
settings used. There has also been considerable 
reluctance to keep the driving pressure constant 
with PEEP adjustments, in part related to a miscon-
ception that PEEP by itself produces lung recruit-
ment. Recruitment is an inspiratory phenomenon; 
the value of PEEP is in maintaining recruitment of 
open lung units at end expiration (Gattinoni et al. 
 2003 ). None of the PEEP-titration studies in neo-
nates have until recently emulated the “open lung” 
concept of lung recruitment followed by titration of 
PEEP using small pressure decrements (Suarez-
Sipmann and Bohm  2009 ; Lachmann  1992 ). The 
only study designed to maintain stable pressure 
amplitude during PEEP increments investigated the 
effect of a lung recruitment maneuver (LRM) with 
incremental PEEP adjustments in infants with mean 

GA of 25 wk ventilated for RDS with AC+VG in a 
small randomized trial (Lista et al.  2011 ). LRM 
consisted of 0.2 cm H 2 O increments in PEEP every 
5 minutes, until FiO 2  reached 0.25, followed by 
reduction of PEEP until oxygenation began to dete-
riorate. If FiO2 rose, PEEP was increased again to 
re-recruit the lung and then reduced again to situate 
the lungs on the defl ation limb of the pressure/vol-
ume curve.  Initial FiO2 was 56 ± 24 versus 52 ± 21, 
in the two groups. The full LRM lasted for 61 ± 18 
minutes. The infants appeared to have only mild 
lung disease, with maximum PEEP reaching only 
6.1 ± 0.3 cm H2O. LRM lead to faster weaning of 
FiO2 (94 ± 24 versus 435 ± 221 minutes;  p  = 0.000) 
and shorter O2 dependency (29 ± 12 versus 45 ± 17 
days;  p  = 0.04). No adverse events and no differ-
ences in the outcomes were observed. Though lim-
ited by the modest severity of illness and small 
sample size, the study suggests that LRM with 
incremental  PEEP adjustments is feasible during 
conventional ventilation.  

42.4.1.2     Guiding Principles for PEEP 
Setting in the Neonate 

     1.    There is no universal PEEP setting that is cor-
rect for all lung diseases, or even for one dis-
ease, or even for one individual through the 
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  Fig. 42.3    Infl ation limb of the pressure–volume relation-
ship in an infant with respiratory distress syndrome. 
Sequential infl ation limb pressure–volume curves from a 
newborn with respiratory distress syndrome recorded at 6, 
24, and 48 h.  X -axis, applied pressure;  Y -axis, volume of 
insuffl ated oxygen. The initial slope ( a ) and slope in the 

linear portion of the pressure–volume curve ( b ) are shown 
at 6 h.  Black arrows  and point  P  indicate the lower infl ec-
tion point, at which positive end-expiratory pressure was 
then set. Note the shift in position of this point with 
improvement in lung function (Redrawn from Mathe et al. 
( 1987 ), with permission)       
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course of their disease. Units that choose to 
mandate a PEEP level for reasons of simplicity 
or the need to protocolise ventilator settings 
are missing opportunities to manage respira-
tory failure optimally and according to sound 
physiological reasoning. Suggested ranges for 
PEEP are given in Table  42.1 ; these should be 
considered in the light of the individual cir-
cumstances, with further adjustment according 
to the physiological response and the course of 
the disease. The PEEP setting should be re-
evaluated whenever there is an alteration to 
pulmonary mechanics, for example, after sur-
factant administration (Goldsmith et al.  1991 ).   

   2.    Unquestionably, very low PEEP (and zero 
PEEP) is inappropriate in the diseased lung 
(Monkman and Kirpalani  2003 ), predisposing 
to low EELV, poor oxygenation, impaired pul-
monary mechanics, greater turnover of surfac-
tant and a risk of greater lung injury.   

   3.    Conversely, a PEEP level that is set too high 
for too long leads to overdistension of the 
lung, impairment of venous return and cardiac 
output and predisposition to pneumothorax.   

   4.    PEEP is not, of itself, a recruitment tool, and 
PEEP increments will not recruit the lung 
optimally without an adequate infl ating pres-
sure (PIP-PEEP) to reinfl ate non-aerated lung 
units. Once the lung is recruited, the PEEP 
(and PIP) must then be turned down.   

   5.    PEEP is effective in maintaining lung volume 
in circumstances predisposing to atelectasis, 
for example, during anaesthesia (Easa et al. 
 1995 ) and/or after administration of muscle 
relaxants (von Ungern-Sternberg et al.  2006 ). 
PEEP also helps to minimise absorption atel-
ectasis associated with ventilation using 100 % 
oxygen (von Ungern-Sternberg et al.  2007 ).       

42.4.2     Inspiratory Time 

 As described elsewhere in this text, the respira-
tory time constants that determine how rapidly 
lung volume re-equilibrates after a pressure 
change are determined by the compliance and 
resistance of the respiratory system (Bancalari 
 1986 ). Infants with poorly compliant lungs sec-
ondary to RDS have very short time constants 

and thus require only a very short  T  I  for equilibra-
tion to occur (as low as 0.15 s). This may, how-
ever, be insuffi cient time for tidal recruitment to 
occur during the inspiratory phase. Setting  T  I  in 
the diseased lung must therefore fi nd a balance 
between the wish to minimise the duration of 
 plateau pressure at peak infl ation and the need to 
provide adequate time for the recruiting effect of 
the pressure plateau. 

 Early ventilation strategies in ventilated neo-
nates evolved to the use of a long  T  I , in part because 
of the lack of PEEP, and the observation that lon-
ger  T  I  and slower ventilator rates improved oxy-
genation in infants with RDS (Reynolds  1971 ). 
With further, and more probing, clinical observa-
tions, it became clear that this pattern of ventila-
tion was contrary to the spontaneous respiratory 
efforts of a preterm infant (South and Morley 
 1986 ), unless muscle-relaxed. Clinical trials com-
paring long  T  I  (0.66–1.0 s) with short  T  I  (0.33–
0.5 s) subsequently demonstrated an advantage in 
the shorter  T  I  group, including a slight reduction in 
mortality and a clear decrease in the risk of air 
leak, particularly in infants with RDS (OCTAVE 
Study Group  1991 ; Kamlin and Davis  2004 ). 

 With the advent of synchronised ventilation has 
come a further imperative to match the ventilator  T  I  
to that of the infant. Inappropriately long set  T  I  may 
lead to dyssynchrony, with the infant exhaling 
against the ventilator infl ation pressure. Conversely 
if  T  I  is too short (or lung volume loss too rapid), the 
infant may interrupt expiration with a further inspi-
ratory effort during the ventilator expiratory cycle 
(McCallion et al.  2005 ). From the suggested fi rst  T  I  
settings (0.5 s in the term infant, 0.35 s in the pre-
term infant, see above), adjustments should be 
made based on the appearance of the fl ow wave-
form.  T  I  should be prolonged if there is clearly 
insuffi cient time for fl ow to enter the lung. 
Shortening of the  T  I  should be considered if there is 
a prolonged period of zero fl ow with an infl ation 
pressure plateau; a suggested maximum for this 
period is one-third of the total infl ation time. 
Recommended ranges for within which to set  T  I  in 
the ventilated newborn are 0.25–0.4 s in preterm 
infants and 0.4–0.6 s in those at full term. 

 An alternative to making manual adjustments to 
 T  I  is to use a fl ow-cycled mode with expiratory trig-
gering (PSV) (Scopesi et al.  2007 ). This mode is not 
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recommended in the diseased lung prone to atelec-
tasis (Keszler  2009 ) but may be a sensible alterna-
tive during the weaning phase. If there is the option 
to adjust the percentage of peak inspired fl ow at 
which infl ation terminates (termination sensitivity), 
a value no higher than 10 % is recommended.  

42.4.3     Choosing the Appropriate 
Tidal Volume 

 Since its inception, for a variety of reasons neo-
natal ventilation has largely been conducted 
using pressure-limited ventilatory modes. This 
remains so up until the present day (van Kaam 
et al.  2010 ). Until recently, it has been diffi cult to 
measure tidal volumes, but the latest generation 
of neonatal ventilators allows accurate measure-
ment of  V  T , including expired  V  T  measured at the 
airway opening. Monitoring and recording of  V  T  
is now routine in most neonatal intensive care 
units (van Kaam et al.  2010 ), and with the avail-
ability of volume-targeted modes or volume- 
controlled ventilation, there has been a shift of 
focus away from the PIP applied and towards the 
 V  T  that results. Suggested  V  T  settings for neonatal 
ventilation are shown in Table  42.1 , and the phys-
iological rationale and clinical evidence in rela-
tion to setting or targeting  V  T  are set out below. 

42.4.3.1     Physiological Rationale 
for Targeting Tidal Volume 

 Even in the normal lung, tidal ventilation is impor-
tant not only for gas exchange but also for main-
taining lung recruitment, with very low and/or 
monotonous  V  T  contributing to atelectasis (Suki 
et al.  1998 ; Mutch et al.  2000 ). For the lung com-
promised by immaturity, disease or both, mainte-
nance of an adequate  V  T  during conventional 
ventilation is of paramount importance. There is 
compelling evidence for the need to monitor, tar-
get and limit tidal volumes in the ventilated neo-
nate, with the clear message that both high and 
low  V  T  settings can be dangerous (Keszler  2009 ). 

 By virtue of the resultant stretch injury, venti-
lation with excessive  V  T  in the neonate has the 
potential to cause long-standing damage. The 
combination of immature lung architecture and a 
highly compliant chest wall renders the newborn 

lung, and especially the preterm lung, uniquely 
vulnerable to overdistension and stretch injury 
(Clark et al.  2000 ). Laboratory investigations 
have highlighted the danger of ventilation with 
high tidal volumes (Dreyfuss and Saumon  1998 ; 
Dreyfuss et al.  1988 ) with even a few large tidal 
infl ations causing extensive lung injury in the 
immature lung (Bjorklund et al.  1997 ). It is also 
clear that the severity and distribution of injury in 
this setting depend not only on the magnitude of 
 V  T  but also on the state of the lung at end expira-
tion, including the degree of recruitment and 
residual aeration of lung units (Clark et al.  2000 ; 
Chiumello et al.  2008 ). Application of high  V  T  to 
an atelectatic lung causes signifi cant alveolar 
injury maximal in the nondependent regions, i.e. 
those areas that remain expanded at end expira-
tion (Tsuchida et al.  2006 ). Prior reversal of atel-
ectasis by surfactant treatment substantially 
attenuates the lung injury related to high  V  T  in the 
preterm lung (Wada et al.  1997 ), presumably 
because the gas delivered with each infl ation is 
more evenly distributed, with less resultant 
regional overdistension (Dargaville et al.  2010 ). 

 Clinical studies in ventilated newborn infants 
support a role for high  V  T  in the pathogenesis of 
lung injury, although the evidence is largely cir-
cumstantial. Early clinical trials of rapid versus 
slow respiratory rates by necessity involved venti-
lation with different levels of  V  T  to achieve similar 
minute ventilation, although the actual  V  T  was not 
measured. In comparison to ventilation of infants 
with RDS with rates of at least 60/min, ventilation 
at slow rates of 30–40/min (and therefore higher 
 V  T ) was associated with a marked increase in pul-
monary interstitial emphysema (Pohlandt et al. 
 1992 ) and pneumothorax (OCTAVE Study Group 
 1991 ). Other markers of over-ventilation in early 
life, such as hypocapnia, are known to increase 
the risk for the development of chronic lung dis-
ease (Garland et al.  1995 ; Kraybill et al.  1989 ), 
with one putative mechanism being volutrauma 
related to high  V  T  (Rimensberger  2002 ). 

 Whilst acknowledging the pivotal role of vol-
utrauma in the development of ventilator-induced 
injury, it must be recognised that ventilation at 
inappropriately low  V  T  also has consequences, 
both in the short and long term. Ventilation of the 
atelectatic lung at relatively low  V  T  is associated 
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with insuffi cient alveolar recruitment and EELV, 
poor gas exchange (Probyn et al.  2004 ) and con-
siderable lung injury (Muscedere et al.  1994 ), 
with a predilection for the small airways. If, and 
only if, the lung is adequately recruited can the 
benefi ts of “gentle ventilation” with relatively 
small tidal volumes be realised. The combination 
of an “open lung” (Lachmann  1992 ) and low  V  T  
provides adequate gas exchange and markedly 
reduces the risk of lung injury during mechanical 
ventilation (Rimensberger  2002 ; Rimensberger 
et al.  1999a ,  b ; van Kaam et al.  2004 ). Studies of 
this approach in ventilated adults with acute 
respiratory distress syndrome have shown 
reduced mortality and more rapid weaning from 
ventilation (Amato et al.  1998 ; ARDS Network 
 2000 ). Controlled clinical trials of an open lung 
approach have yet to be conducted in ventilated 
newborns (van Kaam and Rimensberger  2007 ).  

42.4.3.2     What Is the Safe Upper Limit 
of  V  T  in the Ventilated 
Neonate? 

 In parallel with studies in adults showing the ben-
efi t of a  V  T  of 6 mL/kg over a  V  T  of 12 mL/kg 
(ARDS Network  2000 ), limiting tidal volume to 
<10 mL/kg in ventilated newborns seems appro-
priate, and most neonates are now ventilated with 
a  V  T  of between 4 and 7 mL/kg (van Kaam et al. 
 2010 ). Given the vulnerability of the preterm lung 
in the early days of life, an upper acceptable limit 
of 6–7 mL/kg is suggested in infants less than 32 
weeks. There are particular circumstances in 
which a  V  T  as low as 5 mL/kg may still induce 
injury. Infants with diaphragmatic hernia have 
immature and underdeveloped lungs which are 
exquisitely sensitive to volutrauma and by virtue 
of the reduced total lung capacity tend to respire 
with  V  T  values less than 5 mL/kg (Te Pas et al. 
 2009 ). For these infants the safe upper limit for  V  T  
may be below 5 mL/kg. Similar considerations 
apply for neonates with pulmonary hypoplasia 
from other causes, including preterm infants born 
after early and prolonged rupture of membranes.  

42.4.3.3     What Is the Safe Lower Limit 
of  V  T  in the Ventilated 
Neonate? 

 Many preterm infants on synchronised ventilation 
using AC mode supporting every detected patient 

effort can achieve adequate gas exchange with  V  T  
values as low as 3–3.5 mL/kg (Scopesi et al.  2007 ). 
The concern is that such low values of  V  T  may over 
time be insuffi cient to maintain alveolar recruit-
ment, in particular when low PEEP settings are 
used (Keszler  2006 ). A clinical trial comparing  V  T  
targets of 3 and 5 mL/kg found the lower value to 
be associated with an increase in pro-infl amma-
tory cytokines in bronchoalveolar lavage fl uid 
(Castoldi et al.  2011 ).  V  T  targets below 5 mL/kg 
may be inappropriate in chronically ventilated pre-
term infants, in whom the  V  T  required to maintain 
normocapnia was noted to increase to 6 mL/kg by 
the third week of ventilation (Keszler et al.  2009 ). 
Additionally, there is a small but signifi cant effect 
of the fi xed instrumental dead space of the fl ow 
sensor necessary to measure VT. This additional 
dead space becomes proportionally larger in the 
smallest infants, resulting in the need for tidal vol-
ume of about 6 ml/kg to maintain normocapnia in 
infants around 500g, compared to larger preterm 
infants (Nassabeh-Montazami  2009 ).   

42.4.4     Respiratory Rate 

 Selection of respiratory rate is a function of the mode 
of ventilation (SIMV vs AC, ±volume targeting) as 
well as the clinical scenario and degree of compro-
mise of CO 2  clearance. Some of the pioneering work 
on neonatal ventilation arrived at low ventilator rates 
and long  T  I  as an appropriate strategy for neonatal 
ventilation. The technical limitations of the ventila-
tors used, including the inability to directly provide 
PEEP, infl uenced this choice. Several clinical trials 
have found rapid respiratory rates (≥60/min), 
along with shorter  T  I , to be less injurious to the 
lung than slower rates (OCTAVE Study Group 
 1991 ; Pohlandt et al.  1992 ). Additionally the use 
of a rapid ventilator rate allows more opportunity 
for synchrony given the rapid respiratory rate and 
short  T  I  of most infants with lung disease (South 
and Morley  1992 ). Suggestions for setting of 
respiratory rate are shown in Table  42.6 .

   The combination of a rapid ventilator rate and a 
relatively long  T  I  may lead to dynamic hyperinfl a-
tion related to the development of inadvertent PEEP 
(Simbruner  1986 ). Whilst some investigators have 
looked upon this as a way to improve lung recruit-
ment, physiological fi rst principles and experimen-
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tal evidence would suggest that it is better to apply 
suffi cient PEEP at the airway opening rather than 
rely on the generation of an unknown and variable 
amount of inadvertent PEEP to improve lung vol-
ume (Yanos et al.  1998 ). Avoidance of dynamic 
hyperinfl ation is thus an important goal of neonatal 
ventilation, in particular in the context of an 
increased resistance to airfl ow. The fl ow waveform 
should be examined to ensure there is suffi cient 
expiratory time for complete exhalation. A more 
defi nitive test for measurement of inadvertent 
PEEP has been described, which involves insertion 
of a T-piece in the ventilator circuit, brief interrup-
tion of ventilation by clamping and measurement of 
equilibrium pressure distal to the clamp (Simbruner 
 1986 ). If there is suspicion of incomplete exhala-
tion, available options to prolong expiratory time 
include (a) reduction of ventilator rate with  T  I  kept 
constant or (b) shortening of  T  I , if appropriate, 
whilst keeping ventilator rate constant. A combina-
tion of both of these may be the best solution.  

42.4.5     Fractional Inspired Oxygen 
Concentration 

 Oxygen was fi rst administered to newborns 
within 6 years of its discovery in 1774, and its 
administration to the premature neonate has con-

tinued in various forms thereafter (Silverman 
 2004 ). Use of “liberal” oxygen therapy, with an 
FiO 2  above 0.5, fi rst became widespread in pre-
term infants in the late 1940s, and its impact on 
the developing retinal vasculature was soon 
apparent in the form of a large number of infants 
(more than 10,000) blinded by retinopathy of 
prematurity (Silverman  2004 ; Askie et al.  2009 ). 
In the aftermath of this disaster of iatrogenesis, 
there was the recognition of the need to restrict 
oxygen therapy (Askie et al.  2009 ), with mea-
surement of both the FiO 2  and the oxygenation 
response of the infant now considered essential. 
Unrestricted and/or inadequately regulated oxy-
gen therapy, and the retinopathy following from 
it, is now a signifi cant concern in developing and 
newly industrialised countries (Gilbert  2008 ; 
Maida et al.  2008 ), and a “third epidemic” of reti-
nopathy has emerged in these nations coincident 
with the increase in preterm survivors (Gilbert 
 2008 ; Maida et al.  2008 ). 

 Notwithstanding the above, titration of FiO 2  
remains arguably the most neglected and least 
precise element of neonatal ventilation. Ind-
welling arterial oxygen sensors are no longer in 
use, and pO 2  readings in blood taken from an 
arterial line give only a snapshot in time. For this 
reason, moment by moment adjustments in FiO 2  
are usually made on the basis of SpO 2  readings, 

   Table 42.6    Setting respiratory rate   

 Mode  Gestation  Context 
 Suggested set ventilator rate 
(infl ations per minute)  Comments 

 SIMV (or IMV if 
muscle-relaxed) 

 Term  Height of disease  40 (30–50) a   Consider adding pressure 
support if there is high work 
of breathing with unassisted 
breaths 

 Weaning  Reduce in decrements of 
5–10 

 Preterm  Height of disease  60 (40–80) a   Consider changing to AC 
mode if there is high work of 
breathing with unassisted 
breaths 

 Weaning  Reduce in decrements of 5 

 Assist/control  Term  Height of disease  Backup rate 30–40  Ensure as many infl ations as 
possible are triggered  Weaning  Backup rate to remain 

below spontaneous 
breathing rate 

 Preterm  Height of disease  Backup rate 40–60  Ensure as many infl ations as 
possible are triggered  Weaning  Backup rate to remain 

below spontaneous 
breathing rate 

   SIMV  synchronised intermittent mandatory ventilation,  AC  assist/control 
  a Starting point (range)  
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and it is clear that many infants, in particular pre-
term infants, spend considerable amounts of time 
with SpO 2  readings (and therefore PaO 2  levels) 
outside the desired or target range (Hagadorn 
et al.  2006 ; Laptook et al.  2006 ; Claure et al. 
 2011 ). Given the shortages of nursing personnel 
in many neonatal units, very signifi cant changes 
in SpO 2  may go unnoticed and uncorrected for 
some time, putting a patient at risk of the effects 
of hypoxia or hyperoxia (Claure et al.  2011 ; 
Bolivar et al.  1995 ). Automated control of FiO 2 , 
discussed elsewhere in this text, offers the possi-
bility of better targeting of SpO 2  ranges and less 
hyperoxia (Claure et al.  2011 ) but remains largely 
unavailable at present. 

 Frequent adjustments to FiO 2  are required in 
many ventilated newborns, in particular those with 
episodes of frequent apnoea or chest splinting in 
expiration (Bolivar et al.  1995 ). Prolonged periods 
of high FiO 2  may be necessary in infants with very 
signifi cant parenchymal disease, pulmonary hyper-
tension or both. In general, every opportunity 
should be taken to reduce FiO 2 , both by choosing 
the lowest acceptable SpO 2  target and by optimis-
ing lung volume and recruitment at every juncture.   

42.5     Acceptable Oxygen 
Saturation in Premature 
Infants 

 Oxygen saturation monitoring has been a routine 
part of neonatal intensive care for several decades, 
but until recently there has been a dearth of infor-
mation concerning the correct target ranges 
(upper and lower limits) for SpO 2  in preterm 
infants receiving supplemental oxygen. In recent 
years, however, there has been an accumulation 
of clinical trial evidence regarding oxygen ther-
apy and appropriate oxygen saturation targets in 
premature infants (STOP-ROP Multicenter Study 
Group  2000 ; Askie et al.  2003 ; Carlo et al.  2010 ; 
Schmidt et al.  2013 ; Stenson et al.  2013 ; Stenson 
 2013 ), overcoming at least in part a great deal of 
uncertainty (Tin and Wariyar  2002 ). This infor-
mation has been taken into account in formulat-
ing the recommendations for SpO 2  target ranges 
indicated in Table  42.7 .

42.5.1       What Is the Safe Upper Limit 
for SpO 2  in the Preterm 
Infant? 

 The association of hyperoxia with adverse pulmo-
nary, neurological and retinal effects in the pre-
term infant is well understood and is discussed 
elsewhere in this book. In the era of saturation 
monitoring, relative hyperoxia (SpO 2  ≥95 %) 
from 32 weeks corrected gestation or beyond has 
been associated with progression of chronic lung 
disease (STOP-ROP Multicenter Study Group 
 2000 ; Askie et al.  2003 ), without altering the out-
come of retinopathy (STOP-ROP Multicenter 
Study Group  2000 ). More recently, a number of 
clinical trials, conducted in the USA, Canada, 
UK, Australia and New Zealand, have compared 
target SpO 2  ranges of 85–89 % and 91–95 % com-
menced soon after birth in preterm infants <28 
weeks gestation. These target ranges remained in 
force up until 36 weeks corrected gestation, as 
long as the infant is receiving supplemental oxy-
gen. An initial report from each of these studies 
has now been published (Carlo et al.  2010 ; 
Schmidt et al.  2013 ; Stenson et al.  2013 ), and an 
individual patient meta-analysis combining data 
from all trials (the NeOProM collaboration) is 
awaited (Stenson  2013 ). Three methodological 
issues in these trials bear consideration. The fi rst 
is that for both high (91–95 %) and low (85–89 %) 
target groups, the actual SpO 2  readings when in 
supplemental oxygen were at the high end of the 

       Table 42.7    Suggested target ranges for oxygen saturation   

  Preterm < 28 weeks gestation at birth  
 Before 36 weeks CGA a   90–94 % 
 ≥36 weeks CGA  92–96 % 
  Preterm 28–36 weeks gestation at birth  
 Before 36 weeks CGA  90–94 % 
 ≥36 weeks CGA  92–96 % 
  Term  
 Parenchymal lung disease  92–96 % 
 Persistent pulmonary hypertension  94–98 % a  
 Cyanotic congenital heart disease  70–85 % b  

   CGA  corrected gestational age 
  a Appropriate pO 2  target at least 50 mmHg 
  b Where there is a duct-dependent pulmonary blood fl ow, 
supplemental oxygen may constrict or close the ductus 
arteriosus  
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intended range, likely a refl ection of a well-docu-
mented tendency for bedside staff to target the 
high end of an SpO 2  range (Clucas et al.  2007 ). 
Moreover, the upward shift in actual SpO 2  read-
ings was more prominent in the lower target 
group, with a median SpO 2  value of around 
90–91 %, and on average only a 3 % separation 
between readings in the two groups, rather than 
the 6 % that would have been expected. The sec-
ond methodological consideration is that while 
the trials were being conducted, the SpO 2  calibra-
tion curve within the oximeters being used was 
found to under- represent SpO 2  values of 87–90 % 
(Stenson  2013 ). Installation of a revised algorithm 
in the UK and Australian trials led in to a clearer 
separation in SpO 2  readings between the groups, 
and appeared to affect the outcomes (see below). 
The fi nal methodological issue is that in only one 
of the studies (the COT study, Schmidt et al.  2013 ) 
were both upper and lower alarms limits clearly 
stipulated and enforced, which may have affected 
the proportion of extreme SpO 2  values, and thus 
potentially the results. 

 Overall the fi ndings of the recent clinical trials 
of SpO 2  targeting were (a) that a lower target 
range (85–89 %) was associated with an increased 
risk of mortality (the exception being the COT 
study (Schmidt et al.  2013 )), with the relative risk 
of in-hospital mortality being 1.3 to 1.4 (Carlo et 
al.  2010 ; Stenson et al.  2013 ); (b) that a lower 
target range also appeared to predispose to necro-
tising enterocolitis; and (c) that a higher target 
range (91–95 %) was associated with an increase 
in retinopathy of prematurity (relative risk 1.3–2.0) 
with again the COT study being the exception. 
The COT study investigators commented that 
strict enforcement of alarm limits, and in particu-
lar the upper limit, may have contributed to the 
lack of association between the high target group 
and retinopathy noted in their study. 

 The SpO 2  targeting trials performed to date 
have not examined multiple SpO 2  ranges, and 
thus recommendations about the safe upper and 
lower limits can only be based on the informa-
tion at hand. Nevertheless, balancing the risks 
of mortality and necrotising enterocolitis on the 
one hand, against the risk of retinopathy on the 
other, an upper SpO 2  limit of 94 % would seem 

prudent, with an alarm set at 96 % and active at 
all times when in supplemental oxygen 
(Table  42.7 ). A higher upper limit (96 %) is 
appropriate for preterm infants beyond 36 
weeks corrected gestation. The upper limit of 
96 % can also be applied from the outset to 
term infants with parenchmal lung disease, in 
whom the risk of retinopathy is negligible. A 
higher target range (and thus upper limit) is rec-
ommended for infants with pulmonary hyper-
tension (Table  42.7 ).  

42.5.2     What Is the Safe Lower 
Limit for SpO 2  in the 
Preterm Infant? 

 The combined results of the SpO 2  targeting trials 
point to an increase in mortality and probably 
necrotising enterocolitis where an SpO 2  below 
90 % is targeted. For this reason, a lower SpO 2  
limit at or above 90 % has been recommended for 
preterm infants <36 weeks corrected age 
(Table  42.7 ). A lower SpO 2  limit at or above 92 % 
is appropriate for term infants in most clinical 
contexts (Table  42.7 ), with the exception being 
cyanotic congenital heart disease.   

42.6     Safe CO 2  Limits 

 There are good experimental data in support of 
the role of permissive hypercapnia in lung injury 
protection (as discussed elsewhere in this book). 
These effects go beyond the reduced minute ven-
tilation that goes hand in hand with permissive 
hypercapnia; elevated FiCO 2  appears to offer 
protection independent of minute ventilation 
(Peltekova et al.  2010 ). The need for lower min-
ute ventilation should in itself reduce lung injury 
in the preterm infant, although this hypothesis, 
whilst supported in a small single-centre trial 
(Mariani et al.  1999 ), was not clearly validated in 
the large clinical trial conducted by the Neonatal 
Research Network (Carlo et al.  2002 ). 

 The safe limits of PaCO 2  are diffi cult to deter-
mine from available literature. Despite decades of 
use of mechanical ventilation of newborn infants, 
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the number and quality of studies specifi cally 
addressing this critical question is surprisingly low. 
There is unequivocal evidence that low PaCO 2  is 
associated with increased risk of severe intraven-
tricular haemorrhage (IVH) and periventricular 
leukomalacia (Graziani et al.  1992 ; Fujimoto et al. 
 1994 ; Wiswell et al.  1996 ; Okumura et al.  2001 ; 
Collins et al.  2001 ) and that very high levels, espe-
cially in preterm infants during the fi rst few days of 
life, may also increase the risk of IVH (Kaiser et al. 
 2006 ; Fabres et al.  2007 ). The data of Fabres et al. 
indicated that even modestly decreased PaCO 2  
(<39 mmHg) was associated with a twofold 
increase in IVH, as was a maximal PaCO 2  over 
60 mmHg and prolonged exposure to a PaCO 2  
greater than 52 mmHg. However, safe lower and 
upper limits remain an open question. The postna-
tal age of the infant, the degree of prematurity and 
coexisting morbidities, such as asphyxia, hypoten-
sion and sepsis, which are known to impair cere-
bral blood fl ow autoregulation, all affect the 
vulnerability of the patient to high or low levels of 
CO 2 . The studies showing association of hypercap-
nia and IVH focussed on the early postnatal period. 
The only large prospective clinical trial of permis-
sive hypercapnia suggests safety of mild permis-
sive hypercapnia, but the mean PaCO 2  remained 
between 45 and 50 mmHg for the fi rst 7 days of 
life in the “hypercapnia” group (Carlo et al.  2002 ). 
This study does not, therefore, refute the retrospec-
tive data suggesting increased risk of adverse out-
comes with maximal PaCO 2  values above 
60 mmHg during the fi rst week of life (Fabres et al. 
 2007 ). Whilst there are very plausible pathophysi-
ological mechanisms which link hypercapnia to 
IVH, it must be recognised that the retrospective 
studies cannot establish causation. It is possible 
that high CO 2  values are a marker for other events 
or a refl ection of the severity of illness rather than 
the cause of the IVH. A relatively small prospec-
tive trial targeting PaCO 2  values between 55 and 65 
from birth enrolled only one-third of the projected 
sample size (65 infants) before being stopped early 
because target PCO 2  values could not be reached 
(Thome et al.  2006 ). This study found no differ-
ence in pulmonary outcomes but an increase in the 
composite outcome of death or neurological 
impairment at 18–22 months from 42 to 62 % in 

the hypercapnia group, despite a difference of only 
6 mmHg in PaCO 2  values between the groups. 

 Data on safety of permissive hypercapnia 
beyond the fi rst week of life are lacking. It is gen-
erally believed that because of metabolic com-
pensation and less vulnerability to IVH, higher 
levels of PaCO 2  can be tolerated safely, but nei-
ther the validity of the assumption nor the safe 
upper limits of PaCO 2  during this period have 
been established. 

 Although clinical studies have focussed on 
PaCO 2 , whether PaCO 2  or pH should be our pri-
mary concern is still subject to debate; clinical 
studies have not specifi cally addressed the ques-
tion of whether compensated respiratory acidosis 
is safe or whether the infant with metabolic acido-
sis compensated by hyperventilation is at similar 
risk as one who has an uncompensated alkalosis. 
Experimental studies clearly show, however, that 
local tissue pH, not pCO 2 , is the primary deter-
minant of cerebral vasoconstriction or dilatation 
(Fencl et al.  1968 ; Kontos et al.  1977 ). Rapid 
changes in PaCO 2  are also dangerous and should 
be avoided, because they lead to rapid changes in 
cerebral blood fl ow (Raichle et al.  1970 ; Gleason 
et al.  1989 ). A large  retrospective study of 849 pre-
term infants concluded that not only both extremes 
of CO 2  but also fl uctuations in PaCO 2  are associ-
ated with severe IVH (Fabres et al.  2007 ). 

 What then is the clinician to do in the face of 
such uncertainty? First, it should be recognised 
that low PaCO 2  values are clearly more dangerous 
than moderately high values and that targeting 
mildly hypercapnic values decreases the risk of 
inadvertent hypocapnia. Second, it is important to 
avoid rapid changes in PaCO 2 . On balance, avail-
able evidence suggests that keeping PaCO 2  values 
in the range of 45–50 mmHg during the fi rst week 
of life is appropriate and safe. As a practical mat-
ter, because very preterm infants have a low renal 
threshold for bicarbonate and tend to have a mod-
est metabolic acidosis, it is diffi cult to achieve 
signifi cant hypercapnia during the fi rst few days 
of life without unacceptable degree of acidosis. 
With time, the vulnerability of the brain to IVH 
decreases, and metabolic compensation develops, 
allowing PaCO 2  to rise to levels of 50–60 mmHg 
with relatively normal pH by the second and third 
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week of life. Permissive hypercapnia with PaCO 2  
values of 60–70 mmHg is widely practised and 
not clearly associated with adverse outcomes. The 
safety of this approach is in need of urgent study.      
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