
249

Volume-Targeted Ventilation
Martin Keszler, MD and Kabir Abubakar, MBBS

22

RATIONALE FOR TIDAL VOLUME-TARGETED 
VENTILATION
Preclinical studies clearly demonstrate that tidal volume, rather 
than inflation pressure, is the critical determinant of ventilator-
induced lung injury. Dreyfuss and colleagues demonstrated, as 
early as 1988, that severe acute lung injury occurred in animals 
ventilated with large tidal volume, regardless of whether that 
volume was generated by a high or low inflation pressure1. On 
the other hand, animals whose chest wall and diaphragmatic 
excursion were limited by external binding experienced much 
less lung damage despite being exposed to the same high infla-
tion pressure.2,3 This and other similar studies clearly show that 
pressure by itself, without correspondingly high tidal volume,  
is not injurious to the lungs, although it could be injurious to 
immature airways.

An equally compelling reason for tidal volume-targeted ven-
tilation (VTV) is the extensive body of evidence documenting 
that both hypercapnia and hypocapnia are associated with neo-
natal brain injury.4-8 Despite increasing awareness of its adverse 
consequences, inadvertent hyperventilation remains a common 
problem with pressure-limited ventilation, especially early in the 
clinical course when the baby starts breathing, lung compliance 
changes rapidly in response to clearing of lung fluid, surfactant 
administration, and optimization of lung volume. Luyt et al. 
demonstrated that 31% of ventilated infants had at least one 
blood gas with PaCO2 less than 25 torr during the first day of 
life, whether they were ventilated with patient-triggered ventila-
tion or unsynchronized intermittent mandatory ventilation.9

Although there are important differences in how volume 
targeting is achieved with various ventilators, the primary ben-
efit of VTV probably rests in the ability to regulate and main-
tain an appropriate tidal volume (VT), regardless of how that 
goal is achieved. When VT is the primary control variable, infla-
tion pressure will fall as lung compliance and patient inspira-
tory effort improve, resulting in real-time weaning of pressure, 
in contrast to intermittent manual lowering of pressure in re-
sponse to blood gases. Real-time lowering of pressure avoids 
excessive VT and achieves a shorter duration of mechanical 
ventilation. The inflation pressure will also rise if, for some 
reason, the set tidal volume is not delivered. Two recent meta-
analyses that included a combination of several different mo-
dalities of volume-controlled and VTV documented a number 

As described in Chapter 19, two fundamentally different ap-
proaches to positive pressure ventilation are possible. In pressure-
controlled (PC) ventilation, the primary control variable govern-
ing gas delivery to the lungs is inflation pressure, while the tidal 
volume delivered to the lungs is the dependent variable that 
changes if the baby breathes more forcefully and/or lung compli-
ance and resistance change. In volume-controlled ventilation 
(VCV), tidal volume delivery into the ventilator circuit is directly 
controlled and pressure becomes the dependent variable, chang-
ing as necessary to compensate for the baby breathing and to 
overcome resistive and elastic forces of the lungs (Fig. 22.1).

Pressure-controlled, time-cycled, continuous-flow ventila-
tion has been the standard of care in neonatal ventilation for 
more than 30 years because early attempts at VCV in small pre-
term neonates were unsuccessful with the devices available at 
the time. The perceived advantages of PC ventilation are the 
ability to directly control the inflation pressure and time, and to 
ventilate despite large leaks around the uncuffed endotracheal 
tubes (ETTs) used with neonates. Preoccupation with high in-
flation pressure as the chief culprit in ventilator-associated lung 
injury (VALI) and airleak has led to a deeply ingrained “baro-
phobia” that has persisted despite mounting evidence that pres-
sure by itself, without generating excessively large tidal volume, 
is not the main cause of lung injury.

KEY POINTS
•	 Pressure-controlled	 ventilation	 has	 been	 the	 standard	 approach	 to	 me-

chanical	ventilation	of	newborn	infants	but	can	cause	excessive	tidal	vol-
ume	 delivery	 and	 inadvertent	 hyperventilation	 when	 lung	 compliance	 im-
proves.	 As	 a	 result,	 volume-targeted	 ventilation	 is	 increasingly	 used	 to	
avoid	volutrauma	and	the	dangers	of	respiratory	alkalosis.

•	 Neonatal	 volume-targeted	 ventilation	 is	 pressure-controlled	 ventilation	
with	automatic	adjustment	of	inflation	pressure	to	maintain	a	user-selected	
target	 tidal	 volume.	 Newer	 devices	 deal	 more	 effectively	 with	 problems	
related	to	leak	around	uncuffed	endotracheal	tubes	and	measure	tidal	vol-
ume	more	accurately	using	a	flow	sensor	at	the	airway	opening.

•	 Selection	of	the	tidal	volume	appropriate	for	the	specific	patient	and	under-
lying	condition	is	key	to	success.	One	size	does	NOT	fit	all.	Use	of	volume-
targeted	ventilation	results	in	more	complex	patient–ventilator	interactions,	
making	 clinical	 assessment	 of	 the	 patient	 and	 ventilator	 waveforms	 es-
sential	tools	in	assessing	appropriateness	of	ventilator	settings.
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variables beyond volume vs pressure targeting also differed. The 
studies focused on short-term physiologic outcomes, rather 
than BPD, as a primary outcome. Except for one follow-up 
study based on parental questionnaire, no long-term pulmo-
nary or developmental outcomes have been reported.

VOLUME-CONTROLLED VERSUS  
VOLUME-TARGETED VENTILATION
Volume-controlled, also known as volume-cycled, ventilators 
deliver a constant, preset VT into the ventilator circuit with each 
inflation. In theory, these ventilators allow the operator to select 
VT and respiratory rate and therefore directly control minute 
ventilation. Pressure rises passively, in inverse proportion to 
lung compliance, as the tidal volume is delivered, reaching its 
peak just before the ventilator cycles off, allowing little time for 
intrapulmonary gas distribution. The ventilator delivers the set 
VT into the circuit, generating whatever pressure is necessary to 
overcome lung compliance and airway resistance, up to a set 
safety pop-off, typically set at a pressure of 40 cm H2O or 
greater. A maximum inflation time is also set as an additional 
safety measure. The ventilator cycles into expiration when the 
preset VT has been delivered, or when the maximum inflation 
time has elapsed. The latter ensures that with very poor lung 
compliance, the ventilator does not generate a very prolonged 
inflation in an attempt to deliver a set VT that cannot be reached 
at the pressure pop-off value.

The major limitation of VCV is that what is controlled is the 
volume injected into the ventilator circuit, not the VT that en-
ters the patient’s lungs. This limitation is based on the fact that 
the tidal volume is measured at the ventilator end of the circuit 
and does not account for compression of gas in the circuit and 
humidifier or distention of the compliant circuit.12 In large 
patients with cuffed ETTs, this loss is insignificant and easily 
compensated, but such is not the case in small preterm infants, 
whose lungs are only a fraction of the total volume of the circuit 
(Fig. 22.2). Most modern ventilators have provisions to com-
pensate for circuit compliance/gas compression, but this ability 
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Fig. 22.1 Key differences between volume-controlled (VC) and pres-
sure-controlled (PC) ventilation. Volume delivered into the ventilator 
circuit is the primary control variable in VC. Circuit pressure rises pas-
sively and reaches its peak just before exhalation. The device generates 
whatever pressure is needed to deliver the set volume. Inflation pres-
sure is the primary control variable in PC ventilation. Delivered volume 
is proportional to inflation pressure and compliance of the respiratory 
system; therefore, the tidal volume will vary with changes in respiratory 
mechanics.

 Relative Risk or Mean Difference 95% Confidence Interval Number Needed to Benefit (95% CI)

Death	at	BPD	at	36	weeks 0.75 0.53	to	1.07 NA
BPD	at	36	weeks	PMA 0.73 0.59	to	0.89a 8	(5–20)
Grade	3–4	IVH 0.53 0.37	to	0.77a 11	(7–25)
PVL	6	severe	IVH 0.53 0.27	to	0.80a 11	(7–33)
Pneumothorax 0.52 0.31	to	0.87a 20	(11–100)
Hypocapnia 0.49 0.33	to	0.72a 3	(2–5)
Days	of	MV –1.35 –1.83	to	–0.86a

TABLE 22.1 Documented Benefits of Volume-Targeted Ventilation

Sixteen parallel studies with 977 infants 1 four crossover studies were included.
aStatistically significant benefit of volume-targeted ventilation.
BPD, Bronchopulmonary dysplasia; CI, confidence interval; IVH, intraventricular hemorrhage; MV, mechanical ventilation; PVL, periventricular 
leukomalacia.
(Data from Klingenberg C, Wheeler KI, McCallion N, et al: Volume-targeted versus pressure-limited ventilation in neonates. Cochrane Database 
Syst Rev 10:CD003666, 2017.)

of advantages of volume-controlled or targeted ventilation, 
compared with pressure controlled ventilation; these included a 
significant decrease in the combined outcome of death or BPD, 
lower rate of pneumothorax, less hypocapnia, decreased risk of 
severe intraventricular hemorrhage/periventricular leukomala-
cia, and significantly shorter duration of mechanical ventilation 
(Table 22.1).10,11 These results are very encouraging, but some 
limitations should be recognized. Included studies were quite 
small and used a variety of different modalities, and many of 
the key outcomes reported in the meta-analysis were not pro-
spectively collected or defined. In some of the studies, other 
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breaks down with the ubiquitous and highly variable leak 
around uncuffed ETTs used in newborn infants. These limita-
tions can be overcome to a degree by using a separate  
flow sensor at the airway opening to monitor exhaled tidal vol-
ume. This will allow the user to manually adjust the set tidal 
volume (also known as Vdel) to achieve the desired exhaled tidal 
volume. Unfortunately, the ETT leak is usually variable, and thus,  
frequent monitoring and adjustment may be necessary. An al-
ternate approach to VCV is to rely on clinical assessment of 
adequacy of chest rise and breath sounds to set the Vdel, which 
typically needs to be set at 10 to 12 mL/kg, to achieve effective 
tidal volume of 4 to 5 mL/kg, and to make subsequent adjust-
ments based on blood gas measurement. Despite these limita-
tions, VCV has been shown to be feasible even in small preterm 
infants when a flow sensor at the airway opening is used.13

NEONATAL TIDAL VOLUME-TARGETED 
VENTILATION
In contrast to traditional VCV, VTV modalities are modifica-
tions of PC ventilation designed to deliver a target tidal volume 
by real-time microprocessor-directed adjustments of inflation 
pressure. Some devices regulate tidal volume delivery based on 
flow measurement during inflation and others during exhala-
tion. Each approach has advantages and disadvantages—leak is 
greater during inflation and thus exhaled tidal volume more 
closely approximates true tidal volume. Use of exhaled tidal 
volume results in regulation of the peak pressure based on the 
previous ventilator cycle, whereas using inflation volume makes 
same-cycle control possible, but it is then not possible to com-
pensate for ETT leak in real time. If the inflation volume were 
10 mL and the ETT leak 50%, then the baby would only be  

getting a tidal volume of 5 mL. When a large ETT leak is pres-
ent, even the exhaled tidal volume underestimates true volume 
and inspiratory measurement will overestimate the true tidal 
volume that enters the lungs. On balance, the use of exhaled VT 
offers the best balance of safety and effectiveness. In recent 
years, newer modalities of VTV have increasingly come to 
closely resemble volume guarantee (VG) ventilation, which fo-
cuses on expired tidal volume, as described below.

VOLUME GUARANTEE
VG is an option available on the Draeger Babylog 80001; the 
VN 500, 600, and 800 (Draeger Medical, Lubeck, Germany);  
and the Leoni Plus (Heinen 1 Löwenstein GmbH, Bad Ems, 
Germany; not available in the United States). More recently, a 
version of VG has been implemented on the Avea ventilator 
(Vyaire, Mettawa, IL). VG may be combined with any of the 
basic ventilator modes, including controlled mechanical ventilation 
(CMV), assist control (AC), synchronized intermittent manda-
tory ventilation (SIMV), or pressure support ventilation (PSV). 
It is a volume-targeted, time- or flow-cycled, pressure-limited 
form of ventilation. The operator chooses a target VT and a pres-
sure limit up to which the ventilator operating pressure (work-
ing pressure) may be adjusted. The microprocessor compares 
the exhaled VT of the previous inflation and adjusts the working 
pressure up or down to target the set VT (Fig. 22.3A and B). The 
algorithm limits the pressure increment from one inflation to 
the next to a percentage of the amount needed to reach the tar-
get VT to avoid excessive oscillations, up to a maximum increase 
of 3 cm H2O. Consequently, with rapid, large changes in compli-
ance or patient inspiratory effort, several cycles are needed to 
reach target VT. If the ventilator is unable to reach the target VT 
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Fig. 22.2 Functional limitation of volume-controlled ventilation in newborn infants. Volume-controlled ventilation 
regulates the volume of gas delivered into the proximal end of the ventilator circuit (VTdelivered). The volume of gas 
entering the lungs (VTLung) is affected by three factors: (1) tubing compliance (CT), (2) compressible volume of the 
circuit and humidifier, and (3) magnitude of the leak around an uncuffed endotracheal tube. In newborn infants, 
the volume of the lungs is only a fraction of the circuit/humidifier volume and often poorly compliant. Thus, the 
loss of volume to compression of gas in the circuit and to stretching of the compliant circuit is very substantial. 
Variable leak around endotracheal tubes makes compensation very challenging. ETT, Endotracheal tube.
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with the set inflation pressure limit, a “low tidal volume” alarm 
will sound, alerting the operator that an assessment is needed. 
The VG modality, as implemented on the Draeger Babylog 
80001 and VN500, 600, and 800 ventilators, which are designed 
specifically for newborn infants, employs separate controls for 
triggered and untriggered inflations. This is an important fea-
ture when ventilating spontaneously breathing preterm infants 
whose respiratory effort is intermittent and highly variable, be-
cause, as with all forms of synchronized ventilation, the tidal 
volume is determined by a combination of the positive pressure 
from the ventilator and the negative intrapleural pressure result-
ing from the spontaneous effort of the infant (Fig. 22.4). Conse-
quently, VG leads to a more stable tidal volume than would be 
seen in similar modalities that use a single control algorithm 
(Fig. 22.5). The impact of VG with the dual control algorithm 
compared to simple PC ventilation is seen in Fig. 22.6. A 
secondary safety feature designed to prevent delivery of exces-
sively large inflations terminates an inflation on the same cycle 
if the tidal volume target is exceeded by more than 30% based 
on inspiratory volume measurement (corrected for leakage). In 
an awake, actively breathing infant, the variable patient contri-
bution to transpulmonary pressure is always perturbing the 
equilibrium, causing the VT to fluctuate around the target VT. 
Thus, the term volume “guarantee” is arguably a misnomer. 
However, there is good evidence that a completely constant VT 
leads to atelectasis over time; thus, a physiologic variability of VT 
is actually desirable.14

The VG modality, as implemented on a Draeger ventilator, 
has been studied more thoroughly than other modes of VTV 
and has been shown to reduce the incidence of hypocapnia and 
the number of excessively large tidal volumes.15 Specific clinical 
guidelines for VG have been published and are also provided 

later and in Tables 22.2 and 22.3.16,17 VG has been shown to be 
more effective when used with AC than with SIMV, likely be-
cause all inflations are subject to volume targeting.18

The choice of appropriate VT (see later) depends on infant 
size, pulmonary diagnosis, and basic synchronization mode. It 
is critical to appreciate that one size DOES NOT fit all when it 
comes to neonatal tidal volume settings. The smallest infants 
require a slightly larger VT/kg owing to the proportionally 
larger fixed dead space of the flow sensor.20 Infants with pulmo-
nary conditions that lead to increased alveolar dead space (e.g., 
meconium aspiration syndrome or bronchopulmonary dyspla-
sia) also require relatively larger VT.21,29 Depending on the set 
rate, SIMV may require a larger VT than AC to deliver the same 
alveolar minute ventilation, because fewer breaths are sup-
ported and volume targeted. As the underlying pulmonary pa-
thology evolves, the VT target that provides optimal support 
will also change.

Some older devices, including the Babylog 80001, which is 
no longer produced but still in occasional use, regulate the peak 
pressure for the current inflation based on the uncorrected ex-
haled VT of the previous inflation. This measurement begins to 
progressively underestimate the true VT with increasing ETT 
leak.30 In that situation, the ventilator will increase inflation 
pressure in an attempt to reach the target, but because it is now 
working with falsely low exhaled VT values, the resulting VT is 
actually larger than the target, potentially resulting in inadver-
tent hypocapnia when the ETT leak exceeds about 40%  
(Fig. 22.7). Progressively larger ETT leak commonly occurs if a 
preterm infant remains intubated for .2 weeks, because of 
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Fig. 22.3 Principles of operation of volume guarantee. (A) The device 
compares the measured expired tidal volume to the target volume and 
automatically regulates the PIP (peak inflation pressure, working pres-
sure) within preset limits (as low as end-expiratory pressure to as high 
as the set pressure limit) to achieve the tidal volume that is set by the 
user. (B) This figure illustrates that regulation of PIP is in response to 
exhaled tidal volume of the previous inflation to decrease error because 
of endotracheal tube leak. The PIP increase from one cycle to the next 
is limited to avoid overshoot and undesirable oscillations. If tidal volume 
exceeds 130% of target, inflation will be terminated at that point (a 
secondary safety volume-limit function).
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Fig. 22.4 In an awake, breathing infant, the tidal volume that enters the 
lungs is generated by the transpulmonary pressure, the sum of the 
negative intrathoracic pressure generated by the infant’s spontaneous 
respiratory effort and the positive inflation pressure generated by the 
ventilator. Because the respiratory effort of a preterm infant is variable 
and inconsistent, the infant’s contribution to the transpulmonary pres-
sure is variable thus resulting in a variable tidal volume.
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stretching of the trachea and larynx (acquired tracheomeg-
aly),31 and may require reintubation with a larger ETT, or rever-
sion to PC ventilation because reliable measurement of VT is no 
longer possible with such a large leak. With the VN 500, 600, 
and 800 ventilators, this problem has largely been eliminated. 
These ventilators, being specifically designed for newborn  
infants, employ an effective leak compensation algorithm  
(Fig. 22.8). We recommend that the leak compensation feature 
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Fig. 22.5 (A) Basic volume-targeting algorithm. Because the respira-
tory effort of a preterm infant is variable and inconsistent, the infant’s 
contribution to the transpulmonary pressure is variable, thus resulting 
in a variable tidal volume. In this figure, the infant’s own inspiratory ef-
fort is drawn in blue, superimposed on the ventilator pressure. This 
contribution is not measured or displayed by the ventilator. When an 
actively breathing infant who was contributing substantially to the trans-
pulmonary pressure fails to take a breath before the next ventilator cy-
cle, there will be a large drop in delivered tidal volume. The ventilator 
adjusts the working pressure based on the tidal volume of the previous 
cycle, but the infant again resumes her breathing, resulting in large 
fluctuations in tidal volume. Because of the limited increment in work-
ing pressure from breath to breath, it takes several cycles to reach the 
target tidal volume when the infant remains apneic. (B) The volume 
guarantee modality as implemented on Draeger devices has a separate 
control algorithm to regulate triggered and untriggered inflations. The 
microprocessor will use the working pressure for the previous cycle of 
the same type (triggered or untriggered) as a starting point for the ad-
justment. Consequently, the transpulmonary pressure remains more 
stable, resulting in more stable tidal volume delivery.

be selected in the ventilator default setting to minimize mea-
surement error caused by ETT leakage. The ability to compen-
sate effectively for leaks of up to 75% to 80% is a remarkable 
technological advance on the VN series ventilators that makes 
VG feasible and safe in virtually all infants.

An obvious advantage of VG is that weaning occurs auto-
matically, in real time, and requires fewer blood gas measure-
ments. With stable minute ventilation ensured by VG along 
with noninvasive pulse oximetry monitoring, fewer invasive 
blood gas measurements are needed once the appropriate set-
tings are confirmed. This effective self-weaning mechanism 
appears to be counterintuitive to some practitioners who are 
accustomed to manual adjustments of ventilator settings. As a 
consequence, there is sometimes inappropriate lowering of tar-
get VT in an effort to wean the patient off the ventilator. It 
should be clearly understood that the physiologic VT required 
by the patient does not decrease (over time it may actually in-
crease); what goes down is the pressure required to achieve that 
VT because of improved compliance of the respiratory system 
and the infant breathing more effectively. Decreasing VT target 
below the patient’s physiologic need will increase the work of 
breathing32 and may delay successful extubation.

SUGGESTED CLINICAL GUIDELINES  
(SEE	ALSO	TABLE	22.3)
These guidelines are based on research and extensive clinical 
experience of the authors based on the VG modality on the 
Draeger devices. Although the principles described in this sec-
tion generally apply to all modalities of VTV, there may be some 
device-related differences that may require slightly different  
approaches.

VG VG off

Much larger variation in tidal volume

Fig. 22.6 The impact of VG with dual control algorithm vs PC ventila-
tion. Flow is displayed in the upper panel, pressure in the middle panel, 
and VT in the lower panel. Relatively stable VT is seen in the first part of 
the recording, while PIP is highly variable. After VG is turned off, PIP 
becomes fixed (after it is manually lowered in two steps), while VT be-
gins to fluctuate from inflation to inflation, because now we see the 
impact of a fixed PIP on top of a highly variable and sometimes absent 
spontaneous effort of the baby. PC, Pressure-controlled; PIP, peak infla-
tion pressure; VG, volume guarantee.
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TABLE 22.2 Suggested Initial Tidal Volume Settings for Different Types of Patients
Condition Initial VT Rationale Reference

Term,	late	preterm,	normal	lungs 4–4.5	ml/kg Baseline Dawson	et	al.19

Preterm	RDS	1250–2500	g 4–4.5	mL/kg Low	alveolar	dead	space Dawson	et	al.19

Preterm	RDS	700–1249	g 4.5–5	mL/kg Dead	space	of	the	flow	sensor	 Nassabeh-Montazami	et	al.20

Preterm	RDS	,700	g 5.5–6	mL/kg Dead	space	of	the	flow	sensor Nassabeh-Montazami	et	al.20

Preterm	evolving	BPD,	3	weeks	old 5.5–6.5	mL/kg Increased	anatomical	and	alveolar	dead	space Keszler	et	al.21

Term	MAS	with	classic	CXRa 5.5–6	mL/kg Increased	alveolar	dead	space Sharma	et	al.22

Term	MAS	with	whiteout	CXR 4.5–5	mL/kg Alveolar	dead	space	less	of	a	problem Keszler23

Term	CDH 4–4.5	mL/kg Normal	CO2	production	requires	normal	alveolar	minute	ventilation Sharma	et	al.24

Established	severe	BPD 7–12	mL/kg Greatly	increased	alveolar	and	anatomical	dead	space;	lower		
respiratory	rate	because	of	long	time	constants	needs	larger	VT

Abman	et	al.25

aClassic CXR in MAS shows heterogeneous inflation and air trapping.
BPD, Bronchopulmonary dysplasia; CDH, congenital diaphragmatic hernia; CXR, chest radiograph; MAS, meconium aspiration syndrome; RDS, 
respiratory distress syndrome; VT, tidal volume.

TABLE 22.3 Clinical Guidelines for Volume-Targeted Ventilation
Initiation of Volume-Targeted Ventilation  

Recommendation Rationale

• Implement	VTV	as	soon	as	ventilation	is	started.
• Choose	the	basic	mode	of	synchronized	ventilation:	PC-AC	or	PC-PSV	is	

preferred.
• If	using	SIMV	1	PSV,	be	aware	that	only	SIMV	inflations	are	volume	

targeted.
• Select	a	backup	rate	about	10/min	below	spontaneous	breathing	rate:	30/min	

for	term,	40/min	for	preterm	infants.
• Select	PEEP	appropriate	to	the	infant’s	diagnosis,	current	condition,	and	FiO2.
• Ensure	that	flow	sensor	is	calibrated	and	functioning	properly.
• Select	target	expired	VT	(see	Table	22.2).
• Set	PIP	limit	3–5	cm	H2O	above	expected	PIP	need.
• If	VT	target	is	not	met,	ensure	that	the	ET	tube	is	in	good	position,	then	

increase	PIP	limit	if	needed.
• Confirm	adequacy	of	support	by	observing	chest	rise,	auscultating	breath	

sounds	and	monitoring	SPO2	and	obtaining	blood	gas.
• If	converting	from	PC	to	VTV,	match	the	VT	generated	by	PC	mode	if	PaCO2	

was	satisfactory	and	increase	PIP	limit	by	3–5	cm	H2O.

• Compliance	and	respiratory	effort	change	rapidly	soon	after	birth.
• These	ventilator	modes	result	in	more	stable	VT	and	lower	WOB.
• The	PSV	pressure	is	a	set	value,	not	subject	to	volume	targeting.
• Backup	rate	is	a	safety	net	for	apnea.	If	too	low,	there	will	be	more	

fluctuation	in	PaCO2	and	minute	ventilation;	if	too	close	to	the	spontaneous	
rate,	there	will	be	more	untriggered	inflations.26

• Because	VG	uses	the	lowest	possible	PIP,	adequate	PEEP	is	essential	to	
maintain	FRC.

• Accurate	VT	measurement	is	essential	for	VTV.
• VT	is	now	the	primary	control	variable.
• To	allow	adjustment	of	working	pressure	both	up	and	down.
• ETT	obstructed	on	carina	would	cause	high	PIP;	ETT	in	the	right	bronchus	

would	cause	high	PIP	and	volutrauma.
• Recommended	VT	targets	are	population	averages;	individual	patients	may	

need	higher	or	lower	VT.
• Changing	primary	control	variable	does	not	affect	the	relationship	of	

compliance,	PIP,	and	VT.	Allow	PIP	to	float	both	up	and	down	as	needed.	
Average	PIP	will	be	equal	to	or	less	than	on	PC.

Subsequent Adjustment
• Once	the	range	of	working	PIP	is	known,	set	the	PIP	limit	25%–30%	above	

the	upper	end	of	the	range.
• Record	and	present	on	rounds	range	of	working	(measured)	PIP	as	well	as	PIP	

limit.
• If	indicated,	adjust	VT	in	steps	of	,0.5	mL/kg.
• Base	VT	adjustments	on	both	pH	and	PaCO2;	do	not	lower	VT	target	if	pH	is	

not	alkalotic	and	accept	higher	PCO2	if	pH	is	OK.
• Lower	PIP	limit	as	needed	to	keep	it	25%–30%	above	the	upper	end	of	the	

range	of	PIP.
• Assess	the	patient’s	respiratory	rate,	comfort,	oxygen	requirement,	and	

working	pressure,	not	just	blood	gas.	Increase	VT	if	necessary	to	achieve	
adequate	support.

• Always	verify	appropriateness	of	support	by	clinical	assessment,	especially	if	
a	large	increase	in	support	appears	to	be	needed.

• Use	birth	weight	initially	to	determine	VT	target	and	remember	to	adjust	for	
weight	gain	if	the	baby	remains	ventilated.

• Important	safety	feature	to	alert	provider	to	changes	in	support.
• PIP	limit	does	not	accurately	reflect	actual	level	of	support.
• This	step	leads	to	meaningful	change
• pH,	not	PaCO2,	is	the	primary	control	of	respiratory	drive.	Infants	compensate	

for	a	base	deficit	by	hyperventilating.
• This	maintains	the	early	warning	benefit,	alerting	user	to	changes	in	PIP	

need.
• Tachypnea	and	retractions	indicate	increased	WOB.	If	VT	is	set	below	the	

patient’s	physiologic	need,	the	ventilator	lowers	the	PIP	and	the	infant	has	to	
work	harder	to	maintain	his	or	her	minute	ventilation.

• Machines	are	fallible.	Do	not	blindly	trust	any	mechanical	device.
• Short-term	changes	in	weight	after	birth	reflect	fluid	shifts,	but	once	the	baby	

begins	to	grow,	the	VT	needs	to	keep	up	with	current	weight.
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TABLE 22.3 Clinical Guidelines for Volume-Targeted Ventilation—cont’d
Initiation of Volume-Targeted Ventilation  

Weaning 
• When	pH	is	low	enough	to	ensure	respiratory	drive	(,7.35),	weaning	is	

automatic;	do	not	lower	target	VT	to	wean,	unless	the	patient	is	alkalotic.
• Withhold/reduce	sedation/analgesia	if	used.
• Do	not	reduce	VT	below	3.5–4	mL/kg.
• Consider	raising	PEEP	to	maintain	adequate	distending	pressure	as	PIP	comes	

down.
• Avoid	using	SIMV	without	PSV;	do	not	wean	backup	rate	on	PC-AC	or	PC	

PSV.
• Observe	the	graphic	display	to	detect	excessive	periodic	breathing	or	apnea.

• Physiologic	VT	need	does	not	decrease;	the	PIP	needed	to	achieve	it	
does—self-weaning.

• Avoid	suppressing	the	respiratory	drive.
• Setting	the	VT	below	what	the	infant	needs	imposes	excessive	WOB.
• Automatic	lowering	of	PIP	may	lead	to	atelectasis	if	PEEP	is	relatively	low.
• As	PIP	comes	down,	the	WOB	is	gradually	shifted	from	ventilator	to	infant.	

The	infant	controls	the	ventilator	rate.
• Inconsistent	respiratory	effort	may	set	up	the	infant	for	extubation	failure.

Extubation
• Consider	extubation	if	PIP	is	,12–15	cm	H2O	with	satisfactory	blood	gas.
• Older	infants	can	be	extubated	from	higher	PIP.
• Ability	to	sustain	adequate	respiratory	effort	can	be	assessed	using	the	SBT.
• If	not	given	earlier,	caffeine	should	always	be	used	before	extubation	of	

preterm	infants	,32	weeks.
• Distending	pressure	with	CPAP,	NIPPV,	or	HHHFNC	should	always	be	used	for	

at	least	24	hours	post	extubation.

• These	pressures	are	low	enough	to	ensure	that	the	infant	is	able	to	take	over.
• Older	infants	can	generate	stronger	respiratory	effort.
• The	SBT	has	its	limitations,	but	may	help	predict	extubation	readiness	

(see	Chapter	26).
• Caffeine	reduces	extubation	failure	in	preterm	infants.27

• The	use	of	distending	airway	pressure	after	extubation	reduces	the	risk	of	
extubation	failure.28

AC, Assist control; CPAP, continuous positive airway pressure; ETT, endotracheal tube; FRC, functional residual capacity; HHHFNC, high-humidity, 
high-flow nasal cannula; NIPPV, nasal intermittent positive pressure ventilation; PC, pressure controlled; PEEP, positive end-expiratory pressure; 
PIP, peak inflation pressure; PSV, pressure support ventilation; SBT, spontaneous breathing test; SIMV, synchronized intermittent mandatory ven-
tilation; VG, volume guarantee; VT, tidal volume; VTV, volume-targeted ventilation; WOB, work of breathing.

6 ml
V
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Leak compensated VT

= VT in the lung
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Fig. 22.7 Illustration of inspiratory and expiratory leak around uncuffed endotracheal tubes. The leak is always 
larger during inspiration, driven by the greater pressure gradient of peak inflation pressure. Leak also occurs 
during expiration, driven by the positive end-expiratory pressure. Expiratory time is typically longer than inspi-
ratory time, allowing more time for volume loss. In this example, there is a 50% leak. Measured inspiratory 
VT is 6 mL, and measured expiratory VT is 3 mL. The actual VT entering and exiting the patient’s lungs is 4 mL. 
VT, Tidal volume.

patients may require larger or smaller volume. These values are 
a good starting point, but each patient’s response to the initial 
settings needs to be assessed and appropriate adjustments made 
even before obtaining the initial blood gas measurement.

The inflation pressure limit should initially be set 3 to 5 cm 
H2O above the level estimated to be sufficient to achieve that VT. 
If the target VT cannot be reached with this setting, the pressure 
limit may be increased modestly until the desired VT is gener-
ated. It is important to make sure the ETT is not kinked, mal-
positioned in the mainstem bronchus, or obstructed on the 
carina, all of which can cause unexpectedly high inflation pres-
sure. Significant volutrauma and/or air leak could result from 
failure to recognize single-lung intubation. If changing from PC 

When starting with VG as the initial mode of support, the 
tidal volume target should be chosen carefully, based on the 
infant’s size and pulmonary condition (see Table 22.2). Failure 
to select the VT target appropriate for the infant and failure to 
make subsequent adjustments based on the baby’s response are 
the most common causes of “failure” of VTV.33 There is now a 
body of literature providing normative data to guide initial VT 
settings, but this information does not appear to be widely ap-
preciated.34 It is important to understand that the published 
values were based on the VG modality of VTV and may not 
directly apply to other devices. Moreover, these values represent 
population means, which, like all physiologic measurements, 
have substantial standard deviation, meaning that individual 
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Fig. 22.8 (A) Screenshot of VN500 user interface in a patient with a large endotracheal tube leak. Automated 
Leak Compensation is off. The tidal volume used to adjust inflation pressure (denoted on the screen as VT) 
is the measured exhaled volume (VTe). Expiratory leak leads to underestimation of true VT. Minute ventilation 
calculation (MV) is based on the measured VTe. Tidal volume per kg (VT/kg BW) uses VTe. Flow and volume 
graphics are unaltered, indicating the presence of a leak. In this example, there is a 68% leak and the mea-
sured exhaled VTe is 3.6 mL and VT/kg BW is 2.4 mL. The clinician believes that the patient is ventilated ad-
equately with a very small VT. (B) Automated leak compensation is activated. Tidal volume used to adjust 
inflation pressure and calculate MV is a calculated value, reflecting actual VT reaching the lungs (denoted on 
the screen as VT). Because of the large leak, the VTe, the actual measured exhaled tidal volume, is much 
lower than the calculated value. VT/kg BW uses the calculated VT. Flow and volume graphics are altered to 
represent the calculated VT. With the same settings and leak magnitude as in Panel A, we see that the actual 
(calculated) VT is 6.8 mL, while the measured VTe, as before, is 3.5 mL. The VT/kg is 4.6 mL. The clinician 
knows the true VT that is being used to ventilate the patient. In both instances, the inflation pressure and true 
VT are the same. PEEP, Positive end-expiratory pressure; PIP, peak inflation pressure; RR, respiratory rate
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bronchopulmonary dysplasia, which results in more heteroge-
neous inflation and air-trapping.21 The VT target needs to be 
adjusted for weight gain, much as we adjust drug dosage and 
fluid intake. Allowing the infant to outgrow the set VT is a com-
mon cause of respiratory deterioration and poor weight gain. 
Another common source of difficulty often encountered in ex-
tremely preterm infants is immature renal function that results 
in transient renal tubular acidosis. It is not widely appreciated 
that pH, not PaCO2 is the primary respiratory control driver. 
Consequently, it is common to see inappropriate lowering of VT 
target in response to a slightly low PaCO2 when the pH is under 
7.30 because of a substantial base deficit. In this situation, the 
infant’s respiratory drive responding to the low pH will cause the 
infant to generate a spontaneous VT greater than the set target. 
As described earlier, when the measured VT is greater than target 
VT, the ventilator responds by lowering the inflation pressure, 
sometimes all the way down to the level of PEEP (Fig. 22.9). 
This situation results in excessive work of breathing, decreases 
the mean airway pressure potentially leading to loss of lung vol-
ume, and is likely to cause fluctuations in PaCO2 because 
the extremely preterm infant is unable to sustain this increased 
effort. Consequently, the infant intermittently brings down the 
PaCO2 to normalize the pH, but when no longer able to do so, 
will fall back to the set VT and backup rate, which results in rising 
PaCO2 and falling pH. Available data suggest that hypercapnia 
and large fluctuations in PaCO2 are a particularly high risk for 
severe intraventricular hemorrhage, death, and adverse neurode-
velopmental outcome.37

During weaning, pH should be allowed to be low enough to 
ensure adequate respiratory drive, and if sedation is being used, 
it should be lightened or discontinued. VT should normally not 
be weaned below 4 mL/kg to avoid shifting all the work of 
breathing to the infant. When VT is set below the infant’s physi-
ologic need, the baby will spontaneously generate a tidal vol-
ume above the set value, causing the working pressure to drop 
all the way to PEEP with the infant essentially on a prolonged 
endotracheal CPAP trial and should be avoided. When the in-
fant is able to maintain good gas exchange with low inflation 
pressure, extubation should be attempted.

PRESSURE-REGULATED VOLUME CONTROL
The pressure-regulated volume control (PRVC) mode on the 
Servo ventilators (Maquet, Solna, Sweden) is a time-cycled, 
pressure-limited mode that uses the VT of the previous cycle to 
regulate the inflation pressure needed to achieve the desired VT. 
Pressure increment is limited to 3 cm H2O. Because pressure 
adjustment is based on the previous cycle, regardless of whether 
it was an assisted breath or an untriggered inflation, variable 
and/or intermittent patient respiratory effort will cause large 
fluctuations in tidal volume. The older Servo-i ventilator is still 
widely used but has now been supplanted by the Servo-n, spe-
cifically designed for newborn use, and the Servo-u, designed 
for both adult and neonatal use. The main limitation of the 
PRVC mode of the older Servo-i ventilator when used in new-
born infants is the overestimation of tidal volume measured at 
the ventilator end of the circuit, rather than at the airway 

in an infant whose PaCO2 is in an appropriate range, it is best 
to match the average measured VT of several ventilator cycles 
and increase pressure limit 3 to 5 cm H2O above that used dur-
ing the PC ventilation, to allow the microprocessor to adjust the 
working pressure up as well as down as needed. If using SIMV, 
be sure to use the VT of the ventilator inflations, not the spon-
taneous breaths. It is advisable to keep the pressure limit 25% 
to 30% above the upper end of the range of current working 
pressure and adjusted periodically as lung compliance and the 
infant’s breathing improves. Maintaining this relationship 
serves as an early warning system and a key safety feature. A 
persistent “low VT” alarm indicates that there has been a change 
in the patient’s condition or with the circuit/ETT; this should 
encourage a prompt evaluation of the reason for a change in 
respiratory system compliance, ETT position, or patient respi-
ratory effort. Please note that with some older versions of VG, 
when the flow sensor is temporarily removed (such as around 
the time of surfactant administration or delivery of nebulized 
medication), if its function is affected by reflux of secretions or 
surfactant, the working pressure will default to the peak infla-
tion pressure (PIP) limit. If the limit is much higher than the 
infant requires, a dangerously high tidal volume could be 
reached, and if the situation persists, hypocapnia will develop. 
Additionally, when the manual inflation function is used, the 
ventilator will use the PIP limit pressure. Therefore, it is impor-
tant to keep the PIP limit sufficiently close to the working pres-
sure to avoid volutrauma and hypocapnia. The newer Draeger 
VN ventilators avoid this danger by using the most recent work-
ing pressure instead of the pressure limit to continue support in 
the absence of a VT signal and to deliver manual inflations. 
Some clinicians chose to leave the PIP limit at 40 cm H2O, re-
gardless of the level of working pressure. This simplifies the 
application of VG and minimizes alarms but defeats important 
safety features and inactivates the valuable early warning system. 
The benefits of the interactive VG system clearly outweigh the 
drawbacks, despite the increase in alarm frequency and some 
added complexity that requires more sophisticated thought 
process than simple PC ventilation. Use of longer alarm delay 
settings, appropriate pressure limit settings, avoidance of large 
leak around ETTs, proper positioning, and adequate physical 
comfort measures or sedation will minimize nuisance alarms. 
Please see Tables 22.2, 22.3, and 22.4 for further detail and 
troubleshooting tips.

Subsequent adjustments of VT should be guided by PaCO2 
measurement as well as clinical observation. Increased work of 
breathing and tachypnea indicate a need for increased support 
even if the blood gas values are acceptable. Failure of the infant 
to breathe above the set backup rate may indicate respiratory 
alkalosis and a need to lower the VT target. Other causes of pro-
longed apnea, such as sepsis, exhaustion, and oversedation, 
should be ruled out first. Several conditions indicate a need for 
increasing the VT target. If the infant remains intubated for more 
than a few days, a modestly higher VT is required even with per-
missive hypercapnia, because of increasing anatomical dead 
space owing to cyclic stretching of the immature upper airway  
by positive pressure ventilation (acquired tracheomegaly)31 and 
increased alveolar dead space because of development of  
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TABLE 22.4 Troubleshooting
Problem Possible Cause Suggested Action

Low	VT	alarm—not	reaching	target
Recurrent	alarms

• Decreased	compliance:
• Atelectasis
• Pneumothorax/PIE
• ETT	in	RMSB
• ETT	obstructed	on	the	tracheal	wall	or	carina
• Abdominal	distention
• Chest	wall	edema
• Decreased	patient	effort	(oversedation,	sepsis)
• Baby	splinting	chest	and	reducing	delivered	tidal	

volume
• Increased	resistance:

• Airway	secretions
• Partial	kinking	of	ETT
• Bronchospasm	(rare)

• PIP	limit	too	close	to	working	(measured)	PIP
• Alarm	delay	is	too	short
• Large	ETT	leak
• Flow	sensor	malfunction
• Forced	exhalation	episodes
• Interrupted	exhalation
Some	infants	intermittently	perform	expiratory	braking	

and	briefly	reverse	expiratory	flow,	thus	interrupting	
full	exhalation.	The	ventilator	misinterprets	this	as	a	
new	breath	and	uses	the	exhaled	volume	of	only	the	
second	portion	of	the	exhalation,	thus	underestimating	
the	true	value	of	VT.35

• Evaluate	breath	sounds.
• Evaluate	chest	rise.
• Examine	ventilator	waveforms.
• Reposition	the	patient	and/or	the	ETT.
• Assess	overall	condition.
• Obtain	CXR.
• Assess	the	patient’s	level	of	sedation,	activity.
• Evaluate	breath	sounds.
• Examine	ETT,	circuit.
• Listen	to	the	patient,	examine	flow	waveform.
• Observe	working	pressure	in	relation	to	PIP	limit;	the	

limit	needs	to	be	about	5	cm	H2O	above	upper	end	of	
range	of	working	pressure	to	allow	the	ventilator	to	
increase	pressure	when	the	baby	fails	to	breathe.

• Increase	alarm	delay	for	low	VT;	it	is	not	important	to	
know	a	few	inflations	fell	short	of	target,	but	we	do	
want	to	know	if	it	persists.

• Check	for	ETT	leak	on	the	ventilator	display.	Note	
that	when	using	the	VN500/800	leak	compensation		
feature,	the	waveforms	do	not	visually	indicate	the	
leak,	because	the	ventilator	displays	the	corrected	
value.

• Evaluate	VT	clinically,	recalibrate	flow	sensor	as	
needed.

• Recognize	these	by	observing	sudden	cessation	of	
airflow	despite	appropriate	inflation	pressure.	These	
are	preceded	by	a	large	expiratory	flow	and	the	infant	
is	bearing	down	with	a	Valsalva	maneuver.	There	is	
no	effective	way	to	abolish	these	short	of	muscle		
relaxation.	Setting	a	higher	PIP	limit	than	usual		
mitigates	their	effect	and	achieves	faster	recovery.

• Recognize	these	by	a	typical	brief	blip	of	the	expiratory	
flow	above	0	during	exhalation.	In	most	infants,	these	
are	infrequent	and	benign,	but	if	more	regular,	may	
need	intervention.	Try	increasing	PEEP	to	obviate	the	
need	for	expiratory	breaking.

Ventilator	is	not	generating	any	PIP • Tubing	disconnection
• VT	is	too	low	for	the	infant’s	physiologic	need

• Check	for	leak,	disconnection.
• Reevaluate	VT	setting.	If	the	infant	consistently	

generates	VT	in	excess	of	the	target,	the	device	contin-
ues	to	decrease	PIP	until	it	is	equal	to	PEEP.

Ventilator	is	generating	a	low	PIP,	which	is	
not	increasing	despite	low	or	absent	VT

• Complete	ETT	obstruction.	When	the	device	senses	
complete	ETT	or	circuit	obstruction,	the	PIP	drops	to	
about	half	of	the	previous	value	and	an	alarm	sounds.	
This	is	a	safety	feature	to	avoid	a	large	overshoot	of	
PIP	once	the	obstruction	is	relieved.

• Check	for	ETT	obstruction	or	kinked	tubing	and	correct	
if	present.	ETT	may	be	obstructed	with	secretions	or	
viscous	surfactant.36

Persistently	low	PaCO2	 • Metabolic	acidosis
• Agitation

• Consider	pH,	not	just	PaCO2;	the	respiratory	
control	center	responds	to	pH	and	respiratory		
compensation	for	a	base	deficit	is	normal.

• Ensure	optimal	positioning,	comfort.	Provide	sedation	
if	necessary.

Tachypnea,	increased	WOB • VT	set	too	low
• Agitation

• Insufficient	support	leads	to	tachypnea	and	
retractions.	Reassess	appropriateness	of	VT	setting.

• As	earlier.

CXR, Chest x-ray; ETT, Endotracheal tube; PEEP, positive end-expiratory pressure; PIE, pulmonary interstitial emphysema; PIP, peak inflation pres-
sure; RMSB, right main-stem bronchus; VT, tidal volume; WOB, work of breathing.
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opening. An optional flow sensor at the wye-piece allows for 
more accurate monitoring of tidal volume, but the servo- 
regulation of inflation pressure is still based on the remote flow 
measurement. PRVC is solely an AC mode on the Servo-i but 
can be either AC or SIMV with the newer Servo ventilators. 
Circuit compliance compensation is available to correct for 
compression of gas in the circuit but is ineffective when there 
is a leak around the ETT. The reliability of compliance com-
pensation falls with lower infant weights and may result in 
wide swings of apparent VT in tiny infants. Therefore, the com-
pliance compensation feature is generally not used in small 
preterm infants. Because substantial loss of VT to compression 
of gas in the circuit occurs, the set VT must be 2 to 3 times 
larger than the target exhaled VT at the airway opening. The 
manufacturer has corrected these major issues in the newer 
Servo-n and Servo-u models, which now can use the optional 
Wye-piece sensor to measure VT at the airway opening and to 
regulate inflation pressure. Therefore, the VT targets used with 
these devices and general ventilation procedures should be 
similar to those specified earlier for VG when the optional Wye 
sensor is used.

When initiating PRVC with the older Servo-i, several meth-
ods may be used for setting the target VT. If a proximal (Wye-
piece) flow sensor is available, it should be used to measure di-
rectly the exhaled VT and adjust the set value (Vdel) to achieve 

an exhaled VT of approximately 5 mL/kg, with the same caveats 
for matching target VT to the specific condition as outlined for 
VG. If the infant is being switched from a pressure-limited 
mode, a common approach is to set the target volume either (1) 
to match the volumes (Vdel) generated by PC ventilation or (2) 
to generate inflation pressures similar to those being used in PC 
ventilation. If the infant is being started directly on PRVC with-
out the optional Wye-piece flow sensor, the operator must rely 
on clinical assessment of chest rise and breath sounds to deter-
mine the appropriate Vdel, keeping in mind that a substantial 
portion of the VT will be lost in the circuit. Clinical assessment 
of the adequacy of support should supplement blood gas analy-
sis. Similar to other VTV modalities, the pressure needed to 
achieve the target VT comes down automatically as lung com-
pliance and patient effort improve. The target VT should not be 
reduced below 4 mL/kg exhaled volume at the airway opening 
for the same reasons as described in the previous section on VG. 
A randomized clinical trial of PRVC on the Servo 300 ventilator 
compared to pressure-limited SIMV in VLBW infants failed to 
show any advantage of PRVC.38

VOLUME VENTILATION PLUS
Volume Ventilation Plus (Puritan Bennett 840, Covidien, Man-
sfield, MA) is a complex mode that combines two different dual 
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Fig. 22.9 Screenshot of the user interface showing the effect of a VT target that is too low for this term baby 
with metabolic acidosis after a difficult delivery. The infant is vigorous enough to generate a strong respiratory 
effort and is reacting to her low pH. Note that the pressure waveform is flat, indicating that the ventilator is 
not generating any inflation pressure above positive end-expiratory pressure. The infant is tachypneic (respira-
tory rate of 68) and is generating a VT that is larger than the set value, which for a term infant would typically 
be around 4 to 4.5 mL/kg.
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mode volume-targeted inflation types—Volume Control Plus 
(VC1) for delivery of mandatory inflations in A/C and SIMV 
and Volume Support (VS) for support of spontaneous breaths 
in the spontaneous ventilation mode. The ventilator adjusts 
inflation pressure to target the desired tidal volume. Because VT 
is not routinely measured at the ETT, it is functionally similar 
to VC and PRVC modes described earlier. Thus, the selection of 
volume setting reflects the proximal tidal volume and must al-
low for the loss of volume to compression in the ventilator cir-
cuit. Proximal flow sensor use is recommended where available 
with the same targets as earlier. Again avoidance of inadvertent 
mainstem bronchus intubation as discussed above is essential. 
This is a ventilator designed primarily for adult patients and 
there are no published studies evaluating its clinical perfor-
mance in preterm infants.

VOLUME TARGETED VENTILATION/ADAPTIVE 
PRESSURE VENTILATION
VTV as implemented on the Hamilton G5 (Hamilton Medical, 
Reno, NV) is a modality that is functionally similar to VG. The 
device adjusts inflation pressure in response to any deviation of 
measured VT from the target value. This is a relatively new mo-
dality with no published literature on its safety and effective-
ness, but it appears to have similar functionality to standard 
VG, and therefore, similar guidelines should be applied to its 
use. On the newer Hamilton C1 neo, this mode is referred to as 
adaptive pressure ventilation, but it appears to be essentially the 
same concept of inflation pressure modulation based on ex-
haled VT using a flow sensor at the airway opening.

TARGETED TIDAL VOLUME
Targeted tidal volume (TTV) was a modality on the SLE 4000 
and 5000 neonatal ventilators (Specialised Laboratory Equip-
ment Ltd., South Croydon, UK). These devices are not available 
in the United States but are widely used outside of North 
America. The original volume-targeted mode on the SLE 4000 
was called TTV and was, in essence, a modified volume limit 
function. The device increased the rise time of the pressure 
waveform to improve the chance of effectively limiting VT to the 
desired target. To avoid the risk of excessive PIP when the TTV 
function is turned off, the PIP automatically dropped to 5 mbar 
above the set PEEP and the user had to actively adjust the PIP. 
Reliance on inspiratory VT measurement had the potential to 
lead to inadequate VT delivery with significant leak around the 
ETT. The newer SLE 5000 ventilator came with an enhance-
ment referred to as TTV plus, which made the modality func-
tion more like VG by using exhaled tidal volume measurement 
and actively modulating inflation pressure to target the desired 
VT. A leak compensation feature has also been added. The new 
SLE 6000 has abandoned the terminology of TTV and now uses 
the term “volume-targeted ventilation.” This newest iteration 
appears to closely mimic the basic VG approach, and therefore, 
the device function should be consistent with the guidelines 
presented in this chapter.

IMPORTANCE OF OPEN LUNG STRATEGY
The benefits of VTV cannot be fully realized unless we ensure 
that the VT is evenly distributed into an “open lung.” Although 
adequate PEEP has long been known to mitigate lung injury, 
the admonition of Burkhard Lachman more than 25 years ago 
to “OPEN THE LUNG AND KEEP IT OPEN!”39 has been ig-
nored by many clinicians during conventional mechanical ven-
tilation despite a sound physiologic basis and strong experi-
mental evidence in its favor.40 This Open Lung Concept 
(OLC)41-43 is critically important because, as can be seen in 
Fig 22.10, when gas enters partially atelectatic lungs, the VT will 
preferentially go to the already aerated portion of the lungs. 
This is because the pressure required to expand the aerated lung 
is less than the critical opening pressure of the atelectatic alveoli 
(recall that according to Laplace’s law, the pressure required to 
distend an alveolus is inversely proportional to the radius; see 
Chapter 2). Thus, ventilating lungs that are partially atelectatic 
inevitably leads to overexpansion of this relatively healthy por-
tion of the lung with subsequent volutrauma/biotrauma even 
when the VT is in the normal range. Additionally, atelectasis 
leads to exudation of protein-rich fluid (the hyaline mem-
branes seen histologically) with increased surfactant inactiva-
tion and release of inflammatory mediators. Shear forces and 
uneven stress in areas where atelectasis and overinflation coex-
ist add to the damage.

Consequently the open lung approach, which ensures that the 
VT is distributed evenly throughout the lungs, is a fundamental 
component of any lung-protective ventilation strategy (see also 
Chapter 21 for a full discussion of lung-protective ventilation 
concepts).

ALARMS/TROUBLESHOOTING
VTV modes generate alarms not encountered with simple PC 
ventilation; these become annoying when they are excessive. 
The alarms are designed to provide feedback as to whether the 
patient is receiving the desired level of ventilator support. Sig-
nificant fall in lung compliance, decreased spontaneous respira-
tory effort, impending accidental extubation, and forced exha-
lation episodes will all generate “low tidal volume” alarms. 
When properly used, this information should improve care in 
the most vulnerable infants. It is important to evaluate the 
cause of the alarms and correct any correctable problems. Large 
leak results in underestimation of delivered VT and triggers the 
low VT alarm when the device is unable to reach the target VT at 
the set PIP limit. With the older Babylog 80001 and other de-
vices with VG modes that lack effective leak compensation, 
when the leak exceeds 40% to 50%, the VG mode no longer 
functions reliably because of inability to accurately measure VT. 
This is much less of a problem with the newer VN series ventila-
tors, which can compensate for leak of up to 75%. The alarms 
serve an important function and should not be ignored. If the 
low tidal volume alarm sounds repeatedly in the absence of 
excessive leak, increase the pressure limit AND INVESTIGATE 
THE CAUSE. Please see Table 22.4 for troubleshooting advice.
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Unnecessary alarms can be avoided by optimizing settings 
and alarm limits.

Use of longer alarm delay settings, appropriate pressure limit 
settings, avoidance of large leak around ETTs, and adequate 
physical comfort measures or sedation will minimize alarms.

CONCLUSION
There is now strong evidence in support of using tidal volume 
as the primary control variable for mechanical ventilation of 
newborn infants. VTV has been shown to improve a variety of 
important clinical outcomes, yet its penetration into clinical 
practice has been surprisingly slow in most parts of the world, 
with Canada, Australia, Scandinavia, and Italy being the excep-
tions. It appears that many clinicians are still unwilling to aban-
don their comfort zone and embrace the paradigm shift that 
VTV represents.44 Availability of equipment is no longer a bar-
rier to acceptance, at least in reasonably well-resourced parts of 
the world. Some form of VTV is now available on virtually all 
ventilators used in neonatal intensive care and the newest de-
vices designed specifically for newborn infants now perform 
very well even in very small infants. However, it is important to 

Volutrauma Recruitment/ de-
recruitment injury

Ventilated
Stable

Ventilated
Unstable Unventilated Inflation

Exhalation

Shear forces Surfactant inactivation

Fig. 22.10 The importance of the open lung concept. Although anteroposterior chest radiographs make the 
lungs of an infant with respiratory distress syndrome appear homogeneous (right lower panel), this is an ar-
tifact of a two-dimensional view of a three-dimensional structure. Atelectasis has a gravity-dependent distri-
bution as illustrated on the computer tomography view in the lower left panel. This situation is diagrammati-
cally represented in the middle panel. Ventilating lungs in the presence of extensive atelectasis result in 
atelectrauma. Surfactant inactivation in the atelectatic portion, shear forces at the boundary between the 
aerated and the unaerated lung, and damage from repeated collapse and opening of unstable alveoli all con-
tribute to lung injury. Perhaps most importantly, the gas expanding partially atelectatic lungs will preferentially 
enter the already aerated portion of the lung (white arrow), which requires less distending pressure than the 
critical opening pressure of the atelectatic lungs, indicated by the heavy black arrow (Laplace’s law; see 
Chapter 2). Therefore, even a normal, physiologic tidal volume entering the small proportion of open alveoli 
will inevitably lead to overexpansion and volutrauma.

point out that each ventilator functions differently. It is critical 
that the user becomes familiar with the specific features and 
limitations of their particular device. The reader is referred to 
Chapter 27 of this book and to user manuals of their respective 
devices for further guidance. A ventilator is only a tool in the 
hands of the clinician, a tool that can be used well, or not. It is 
probably time to abandon the term “ventilator-induced lung 
injury” in favor of “physician-induced lung injury” as it is we 
who select the ventilator settings!
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