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B Mechanical ventilation.
Part I1: Basic principles and function of ventilators.
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ABSTRACT. Mechanical ventilation is the process of supporting respiration by manual or mechanical means. When normal
breathing is inefficient or has stopped, mechanical ventilation is life-saving and should be applied at once. The ventilator increases
the patient’s ventilation by inflating the lungs with oxygen or a mixture of air and oxygen. Ventilators play an important role in the
anaesthetic management of patients, as well as in the treatment of patients in the ICU. However, there are differences between
the anaesthetic ventilators and the ventilators in ICU. The main indication for mechanical ventilation is difficulty in ventilation
and/or oxygenation of the patient because of any respiratory or other disease. The aims of mechanical ventilation are to supply
adequate oxygen to patients with a limited vital capacity, to treat ventilatory failure, to reduce dyspnoea and to facilitate rest of
fatigued breathing muscles. Depression of the central nervous system function is a pre-requirement for mechanical ventilation.
Some times, opioids or muscle relaxants can be used in order to depress patient’s breathing. Mechanical ventilation can be applied
using many different modes: assisted ventilation, controlled ventilation, continuous positive pressure ventilation, intermittent
positive pressure ventilation and jet ventilation. Furthermore, there are different types of automatic ventilators built to provide
positive pressure ventilation in anaesthetized or heavily sedated or comatose patients: manual ventilators (Ambu-bag), volume-
controlled ventilators with pressure cycling, volume-controlled ventilators with time cycling and pressure-controlled ventilators.
In veterinary practice, the ventilator should be portable, compact and easy to operate. The controls on most anaesthetic ventilators
include settings for tidal volume, inspiratory time, inspiratory pressure, respiratory rate and inspiration: expiration (I:E) ratio. The
initial settings should be between 10-20 ml/kg for tidal volume, 12-30 cmH,O for the inspiratory pressure and 8-15 breaths/min
for the respiratory rate. Mechanical ventilation is a very important part of treatment in the ICU, but many problems may arise
during application of mechanical ventilation in critically ill patients. All connections should be checked in advance and periodically
for mechanical problems like leaks. Moreover, complications like lung injury, pneumonia, pneumothorax, myopathy and respiratory
failure can occur during the course of mechanical ventilation causing difficulty in weaning.
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IMEPIAHWH. O punyovirdg aeguouos ivol 1 duadiraoio pe Ty ool VitootneIteTan 1 ovamvor] XEWQorIVITa 1 unyovird.
‘Otav 1 avBSeUNTY Avostvor] eivon aVETAOXIS 1 €XEL OTAUATIHOEL, O UNXAVIXOS AeQLONOS amotelel T Bepasteia tov Bo odoeL
™ LN Tov Lhov o Teémet va epaouotetanl auéoms. O avamvevoTias AvEAVEL TOV aeQLoNS Tou aobevoic ue T dtoyEtevon
0ELYGVOU 1 pelypatog a€pa ratr 0EUYGvou otoug mveipoves. O avamvevotijoes duadpauatiCouv onuovtivé QoA 0to Thaiolo
™ avouoOnurng duaxeiprong v aofevay, ahhd xan ot Oepameia Tovg ot Movddo Evratinig Oepaneiag (ME®). Qotdoo,
VITAQYOVV SLOPOQES OVAUEDO OTOVUS OVALOINTIXOUS OLVOTTVEVOTNQES 0L OTOUS OVOTTVEVOTHQES TTOV XONOLUoToLouvTo oty MEO.
H #igior €vOeLEn yuor v €auoyr] unyovixol aeotopoy givon 1 Suoy£QELO 0TOV AEQLOUO T1j/naL TV 0EuYSvmon Tou aobevoic,
AOY® TaONOEWY TOV AVATVEVOTIXOU OUOTHUOTOS 1] AGY® v tanoewy. Ot 0TdyoL TOU unyavirol 0EQLOUOU EIVOL 1) TALQOXY
emaQroUc 0EUYGVOL Otovg aoBeveis pe uetmUEV Comxrn YwENTROTNTO, 1] UVTLUETHITLON THE OVOTVEVOTIXIG AVETAQXRELNCS, M
Helwon e SVOTVOLOS %O 1 VOROUEPLON TWV AVOTTVEVOTIXMY WUGYV TT0V fotorovral o€ x6mwon. H rataotol) g Aettovyioag
TOU REVTQUXOU VEVQIXOU CUOTNUATOS OtoTeLEl TQOUO0e0m Yiat TO unyavirs aguond. Omoedy] 1| puoyahaQmTnd UToQet va
¥ONOWOTOBovY Lot THV XATAOTOM] TS AVOTTVONGS TOU aoBevoic. O unyavinos aeQLONSS WITOQET VoL EQUOUOOTEL e OLAPOQOUS
TEOTTOVS: WG VTTOPoNO0TUEVOC CeQLONOS, EAEYYOUEVOS UEQLOUAS, OUVEYNG CEQLOUOS BETIRNS Ttleong, duaheimwy aeoLonds Oetirnig
stieong row Vpiovyvog aeolopds. EmmAéov, vndoyouv OLopoQeTinol THITOL GUTGUOTMVY CVATVEVOTHQMVY TOU TUQEYOVV OLEQLOUO
ue Oetni) wieom oe avalobnrotomuévoue aobeveic 1 oe aobeveic mov Poloxoviol 08 ®0TaoTOM]| 1| 08 ROUATDIN RATAOTOON,
OIS OL (ELQOXIVITOL OVATTVEVOTHEES (QUTO-UVATTAQOUUEVOS ALORGG), Ol OVATTVEVOTHQES EAEYYOUEVNS TTEONGS, TOV OTTOIWV 1)
Aertovpylo faoiCetan otV mtieon (0 TEQUATIONSS TS EQAQUOYNG BETIrNG mieong YiveTtan ue fAon TV Tieon), OL AVATTVEVOTHOES
eheyyduevov Gyxrov, Tmv omoimv 1 Aettovpyia faociletor 0to ¥e6vo (0 TEQUATIONOS TS EQAOROYIG BeTIrYg Ttleomg YiveTa pe
Bdon o xo6Vvo), raw OL AVUTTVEVOTHOES EAEYYXOUEVNS TTLEONS. ZTHV XTNVIATOUXI] TTRAEN, O UVATIVEVOTHQAS XOTA TQOTIHNON Elvan
POQNTOS, CUNITALYNS RO O YELQLOWAS TOU TTQETEL VOL Eivor E0%0A0C. Ot QUOIOELS GTOVS TTEQLOOGTEQOVE AVALOBNTHOUE OVATTVEVOTHOES
OPOQOUV TOV GYXRO CVOTTVONG, TO YQOVO ELOTVONC, TV ELOTTVEVOTIXY TTEON, THV OVOTTVEVOTURY OUYVOTNTA ROL TNV avaioyio
ELOTVEVOTNIG TTROG enstvevatkt] pdon (LE). Ou apywég puBuioeis ouviiBwg eivar: yia tov 6yro avastvong 10-20 ml/kg, yiommy
gwomvevonuy stieon 12-30 cmH,O now yioe v avamvevotiry ouyvomra 8-15 avamvoég/min. O unyavinds aeQuouds eivar €va
TOAS onuovTivG néog g Bepameiag ot MEG, adhd xatd ) SLAQrELD TS EQPAQUOYIS TOV O BaQEme doyovies aobeveig
elvar mOavov vo eupoaviotovv odhd meofijuata. Mnyoavird moopAjuata, 0mme dL0QEOES, WITOREL VA TEOXVYPOUV KL YLoL
QTG Ol AVOTTVEVOTIQES TOETEL VAL ELEYXOVTITL EX TMV TOTEQWV %ol TEQLOOWd. EmmAgov, mabohoyirés rataoTdoels Gmmg
TOOUROTLOUOS TOV TIVEVHOVA, TTVEVUOVIQL, TVEVHOBMQURAS, WUOTAOELD ROl OVOTTVEVOTIXY| OLVETTAQUELL UTTOQEL VO EUPAVIOTOVV
%aTd T1 SUAQKRELD TOU WY OVIXOU GLEQLOROU XL VO RUTOOTIOOUV TQOPANUOTIRY THY 0UTOOUVOEDN OTTO TOV CLVOTTVEVOTH QO

A&Eetg evpernoiaons: avaTVEVOTHOES, AQYES, AELTOVQYIN

INTRODUCTION

Mechanical ventilation is the act of assisting or
controlling the patient’s breathing by the use of

lators are able to overcome the effects of breathing
system compliance and gas compression on tidal
volume (Dorsch and Dorsch 2008).

a machine driven or hand-operated device (Battaglia
and Shawver 2007). Mechanical ventilation supports
respiration by manual or mechanical means when
normal breathing is inefficient or has stopped (Tol and
Palmer 2010). The main aim of mechanical ventilation
is to generate flow and volume and, as a result, to
provide adequate alveolar ventilation with the minimal
work of breathing (Grasso 2011). The application of
positive pressure to patient’s airway opening during
inspiration is the main method to assist breathing and
restore adequate ventilation. Moreover, the ventilator
should have some means by which it “decides” when
to stop the process of the inflation of the lungs
(inspiration), thus allowing expiration, and when to re-
initiate inflation (Mushin et al. 1980). Ventilators apply
such sequential respiratory cycles and, as a result, they
provide efficient breathing. Furthermore, the venti-

Ventilators play an important role in the
anaesthetic management of patients, as well as in the
treatment of patients in the Intensive Care Unit (ICU),
as they provide artificial support of respiratory
function (Richard et al. 2002, Hopper et al. 2007,
Richard and Kacmarek 2009, Thille et al. 2009). There
are differences between the ventilators used in
anaesthesia and those used in the ICU. The main
difference between the two types of ventilators is that
the ICU ventilators can deliver higher inspiratory
pressures and flows than the anaesthesia ventilators
(Mushin et al. 1980, Gravenstein et al. 1987, Tung et
al. 2005). Moreover, the ICU ventilators are usually
capable of administering a mixture of air and oxygen,
while anaesthetic ventilators do not usually provide this
option. On the other hand ICU ventilators do not
facilitate administration of inhalant anaesthetic drugs.
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One of the main principles of ICU ventilators is to
maintain adequate gas exchange, while avoiding re-
opening of damaged alveoli and distension of healthy
alveoli (Stewart et al. 2011). Depression of the central
nervous system function (comatose or heavily
sedated/anaesthetized animal) is a prerequisite for
mechanical ventilation. Some times, muscle relaxants
and/or opioids may be used in order to depress
patient’s breathing and thus avoid spontaneous
breathing against the ventilator (Drellich 2002).

Indications for mechanical ventilation

Critically ill patients with or without pulmonary
compromise may require mechanical ventilation. The
main indication for mechanical ventilation is difficulty
in ventilation and/or in oxygenation of the patient.
Trauma in thoracic wall or any other respiratory
disease (e.g. lung injury, pneumonia, pulmonary
oedema, pulmonary haemorrhage) can affect the
normal breathing pattern (Battaglia and Shawver 2007,
Hopper et al. 2007, Haskins 2011b). The objectives of
mechanical ventilation are to minimize the work of
breathing and to reverse the hypoxaemia or acute
respiratory acidosis. In particular, the aims of mecha-
nical ventilation are to supply adequate ventilation and
oxygenation in patients with a limited vital capacity, to
treat ventilatory failure, to reduce dyspnoea and to
facilitate rest of fatigued breathing muscles (Sykes et
al. 1976, MaclIntyre 1986, Hopper et al. 2007).

Hypoxaemic patients (Pa0,<60 mmHg) need
ventilatory support. The efficiency of gas exchange can
be further assessed by the calculation of two different
indexes: the alveolar-arterial gradient (A-a) and the
Pao,/Fio, ratio. The (A-a) gradient is calculated by the
following equation: P(A-a) = PA0,-Pao,=[(PB-PH,0)
Fio,-Paco,/R]-Pao,, where PB is the barometric
pressure (usually 760 mmHg), PH,0 is the partial
pressure of water vapor at the patient’s body tempe-
rature (49-50 mmHg), Fio, is the fractional inspired
concentration of oxygen and R is the respiratory
quotient (the ratio of oxygen consumption to CO,
production, 0.78-0.92 in dogs, usually 0.8). When Fio,
is 0.21 (the patient is breathing room air), the (A-a)
gradient should normally be less than 10 mmHg,
whereas when Fio, is 1 (the patient is breathing pure
oxygen), it should be less than 100 mmHg. The
Pao,/Fio, ratio should normally be more than 400
mmHg. Values less than 300 mmHg indicate inef-

ficient gas exchange and less than 200 indicate acute
respiratory distress syndrome and necessitate mecha-
nical ventilation (Sorrell-Raschi 2009).

In some patients, hypercapnia occurs without
hypoxemia (Paco,>60 mmHg) because of hypo-
ventilation. Hypoventilation is inadequate minute
ventilation and it causes not only hypercapnia but, also,
acidosis (pH<7.2) (Drellich 2002). Hypoventilation
occurs when spontaneous breathing becomes depres-
sed because of 1) drugs administered therapeutically
(anaesthetic agents), 2) disease of the central or
peripheral nervous system, 3) obstructive upper or
lower airway disease and 4) pleural space problems.
Persistent hypoventilation can lead to hypoxaemia.
This happens because the volume of fresh gas deli-
vered to the alveoli is not adequate to provide the
necessary oxygen to maintain the Pao, (Sykes et al.
1976, Mushin et al. 1980, Battaglia and Shawver 2007,
Drellich 2002, Hopper et al. 2007). In critically ill
patients, compensatory hyperventilation frequently
occurs in an attempt to avoid hypoxemia and this may
result to hypocapnia. Mechanical ventilation may be
beneficial for those patients. Additionally, neurological
issues or damage of peripheral nerves due to structural
or metabolic factors can cause mechanical hypo-
ventilation (Maclntyre et al. 2001). Hormones, nutri-
tion and electrolytes can, also, influence ventilatory
muscle function. For example, inadequate nutrition
may lead to protein catabolism and a loss of muscle
performance. Finally, in humans, there are physio-
logical non-respiratory factors, like stress of the staff,
the patient or the family, which can lead to ventilator
dependence (Maclntyre et al. 2001).

The components of a ventilator

The ventilator consists of the driving gas supply,
the controls, the alarms, the bellows, the housing, the
two valves (the spill and the exhaust), the ventilator
hose connection and the positive end-expiratory
pressure valve (Ward 1975, Dorsch and Dorsch 2008).
Firstly, the driving gas can be air, oxygen or a mixture
of oxygen and air. A sufficient amount of pressurized
driving gas is required to activate the bellows (Szpisjak
et al. 2005). Moreover, the controls regulate the
volume, the flow, the pressure and the timing of the
bellows compression.

An important component of the ventilator is the
bellows. Most of the bellows are made of rubber and
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there are two types of them: ascending and descending.
The ascending bellows is compressed downwards
during inspiration and it expands upwards during
expiration. At the end of expiration, the pressure in the
bellows rises up to 2-4 cmH,O and the spill valve opens
(Mushin et al. 1980, Hammond 2007, Dorsch and
Dorsch 2008). On the other hand, a ventilator with
descending bellows is compressed upwards during
inspiration and it re-expands downwards during expi-
ration. Whatever the type of bellows, it is contained in
a clear plastic cylinder (canister), where there is a
volume scale in order to estimate the delivered tidal
volume. This is called housing. Moreover, the clear
plastic canister allows the bellows’ movement to be
observed (Ward 1975, Dorsch and Dorsch 2008). It is
important to note that if there is a disconnection or
leak in the breathing system, then the bellows will
eventually collapse. However, the ventilator may
continue functioning for some period of time, but
delivering inadequate tidal volumes (Gravenstein and
Nederstigt 1990).

As already mentioned, there are two valves on a
ventilator, the spill and the exhaust valve. The spill is
used to drive the excess respired gases into the
scavenging system. It is closed during inspiration and
it remains closed until the bellows is completely exten-
ded and then the valve opens to vent excess breathing
system gases. The exhaust valve is closed during
inspiration and it opens during expiration in order to
allow the driving gas inside the housing to be exhausted
to the atmosphere. Exhaust valves are used in pneuma-
tically powered ventilators, whereas in piston venti-
lators, there is no exhaust valve. There is a connector
between the ventilator and the breathing system. In the
newest models of ventilators, the connections are
internal so as to minimize the possibility of mis-
connections or disconnections (Ward 1975, Sykes et al.
1976, Hammond 2007, Dorsch and Dorsch 2008).

Finally, ventilators incorporate a positive end-
expiratory pressure (PEEP) valve, so as to allow
improvement of oxygenation by prevention of alveolar
collapse; it can be used either in spontaneous or
controlled ventilation. A manually controlled valve was
used in older anaesthesia machines or ventilators. The
newer ones have electronically controlled PEEP
valves. The PEEP valve should be set up in the proper
pressure so as to avoid complications like barotrauma
(Ward 1975, Sykes et al. 1976, Hammond 2007, Dorsch

and Dorsch 2008).

The connection between the breathing system and
the ventilator

The ventilator has the role of the reservoir bag in
a breathing system (Hartsfield 1999). Most anaesthesia
ventilators have a bellows, which is kept in a pressure
chamber and is connected to the breathing system. The
bellows connects the breathing system with the
ventilator driving gas. The bellows plays a major role
during inspiration and expiration. The bellows is
compressed at a specified rate and volume by the
driving gas. The driving gas is delivered into the space
between the bellows and its container and it triggers
the compression of the bellows and the administration
of the fresh gas into the breathing system. Simulta-
neously, the spill and the exhaust valves are closed
(McKelvey and Hollingshead 2003, Dorsch and
Dorsch 2008).

Guidelines for mechanical ventilation

In most ventilators, the delivered tidal volume and
the respiratory frequency are the two main deter-
minants of the patient’s ventilation (Mushin et al.
1980). The principal factors affecting the delivered to
the patient tidal volume are 1) the fresh gas flow, 2) the
compliance and the compression volumes of the lungs
and 3) the leaks of the circuit. First of all, alterations
in the fresh gas flow in the inspiratory/expiratory (I:E)
ratio or in the respiratory rate influence the delivered
tidal and minute volumes. The I:E ratio should be 1:2
or less for mechanical ventilation (Hartsfield 1999,
Singer and Corbridge 2009). The measurement of the
expired fresh gas flow is a better method than the
measurement of the inspired fresh gas flow as any
leakage between the measurement point and the
patient will be smaller and will result to an under-
estimate than an overestimate of the tidal volume
(Mushin et al. 1980). Furthermore, any change in
compliance affects the tidal volume. In particular, a
decrease in compliance of the breathing system can
result in an increase in tidal volume (Mushin et al.
1980). Finally, a leak in the endotracheal tube or in the
device will, also, affect the tidal volume (Ward 1975,
Mushin et al. 1980, Dorsch and Dorsch 2008). In
mechanical ventilation, the tidal volume is greater than
the tidal volume in spontaneous breathing and it is
initially set to 10-20 ml/kg in small animals (Hartsfield
1999).
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Automatic ventilators: their role

Automatic ventilators provide intermittent positive
pressure ventilation (IPPV) in anaesthetized or heavily
sedated or comatose patients. An anaesthetic venti-
lator is a reservoir bag in a closed container that can
substitute for the reservoir bag of an anaesthetic
breathing system. The anaesthetic ventilator performs
the same task as an anaesthetist who periodically
squeezes the reservoir bag of the circle system, so as to
ventilate the patient. Some ventilators are separate
units that can be attached to an anaesthetic unit and
other ventilators are manufactured as a part of an
anaesthetic machine (Ward 1975, Sykes et al. 1976,
Hartsfield 2007, Dorsch and Dorsch 2008).

Classification of mechanical ventilation

There are different types of mechanical ventilation
that can be used during ventilatory support. First of all,
there is the controlled ventilation and the assisted
ventilation (Marino 1998).

In controlled ventilation there is a complete
control of all ventilatory activity. The ventilator initi-
ates inspiration and a preset respiratory rate is main-
tained. Frequency, tidal and minute volumes are set by
the user. This type of ventilation is important when the
patient is unable to initiate an effective respiration. On
the other hand, in assisted ventilation, the target of the
anaesthetist is to synchronize the compression of the
breathing bag with the animal’s spontaneous breathing
(Hartsfield 1999). Modern ventilators are capable of
augmenting the ventilation produced by the animal’s
spontaneous breaths, as the ventilator assists each
breath, which is initiated by the animal.

Moreover, ventilation could, also, be applied as
continuous positive-pressure ventilation. This ventilation
involves applying positive pressure for every breath as
the animal cannot breath spontaneously (Hartsfield
1999, Battaglia and Shawver 2007, Stefanopoulou
2009). Positive end-expiratory pressure (PEEP) is
maintained in the lungs during the expiratory phase of
mechanical ventilation. In particular, this pressure is
maintained slightly higher than the atmospheric
pressure during expiration. The main effect of
application of this pressure is the prevention of
collapsing of the small airways and the alveoli.
Moreover, PEEP causes an increase in functional
residual capacity. However, the application of PEEP
in mechanical ventilation is not devoid of negative

consequences, which pertain to the circulatory system;
it can cause a decrease in venous return and cardiac
output (Singer and Corbridge 2009). In contrast,
continuous positive airway pressure (CPAP) is the
maintenance of positive pressure above the ambient
pressure during ventilator-assisted spontaneous
breathing. In other words, CPAP is the application of
a preset positive pressure during the entire breathing
cycle. In this type of ventilation, the operator sets a pre-
determined pressure and all breaths are spontaneously
triggered and ventilator supported (Tol and Palmer
2010). The main indications for CPAP, in humans, are
chronic obstructive disease and asthma (Hartsfield
1999, Battaglia and Shawver 2007, Tol and Palmer
2010).

Intermittent positive-pressure ventilation (IPPV) is a
type of ventilatory support in which mandatory positive
pressure breaths are delivered at preset time intervals.
Itis used for animals that have a depressed respiratory
pattern especially during an operation under general
anaesthesia. The respiratory rate, the tidal volume, the
maximum airway pressure and the I:E ratio are all set
and, in this mode, a fixed minute ventilation is deli-
vered, but animals need to be deeply sedated and
sometimes paralyzed in order to avoid asynchrony with
the ventilator (Hartsfield 1999, McKelvey and
Hollingshead 2003, Battaglia and Shawver 2007, Tol
and Palmer 2010).

Lastly, jet ventilation is a mode of ventilatory
support, used for maintaining oxygenation when a
definitive airway is absent. The oxygen supply is
directed through a cannula attached to an endoscope
via an intra-tracheal catheter or via a cannula inserted
through the cricothyroid membrane. Jet ventilation
provides oxygenation in emergency situations in which
the animal cannot be intubated and should be consi-
dered as temporary management (Tol and Palmer
2010).

Common types of ventilators

The automatic ventilators can be classified in many
different ways. The kind of power source, drive
mechanism, cycling mechanism and the type of bellows
are some of the criteria that have been used for the
classification of the ventilators. Electricity, compressed
gas or both can be used as the power source. Anaesthe-
tic ventilators are described according to the way that
the gas flow is delivered to the patient and are,
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therefore, categorized in pressure-controlled and
volume-controlled ventilators. In pressure-controlled
ventilators, flow is supplied at a preset maximum
pressure which will not be exceeded, but the tidal
volume delivered may vary, while in volume-controlled
ventilators, the preset tidal volume will be delivered
and the pressure necessary to deliver this volume may
vary (Ward 1975, Sykes et al. 1976, Mushin et al. 1980,
Chatburn 1992, Dorsch and Dorsch 2008, Stefano-
poulou 2009). Moreover, another characteristic of
ventilators is cycling. Cycling describes the method of
transition from inspiratory to expiratory phase. Most
of the times, a timing mechanism plays a major role in
the function of the ventilator (e.g. volume-controlled
ventilators with time cycling) and volume or pressure
limits (e.g. volume-controlled ventilators with pressure
cycling) may affect the change in respiratory cycle from
inspiration to expiration (Hartsfield 1999, Hartsfield
2007, Battaglia and Shawver 2007, Hammond 2007,
Chatburn 2010).

Manual ventilators

Manual ventilators (ambu) are manual com-
pression bags, which can be connected to an endo-
tracheal tube. These ventilators can be used in short-
term ventilation or in cardio-pulmonary resuscitation.
Furthermore, because of the manual operation, the
volume delivery and the fraction of inspired oxygen are
not accurately controlled and, therefore, their use is
limited (Battaglia and Shawver 2007).

Volume-controlled ventilators with pressure cycling

The main characteristic of these ventilators is that
the delivered flow is constant during the inspiration
and the inspiration is terminated when a pre-defined
pressure is achieved (Chatburn 1992, Chatburn 2010).
Any resistance in the system does not affect the deli-
vered volume (Sykes et al. 1976, Battaglia and Shawver
2007). Moreover, there is a control in these ventilators,
which regulates the amount of pressure delivered to
the patient’s lungs and ventilator system. The duration
of inspiration is controlled by the peak inspiratory
pressure. The pressure of the delivered gas is not stable
and there is a relation with the compliance of the lungs.
Gas flow, airway resistance, compliance of both the
lungs and the chest wall and the nature of the delivered
gases affect the airway pressure, which increases during
inspiration and, therefore, a constant flow is main-
tained (Marino 1998, Battaglia and Shawver 2007,

Dorsch and Dorsch 2008). In these ventilators, only the
cycling pressure and the inspiratory rate can be set, but
not the tidal volume (Hammond 2007).

Advantages and disadvantages

First of all, the tidal volume is fixed. In animals
with normal airways, when the cycling pressure is set
to 15-20 cmH,0, the correct tidal volume should be
provided. Moreover, in patients with respiratory
problems where the compliance of the lungs and the
resistance of the airways are abnormal, a high airway
pressure cycling can be set. As the tidal volume is
stable, the ventilator’s settings do not change and it still
works at the same pressure in pathological situations
(lung lobe removal, one lung ventilation). Thus, the
lung can be protected from over-inflation. Finally,
volutrauma is less likely to occur, as the tidal volume is
stable and the airway pressure is the main setting
(Sykes et al. 1976, Battaglia and Shawver 2007). On the
other hand, the main disadvantage is that the tidal
volume may not be adequate, especially in animals
with abnormal airways (Battaglia and Shawver 2007).

Volume-controlled ventilators with time cycling

These ventilators are characterized by the constant
delivered flow during inspiration, which terminates
when the pre-determined tidal volume is reached
(Sykes et al. 1976, Chatburn 1992, Chatburn 2010).
Moreover, the anaesthetist sets the tidal and minute
volumes and the ventilator drives them independent
of animal’s effort. In these ventilators, in contrast with
the pressure-limited ventilators, the inspiratory
pressure does not affect the duration of inspiration
(Ward 1975, Sykes et al. 1976).

Advantages and disadvantages

This type of ventilators is very simple, as the
anaesthetist sets the appropriate tidal volume, even if
changes in resistance and compliance occur during
anaesthesia (i.e. mucus in the endotracheal tube can
reduce internal diameter and the resistance can be
increased). In such cases, the airway pressure is
increased in order to maintain the fixed flow (Ward
1975, Mushin et al. 1980, Marino 1998, Hartsfield
2007). However, this type of ventilator is not appro-
priate for animals weighing less than 5 kg, as it is
difficult to set the proper tidal volume, which may be
extremely harmful. Most of the volume-controlled
ventilators have a high-pressure valve with a warning
sound, which is fixed at pressures between 65 to 80 cm
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H,O. These pressures can be harmful in young animals
as they can cause volutrauma (Hammond 2007).

Pressure-controlled ventilators

This type of ventilation is rare in veterinary
anaesthesia. The delivered pressure remains constant
over the period of inspiration. When inspiratory
pressure is achieved, flow continues at a gradually
reducing rate until the end of inspiratory phase
(Stefanopoulou 2009). The termination of the
inspiration is controlled by the modification of the
inspiratory phase. In pressure-controlled ventilators,
flow continues when the pressure is reached, in
contrast to the volume-controlled ventilators in which
flow stops irrespective of inspiratory phase time. In
addition in this type of ventilator, tidal volume is the
result of the flow of gas from the ventilator to the
patient’s lungs over a period of time (Sykes et al. 1976,
Battaglia and Shawver 2007, Hammond 2007,
Chatburn 2010).

Advantages and disadvantages

The main advantage of the above-mentioned
ventilators is the improvement of the inspiratory flow
pattern. In volume-controlled ventilators, the
inspiratory flow rate is constant, while in pressure-
controlled ventilators, the inspiratory flow rate is
reduced during lung inflation. This mechanism can
decrease peak airway pressures and improve gas
exchange. In contrast, their disadvantage is that it is
impossible to ensure that the ventilator is indeed
delivering proper tidal volumes (Marino 1998,
Battaglia and Shawver 2007).

Triggering

In mechanical ventilation, inspiration begins when
a trigger reaches a preset value. The trigger variable
can be time, pressure, volume or flow (Singer and
Corbridge 2009). The two common types of triggering
are time- and pressure-triggering. In controlled ventila-
tion, the triggering is the time. In time triggering, the
expiratory phase time is set by the user, either directly
or indirectly, with a preset I:E ratio and respiratory
rate. In particular, the ventilator delivers breaths accor-
ding to the preset frequency independent of the
patient’s breathing (Branson 1994, Sassoon and Gruer
1995,Goulet et al. 1997, Hammond 2007, Chatburn
2010). With pressure-, volume- and flow-triggering, the
patient initiates a breath and the ventilator delivers gas
flow once the preset pressure, volume or flow are

reached (Branson 1994, Sassoon and Gruer 1995,
Goulet et al. 1997). With certain modes of ventilation,
like assist/control, if pressure- or volume- or flow-
triggering do not occur within a pre-defined time
period, then time becomes the trigger variable and the
ventilator delivers a breath. The pressure-triggering is
widely used in ICU, where respiratory muscle paresis,
inadequate tidal volume or peripheral alveolar
collapse may occur. It is, also, used in situations where
hypoventilation should be treated (Hammond 2007).

The characteristics of a veterinary ventilator

The requirements of a ventilator for use in
anaesthesia are more basic than those needed in ICU.
A second-hand human ventilator or a veterinary
ventilator is a good choice. A ventilator should be
compact, portable and easy to operate. Moreover, the
purchase and the service should be economical. The
controls on most anaesthetic ventilators include
settings for tidal volume, inspiratory time, inspiratory
pressure, respiratory rate and I:E ratio.

Recommendations for the initial settings are: 10-
20 ml/kg for tidal volume and 12-30 cm H,O for
inspiratory pressure. The respiratory rate should be set
between 8-15 breaths/min. Moreover, the inspiratory
time should be as short as possible compared to the
expiratory time, so that positive intra-thoracic pressure
will minimally affect venous return and cardiac output.
Therefore, the I:E ratio should be 1:2 or less (i.e. 1:3),
depending on the respiratory rate (Ward 1975, Harts-
field 1999, Battaglia and Shawver 2007, Singer and
Corbridge 2009, Hess 2010). The ventilator can be
used with non-rebreathing or rebreathing anaesthetic
breathing systems. Air, oxygen and all anaesthetics can
be used. The ventilator should, also, be capable of
humiditying inspired gas. Furthermore, the continuous
monitoring of airway pressure and of expired volume
is particularly desirable (Ward 1975, Hammond 2007).
The safety of the ventilator should, also, be considered.
The ventilator should have the ability to maintain
output even when leaks develop. Rapid disassembly of
the ventilator for easy sterilization should be feasible
and the ventilator should, also, contain bacterial filters.
Alarms for low pressure, circuit disconnection and high
pressure or pressure overload are very useful (Sykes et
al. 1976, Mushin et al. 1980, Hartsfield 1999, Ham-
mond 2007, Hartsfield 2007).

Weaning the patient from mechanical ventilation
Weaning from mechanical ventilation refers to
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gradual disconnection of the patient from the
ventilator. In particular, weaning describes the process
by which artificial ventilation is gradually withdrawn
and the patient returns to normal spontaneous
respiration. In human literature, weaning, also, refers
to “liberation” from a noxious and dangerous
condition (Schmidt and Hall 2005, Singer and
Corbridge 2009). Weaning from IPPV after short
periods of intra-operative ventilation is less of a
challenge than weaning after prolonged ventilation of
the critically ill patient in the ICU, a situation in which
the respiratory function may be suppressed
(Hammond 2007). Weaning from the ventilator should
not be delayed for more than the period that
mechanical ventilation is necessary. Otherwise, the
delayed discontinuation of mechanical ventilatory
support exposes patients to unnecessary risks of
infection, injury, airway trauma, prolonged sedation-
anaesthesia, muscle failure and it, also, increases
financial costs (Maclntyre et al. 2001, MacIntyre 2004,
Maclntyre 2006, MacIntyre 2007). However, definite
discontinuation of mechanical ventilation should be
performed only after the airway has been secured and
adequate gas exchange under conditions of spon-
taneous breathing has been ensured (Maclntyre 2004).
In human medicine, it has been reported that 42% of
the time that a patient spends on a mechanical
ventilator is during the discontinuation process (Mac-
Intyre et al. 2001, MacIntyre 2004, Maclntyre 2007).
The patient may be disconnected from the ventilator
and ventilated by squeezing the reservoir bag of a
breathing system at a reduced rate, until spontaneous
ventilation returns (Hammond 2007). In veterinary
clinical practice, multiple ventilator modes, such as
pressure support and synchronized intermittent man-
datory ventilation, can be used in order to wean a
patient off the ventilator support (Hopper et al. 2007,
Haskins 2011a). The most common technique used for
weaning is the cessation of artificial ventilation for
periods of 2-3 minutes, with gradual prolongation of
these periods depending on the patient’s performance
during the last period (Nunn 2000, MacIntyre 2004,
Hopper et al. 2007, MacIntyre 2007, Haskins 2011a).
Moreover, a reduction of the tidal volume may, also,
diminish pulmonary stretch and increase respiratory
drive. However, care should be taken in order to avoid
alveolar collapse. It should be noted that attempts to
wean the patient from the ventilator are not likely to
succeed, unless the PaCO, is allowed to rise to normal

or even mildly elevated levels. This aim is accom-
plished by a reduction in the minute ventilation
(reduction in tidal volume or reduction in respiratory
rate or reduction in both). In anaesthetic practice, the
weaning from mechanical ventilation is performed at
the end of a surgery, as the surgical stimulus and the
depth of CNS depression are minimized (Schmidt and
Hall 2005, Hammond 2007). In case of use of muscle
relaxant drugs, reversal of their action is a pre-
requirement in order for an attempt to wean the
patient from mechanical ventilation to be successful.
Potent opioids (e.g. fentanyl, remifentanyl) admini-
stered via constant rate infusions in high doses may
undermine the process of weaning, and their dosage
should be, thus, reduced. The animal’s breathing
pattern is observed and the blood gases are checked
(Hopper et al. 2007, Haskins 2011a). Once the patient
can breathe spontaneously without labour, extubation
can be performed. Blood gases are evaluated after the
extubation and oxygen therapy may be necessary in a
mildly hypoxic patient. Monitoring of hemoglobin
saturation via pulse oximetry during recovery can be
very useful (Hartsfield 1999, Schmidt and Hall 2005,
Battaglia and Shawver 2007). In conclusion, the best
indicators for the probability to successfully wean a
patient from the ventilator are proof that the
underlying disease has been cured and the affirmation
that minimal ventilator settings are required to
maintain the “artificial lung” function (Haskins 2011a).

Problems and complications during ventilation

Understanding the function of the ventilator used
helps the user to support the patient and solve
problems. When machine cycling fails, the first action
undertaken should be to check gas and electrical
sources. Tanks should be filled and all electrical
connections should be confirmed. Leaks (hose
connections or cuff of endotracheal tube) are the most
common causes of ventilator malfunction, as most of
the devices are pressure or volume limited (Battaglia
and Shawver 2007). Moreover, secretions, mucous
plugs and an improper size of the endotracheal tube
can affect the function of the ventilator (Ward 1975,
Hartsfield 1999, Hammond 2007, Hartsfield 2007).

Complications can develop during mechanical
ventilation. Ventilator-induced lung injury (VILI) is
lung damage that can occur as a result of shearing
forces stretching the alveoli during mechanical
ventilation and is the most common complication of
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mechanical ventilation (Ranieri et al. 1999, Gurkan et
al. 2003, Singer and Corbridge 2009, Ranieri 2011).
Studies in animal models have shown that mechanical
ventilation can exacerbate or initiate an inflammatory
response, which can lead to VILI. The mechanisms of
this inflammatory response are 1) pathologic evidence
of neutrophil infiltration, 2) increased cytokine level
in lung lavage and 3) increased cytokine level in
systemic circulation (Ranieri et al. 1999). Ventilator-
induced lung injury can be distinguished into volu-
trauma (alveolar over-distension by excessive tidal
volume), barotrauma (alveolar over-distension
because of high pressure settings) and auto-PEEP
(high alveolar pressures occur when there is insuf-
ficient time for the expiratory phase) (Tol and Palmer
2010). However, clinical trials in small animal medicine
have shown that mechanical ventilation with lower
tidal volumes, similar to those observed during sponta-
neous ventilation, may decrease the mortality of
patients with VILI (Amato et al. 1998, Stewart et al.
1998, Gurkan et al. 2003). Ventilator associated
pneumonia, pneumothorax, pulmonary edema, oral
ulceration, corneal ulceration, sepsis and septic shock
are complications of mechanical ventilation in dogs
and cats (Lee et al. 2005, Hopper et al. 2007, Singer
and Corbridge 2009, Haskins 2011b). In addition, the
consequences of prolonged sedation/anaesthesia and
muscle paralysis, which are necessary for the appli-

cation of positive pressure ventilation, should be
balanced over the benefits of mechanical ventilation in
an attempt to avoid serious respiratory distress,
myopathy and delayed weaning (Tol and Palmer 2010).
Finally, one more severe devastating complication of
mechanical ventilation is oxygen toxicity, which
histologically resembles ARDS and is caused by
reactive oxygen species generated in the lung.
Prolonged exposure to high oxygen concentrations can
cause oxygen toxicity. It is reported that patients
should not be exposed in 100% oxygen for more than
12 hours. The same guideline is recommended in
veterinary medicine. Thirty to thirty three percent
concentration of inspired oxygen is generally consi-
dered safe even for prolonged administration.

CONCLUSION

Mechanical ventilation is an important part in
veterinary anaesthesia and ICU. Clear goals for
therapy should be established and complications
should be taken into consideration and prevented.
Weaning from the ventilator may be a difficult process,
but it is, also, rewarding. According to a phrase, “if you
give it a day, you should give it a week; if you give it a
week, you should give it two” (Drellich 2002), it takes
time for tissues to heal and regain function and
mechanical ventilation provides a means to support life
during this time. B
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