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Bjorn Ibsen, an anaesthetist and intensivist who
practiced for most of his career in Copenhagen,
Denmark, died on 7 August 2007. Ibsen is widely
regarded as the father of Intensive Care Medicine,
the nativity of which occurred in his home city in
1952 during a polio epidemic. Ibsen had trained
in radiology, surgery, pathology and gynaecology
before travelling to Massachusetts General Hospital
in 1949 to gain specialist experience in anaesthesia.
He returned to Copenhagen in 1950 and assumed
a leading role in managing one of the world’s worst
polio epidemics that started only two years later.
Some 2899 cases developed among the population
of two million. Too weak to cough, many patients
succumbed to secretion retention with associated
carbon dioxide retention. Negative pressure ventila-
tion was effectively the only form of support then
available, but Ibsen found that tracheostomy, or
endotracheal intubation combined with the careful
application of intermittent positive pressure venti-
lation administered by relays of doctors, medical
students and others, was an effective means of over-
coming the devastating effects of the disease. In
the end, over 1500 practitioners aspirated secretions
and performed manual ventilation in shifts. Mortal-
ity fell markedly. As a result, the idea that critically
ill patients should be supported in centralized facil-
ities by individuals experienced in their care was
adopted worldwide.

The new specialty emerged in varying phenotypes
according to the history, individual preferences and

expertise of those driving the change. In the United
States, physicians trained in pulmonary medicine
have traditionally also provided critical care. In the
United Kingdom, the base specialty of anaesthesia
has borne the brunt of intensive care provision over
many decades. Only in recent years has the value
of bringing varying expertise to intensive care man-
agement (ICM) from different clinical base special-
ties been recognized more formally. Thus in Aus-
tralia a joint intercollegiate faculty of ICM has been
developed, a model that was to an extent copied
in the UK. Formal training programmes have been
developed, culminating in the UK in ICM being rec-
ognized as a specialty in the year 2000. The emer-
gence of diploma and other examinations designed
to test competencies in intensive care has been rapid.
The strength of national and international special-
ist societies has grown, with associated academic
advancement publicized through congresses and
increasingly in highly cited journals.

Against this background, it has given me great
pleasure to write the foreword for this exciting vol-
ume, expertly conceived and edited by Dr Iain
Mackenzie. The contributors to this book come
from a wide range of clinical and national back-
grounds, thereby reflecting the heterogeneity that is
in many senses the strength of the specialty. More-
over, the content reflects the staggering advances
that have been made during the past 50 years
in the delivery of mechanical ventilatory support.
Even those phenomena which would have been



easily recognizable to Ibsen, such as the deliv-
ery of oxygen therapy, have been subjected to sci-
entific evaluation and technological development.
Tracheostomy, used widely in the 1950s polio
epidemic, is now performed at the bedside, an
innovation of which I suspect Ibsen would have
approved. The content of chapters dealing with
sedation, paralysis and analgesia might have been
more familiar to him, but the agents now employed,
the increased understanding of their properties and
the clinical benefits attributable to their avoidance,
where possible, are evidence of the advances made
in this area of pharmacology. The outreach of exper-

tise into the wards in pursuit of the ‘intensive
care without walls’ has been greatly facilitated by
the advent of non-invasive mechanical ventilatory
support.

Finally, the scientific advances in our evaluation
of the effects of mechanical ventilation, the recogni-
tion that it can do harm if applied inappropriately
and the evidence base concerning its use in patients
with a wide variety of primary and secondary lung
pathologies is a truly outstanding achievement that
intensive care medicine can be proud of. I suspect
that Bjorn Ibsen, were he privileged to read this vol-
ume, would feel the same.

Timothy W. Evans, BSC DSC FRCP FRCA FMedSci
Professor of Intensive Care Medicine

Imperial College

London

Consultant in Intensive Care Medicine
Royal Brompton Hospital
London



Respiratory support is recognized to be a key com-
ponent in the resuscitation of acutely ill patients
and, as such, the basics are taught to all those who
seek to acquire life support skills. Following sta-
bilization, the continued provision of respiratory
support, be it in the emergency department, respi-
ratory ward or intensive care unit, is largely taken
for granted. However, as the ARDSnet study has
recently reminded us, the way we manage mechan-
ical ventilation in the medium and long term actu-
ally has a significant impact on patient outcome.
Although the literature is full of the evidence nec-
essary to provide optimal respiratory support, syn-
thesizing this evidence into a cohesive and logi-
cal approach would be an enormous task for one
individual. On the other hand, excellent sections
on respiratory support can be found in the major
textbooks on critical care and indeed the ‘princi-
ples and practice of mechanical ventilation’ is the
sole subject of Martin Tobin’s authoritative tome of
that name. However, these large reference books are
expensive and less than suitable for those who need
amore concise and practical overview of the subject.
This book therefore seeks to fill the gap between
the journals and the major textbooks by bringing
together clear, concise and evidence-based accounts
of important topics in respiratory support, together
with, where necessary, explanations of its physiol-
ogy and pathology. It is hoped, therefore, that this
book will appeal to a very wide audience, and will
make a substantial contribution to the interest in,

and teaching of, the art and science of mechanical
ventilation. In addition, since many of those who
work with patients who require respiratory support
do not have an anaesthetic background, knowledge
particular to this specialty has not been assumed.

I would welcome any feedback so that future edi-
tions of this book can better meet the needs of its
readers.

My colleagues in Cambridge, both nursing and
medical, must be credited with persuading me of
the need for a book such as this, and for that I am
grateful. I am also indebted to the contributors from
around the world who responded so favourably
to my request that they contribute, and then fol-
lowed through with their chapters. Frank McGinn
(GE Healthcare Technologies), Dan Gleeson (Cape
Engineering) and John Wines (Cape Engineering)
kindly supplied me with information about the his-
tories of their respective companies. I have received
assistance in sourcing some of the images from Mr
Pyush Jani and Dr Helen Smith. I am very grate-
ful to David Miller for checking the correctness of
the English, but must accept any blame for any
errors that have crept through. Finally, I would like
to thank Diane, my wife, and Katherine, Rebecca,
Charlotte and Amy, my daughters, for their unfail-
ing support over the last two years while this book
was in production.

Iain Mackenzie



Those with a dislike of mathematics will be pleased
to know that none of the equations in this book
need to be memorized. Having said that, though,
understanding the concepts that are encapsulated
by the equations presented will help the reader
enormously in achieving a significantly deeper level
of understanding. As many of the terms in the
equations refer to physiological quantities, physi-
ological notation is used, and therefore being able
to decipher physiological notation will be helpful

- perunit time
— mean or mixed

P

<I

(0)

2

C Content (mL.dL™") A Alveolar O, Oxygen
Fraction a Arterial CO, Carbon dioxide

P Pressure (kPa or mm Hg) b Barometric
Q Volume of blood (mLorL) ¢ Capillary
S Saturation (%) ¢’ End-capillary
V Volume of gas (mL or L) D Dead space

E Expired gas

| Inspired gas

s Shunt

t Total

Tidal
v Venous

Key to physiological notation.

In the example illustrated, the physiological quantity being
referred to is the mixed venous partial pressure of oxygen.
Note also that when blood or gas volume, V and Q
respectively, are expressed ‘per minute” by placing a dot above
the letter, they then refer to volume/time, or flow. Thus Q,
blood volume, can be converted to Q, blood flow.

Correct  In-text

Quantity notation notation

Fractional inspired oxygen Fio, FI0,
concentration

Partial pressure of carbon PAco, PACO,
dioxide in alveolar gas

Partial pressure of carbon Paco, Paco,
dioxide in arterial blood

Partial pressure of oxygen in PAo, PAO,
alveolar gas

Partial pressure of oxygen in Pay, Pao,
arterial blood

Partial pressure of carbon Pco, PCO,
dioxide

Partial pressure of oxygen Po, PO,

Haemoglobin oxygen saturation Sao, Sa0;

in arterial blood

(Figure 1). The reader may be relieved to hear that
formal physiological notation has been completely
avoided in the text because it can sometimes extend
significantly below the text baseline, as in, for exam-
ple, the notation representing the partial pressure of
oxygen in arterial blood:

P(l()2 .

However, some quantities are mentioned so often
in the text that to refer to these in words would hin-
der, rather than help, the flow of the text. There-
fore, for the most common of these quantities,
non-physiological notation has been used for



multiply
—

divide

—
mm Hg 1.3595 cm H,0
kPa 10.197 cm H,0
kPa 7.5 mm Hg
Atm 101.325 kPa
Bar 100 kPa

in-text references, as it is in many other publications
(Table 1).

The European convention on units has been main-
tained throughout, using kilopascals (kPa) for
gas pressures rather than millimetres of mercury
(mm Hg), but the conversion factors can be found
in Table 2. However, for clarity the symbol for the
litre, which is usually abbreviated to the lower case
letter ‘', has been substituted by the North Amer-
ican convention of using the capital letter ‘L’; thus
‘ml’ becomes ‘mL"and ‘dl’ becomes ‘dL".
Compound units in clinical practice commonly
use the forward slash ‘/’ as the delimiter to denote
a denominator unit. For example, ‘millilitres per
kilogram’ would be written ‘mL/kg". In compound
units with only two components, this usage is not
subject to misunderstanding, but in those with

Common Correct

clinical scientific
Quantity notation notation
Millilitres per kilogram  mL/kg mL.kg~!
Microgram per kilogram ug/kg/hr  pg.kg=".hr=!

per hour

Millilitres per minute mL/min mL.min~"
Litres per minute L/min L.min~"
Milliequivalents per litre mEq/L mEq.L~!
Millimoles per litre mmol /L mmol.L~"
Kilocalorie per milliliter ~ kcal /mL kcal.mL~"
Millilitres per hour mL/hr mL.hr"
Milligrams per kilogram mg/kg mg.kg~!
Kilocalories per kilogram kcal/kg kcal.kg™"
Grams per kilogram g/kg g.kg™"
Grams per deciliter g/dL g.dL’
Micrograms per minute  pg/min pg.min~!
Millilitres per kilogram  mL/kg mL.kg~!
Millilitres per day mL/d mL.d~"

more than two components, the use of the for-
ward slash is potentially confusing and should be
avoided. The convention in this book, therefore,
is to use the more correct scientific notation. In
this form, the relationship between units is indi-
cated by the superscript power notation, as shown in
Table 3.



Physiology of ventilation and gas exchange

Among its many functions, the lung has two major
ones: it must harvest oxygen to fuel aerobic respira-
tion and it must vent acid-forming carbon dioxide.
This chapter will offer a brief overview of how the
lung fulfills these functions. It will also discuss some
of the mechanisms through which adequate oxy-
genation can fail. A secure understanding of these
principles allows an insight into the way in which
mechanical ventilation strategies can be altered in
order to enhance oxygenation and carbon dioxide
clearance.

During inspiration, air is drawn into the orophar-
ynx through either the mouth or the nasal air-
way. Nasal breathing is preferred, as it is associated
with enhanced particle removal (by nasal hairs and
mucus-laden turbinates) and humidification. How-
ever, this route is associated with a fall in pharyngeal
pressure. Just as Ohm’s law dictates that voltage is
the product of current and resistance, so pharyngeal
pressure is the product of gas flow and pharyngeal
resistance. A ‘fatapron’around the pharynx because
of obesity may lead to increased pharyngeal com-
pliance, and thus increase the risk of dynamic pha-
ryngeal collapse in such patients. In adults, when
pharyngeal flows exceed 30 to 40 litres per minute,

the work of breathing becomes high and the fall
in pharyngeal pressure too great for the adequate
intake of air: the mouth then becomes the preferred
route for breathing.

The larynx remains a protector of the airway, with
aryepiglottic and arytenoid muscles able to draw
the laryngeal entrance closed like a purse-string and
the epiglottis pulled down from above like a trap
door. In addition, the arytenoid cartilages can swing
inwards to appose the vocal cords themselves, thus
offering an effective seal to the entry of particles or
gases to the airway beneath. Meanwhile, tight occlu-
sion can be achieved during swallowing or to ‘fix’
the thorax during heavy lifting, allowing the larynx
to resist internal pressures of some 120 cm H,O.
Laryngeal sensitivity to irritation, causing a cough,
makes the larynx effective at limiting entry of nox-
ious gases or larger particles, while more intense
chemoreceptor stimulation can cause severe laryn-
geal spasm, preventing any meaningful gas flow. In
the anaesthetic room, this can be life-threatening.

When air enters the trachea, it is supported
by anterior horse-shoes of cartilage (Figure 1.1).
However, these are compliant, and tracheal col-
lapse occurs with extrinsic pressures of only 40 cm
H,0. Ciliated columnar epithelium yields an
upward-moving mucus ‘escalator’. The trachea then
divides into the right and left main bronchi
(generation 1 airways), and then into lobar and

Core Topics in Mechanical Ventilation, ed. Tain Mackenzie. Published by Cambridge University Press.
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segmental bronchi (generations 2-4). The right
main bronchus is wider and more vertical than the
left, and is thus the ‘preferred’ path for inhaled
foreign bodies. Cartilaginous horse-shoe supports
in the upper airways give way to plates of cartilage
lower down, but all will collapse when exposed to
intrathoracic pressures of >50 cm H,O (or less in
situations in which the walls are diseased, such as
in chronic obstructive pulmonary disease or bron-
chomalacia).

Successive division of bronchi (generations 5-11)
yield ever-smaller airways (to about 1 mm diam-
eter), all of which are surrounded by lymphatic
and pulmonary arterial branch vessels. They are
supported by their cartilaginous plates and rarely
collapse because intra-bronchial pressure is nearly
always positive. So long as there is patency between
alveoli and bronchi, even forced expiration allows

sufficient gas flow to maintain intra-bronchial pres-
sures to a level above intrathoracic pressures.
Bronchioles (generations 12-16) lack cartilagi-
nous support, but are held open by the elastic
recoil of the attached lung parenchyma, making
airway collapse more likely at lower lung volumes.
The cross-sectional area of these very small distal
airways, and their very thin walls, makes airway
resistance at this level almost nil in the absence
of contraction (bronchoconstriction) of the wall’s
smooth muscle cells. Subsequent respiratory bron-
chioles (generations 17-19) have increasing num-
bers of gas-exchanging alveolar sacs in their walls;
these bronchioles are anchored open under tension
from surrounding parenchyma. Each of 150 000 or
so ‘primary lobules’represents the distal airway sub-
tended by a respiratory bronchiole. Distally (gener-
ation 20-22), alveolar duct walls give rise to some

Gross and microscopic anatomy of the respiratory tract.

Inset i: Conventional microscopy view of the surface of the ciliated epithelium of the trachea showing cells bearing cilia adjacent to
cells which appear flat, but which in fact bear microvilli. Photomicrograph courtesy of the Ernest Orlando Lawrence Berkeley

National Laboratory, California.

Inset ii: Transmission electron microscope image of a thin section cut through the bronchiolar epithelium of the lung showing
ciliated columnar cells (a) interspersed by non-ciliated mucous-secreting (goblet) cells (b). Slide courtesy of Dr Susan Wilson,

Histochemistry Research Unit, University of Southampton.

Inset iii: Section of bronchus lined with pseudo-stratified columnar epithelium (a), and surrounded by a ring of hyaline cartilage (b).
The presence of sero-mucous glands (c) differentiates this from a bronchiole. This section also contains an arteriole (d). Bar = 250
microns. Slide reproduced with permission. Copyright © Department of Anatomy and Cell Biology, University of Kansas.

Inset iv: Tiny islands of hyaline cartilage (a) confirm that this is bronchus rather than bronchiole, and adjacent is a pulmonary vein
(b). Bar = 250 microns. Slide reproduced with permission. Copyright © Department of Anatomy and Cell Biology, University of
Kansas.

Inset v: The absence of cartilage and sero-mucous glands means that this is a bronchiole, with a surrounding cuff of smooth muscle
(3). Bar = 25 microns. Slide courtesy of Dr Susan Wilson, Histochemistry Research Unit, University of Southampton.

Inset vi: A small bronchiole (a) surrounded by smooth muscle (b). Bar = 25 microns. Slide courtesy of Dr Susan Wilson,
Histochemistry Research Unit, University of Southampton.

Inset vii: An alveolus lined by thin flat type | pneumocytes (a) and cuboidal, surfactant-secreting type Il pneumocytes (b), with an
integral network of fine capillaries (c) embedded within the alveolar walls. The lumen of the alveolus contains a large alveolar
macrophage (d). Bar = 25 microns. Slide courtesy of Dr Susan Wilson, Histochemistry Research Unit, University of Southampton.

Inset viii: Scanning electron microscope image of the alveolar honeycomb. Photomicrograph courtesy of the Ernest Orlando
Lawrence Berkeley National Laboratory, California.

Inset ix: This photomicrograph shows the fine network of capillaries that enmesh the alveoli.

Inset x: Transmission electron microscopic image of alveolar cells, showing large cuboidal type Il pneumocytes (a) packed with
vesicles containing surfactant (b). Nearby alveolar capillaries containing red blood cells can be seen (c). Photomicrograph courtesy
of the Rippel Electron Microscope Facility, Dartmouth College, New Hampshire.



20 alveolar sacs, containing one third of all alveolar
gas. The terminal alveolar sacs (generation 23) are
blind-ending.

Each lung may contain up to half a billion alve-
oli, which are compressed by the weight of over-
lying lung and are thus progressively smaller in
a vertical gradient. Alveolar gas can pass between
adjacent alveoli through small holes called ‘the
pores of Kohn'. The pulmonary capillaries form a
rich network enveloping the alveoli, with the alve-
olar epithelium closely apposed to the capillary
endothelium. The other surface of the capillary is
embedded in the septal matrix.

Blood delivered into the pulmonary arteries from
the right ventricle flows at a pressure less than 20%
of that of the systemic circulation. With near identi-
cal blood flows, one can infer that pulmonary vas-
cular resistance is correspondingly five- to sixfold
lower than systemic. Working at lower pressure, the
pulmonary arterial wall is correspondingly thinner,
while the pulmonary arteriolar wall contains vir-
tually no smooth muscle cells at all. Capillaries in
dependent areas of the lung tend to be better filled
than areas higher up (due again to gravitational
effects), while lung inflation compresses the capil-
lary bed and increases effective resistance to blood
flow. Blood flows across several alveolar units before
passing into pulmonary venules and thence to the
pulmonary veins.

Air enters the lung in response to the generation of
a negative! intrathoracic pressure (in normal venti-
lation, or in negative pressure and cuirass mechan-
ical ventilation), or to the application of a positive
airway pressure (in positive pressure ventilation
modes). Work is thus performed in overcoming
both resistance to gas flow and elastic tension in the

L Also referred to as subatmospheric.

lung tissue during the thoracic expansion of inspi-
ration. A small quantity of energy is also dissipated
in overcoming lung inertia and by the friction of
lung deformation.

The lung'’s elasticity derives from elastin fibres of
the lung parenchyma, which accounts for perhaps
one third of elastic recoil, and from the surface ten-
sion of the fluid film lining the alveoli. When fully
collapsed,? the resting volume of the lung is con-
siderably smaller than the volume it occupies when
fully expanded in the chest cavity. Fully expanded,
the elasticity of the lungs generates a subatmo-
spheric pressure in the pleural space of about
—5.5 cm H,0O (Figure 1.2). At peak inspiration,
when the thoracic cage is maximally expanded, this
pressure may fall to nearly —30 cm H,O.

It is worth giving some thought to the issue of
surface tension forces within the lung. The pressure
within a truly spherical alveolus (Pa) would nor-
mally be calculated as twice the surface tension (Ty)
divided by the alveolar radius (r):

2 x T
Py=—-.
r

(1.1)

This equation tells us that if surface tension were
constant, the alveolar pressure would be inversely
proportional to the alveolar radius. In other words,
alveolar pressure would be higher in alveoli with
a smaller radius (Figure 1.3). If this were the case,
it would mean that smaller alveoli would rapidly
empty their gaseous content into larger adjacent
alveoli and collapse. Taken to its logical conclusion,
all of the alveoli in a lung would empty into one
huge alveolus.

Fortunately, surface tension is not constant
because of the presence of a mixture of phospho-
lipids® and proteins* that floats on the surface of

2 For example, when removed from the chest at autopsy.
3 Mainly phosphatidylcholine, commonly referred to as lecithin.
4 Surfactant proteins A to D, often referred to as SP-A, SP-B, etc.



Lung
Pleural space
Chest wall

A

Negative pleural pressure.

A: The respiratory system can be compared to a rubber balloon (the lungs) placed inside a glass jar (the chest cavity) with the
space between the outside of the balloon and the inside of the jar representing the pleural space.

B: The opening of the glass jar is sealed over by the rubber balloon, sealing the space between the outside of the balloon and the

inside of the jar from the atmosphere.

C: As residual gas in this space is evacuated the pressure in the ‘pleural space” drops below atmospheric and the balloon expands.

D: Once all the gas in the ‘pleural space” is evacuated the ‘lung” is completely expanded to fill the ‘chest cavity’. The pressure inside
the ‘lung’ remains atmospheric while the pressure in the pleural space is subatmospheric (negative).

B O

A B

Alveolar instability with constant surface tension.

A: With constant surface tension (Ts), the alveolar pressure in
the smaller alveolus is ZXTTS and the pressure in the larger
alveolus is z;," , which means that whatever the values of Ts

and r, the pressure is only half that in the larger alveolus.

B: Under these circumstances, gas flows from the smaller
alveolus (higher pressure) to the larger alveolus (lower
pressure).

the fluid lining the alveoli (the surfactant; see
Figure 1.4), which reduces the surface tension in pro-
portion to the change in the surface area: the smaller the
surface area of the alveolus, the greater the reduc-
tion in surface tension. This means that gas in fact

tends to flow from larger to smaller alveoli, produc-
ing homogeneity of alveolar volume and stabilizing
the lung. One other major advantage of this effect
on fluid surface tension is that the lung’s compli-
ance is significantly increased, reducing the negative
pressure generated by the lung in the pleural space.
This consequently reduces the hydrostatic pressure
gradient between the inside of the pulmonary capil-
laries and the pulmonary interstitium, minimizing
the rate at which intravascular fluid is drawn from
the capillaries. Lack of surfactant, for instance in
intensive care patients with acute lung injury, thus
tends to cause alveolar collapse and reduce lung
compliance, which substantially increases the work
of breathing.

As the chest expands during inspiration, intra-
alveolar pressure falls to little more than —1 c¢m
H,O, causing the air to flow down a pressure gra-
dient from the nose and mouth to the alveoli.
It is notable just how modest the intra-alveolar
pressures have to be to cause gas to flow in and
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Figure 1.4 Surfactant.

A: Surfactant phospholipids are composed of two hydrophobic fatty acid tails joined to a hydrophilic head via glycerol and
phosphoric acid. The most common phospholipid in surfactant is phosphatidylcholine, while the hydrophilic head is choline. Fatty
acids in which all the bonds between adjacent carbon atoms are single are said to be ‘saturated’, and are physically flexible,
allowing the molecule to pack in closely to its neighbour. Fatty acids in which one or more of the carbon-carbon bonds are double
are said to be ‘unsaturated’. These double bonds impart an inflexible angulation to the molecule, which prevents it from packing
closely. The most effective phosphatidylcholine molecules are ones in which both fatty acid tails are saturated (‘di-saturated’), such
as dipalmitoyl-phosphatidylcholine.

B: The surfactant phospholipids float on the surface of the fluid lining the alveoli, with their hydrophilic heads in contact with the
aqueous phase and their hydrophobic tails sticking in the air.

C: Expiration reduces the surface area of the alveolus, squeezing the bulkier and less effective phospholipids into the
surface-associated phase. The remaining phospholipids, being predominantly disaturated, are more effective at reducing the
surface tension and, as their concentration is increased, the surface tension is reduced further.
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Absolute pressures along the airway during inspiration (blue) and expiration (green). During inspiration (blue) there is a
pressure gradient between the proximal airway that is at atmospheric pressure at the mouth and the pleural space that is reversed

during expiration.

out of the lung during normal breathing, a fac-
tor to be considered when comparison is made
with mechanical modes of ventilation. Of course,
much higher pressures can be achieved. Strain-
ing against a closed glottis, for example, can raise
alveolar pressure to 190 cm H,O, while maximal
inspiratory effort can reduce pressure to as low as
—140 cm H,O.

Transmural pressure is defined as the difference
between the pressure in the pleural cavity and thatin
the alveolus (Figure 1.5). To remain open, alveolar
pressure must be greater than that of the surround-
ing tissue. During inspiration, intra-pleural pres-
sure falls to a greater degree than alveolar pressure,
and the transmural pressure gradient thus increases.
Over the range of a normal breath, the relationship
between transmural pressure gradient and lung vol-
ume is almost linear. This relationship holds true for

the alveoli, but the lower down in the lung the alve-
oli are, the more the distending transmural pressure
gradient is counteracted by the weight of lung tissue
compressing the alveolus from above. For this rea-
son, dependent alveoli tend to have a smaller radius
and are more likely to collapse.

The ‘expandability’ of the lung is known as its
compliance. A high compliance means that thelung
expands easily. The compliance of the normal res-
piratory system (lungs and thoracic cage) in upright
humans is about 130 mL.cm H,O~!, while that of
the lungs alone is roughly twice that value, demon-
strating that half of the work of breathing during
health simply goes into expanding the rib cage.
When a positive pressure is applied to the respira-
tory system, such as during positive pressure venti-
lation, gas immediately starts to flow into the lungs,
which then expand. However, while gas is flowing,
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Two-compartment model of static and dynamic compliance.

A: In this model the ventilator is represented by the syringe, which is attached to the two-compartment lung model that consists of
a low-compliance proximal chamber (the proximal airways) separated from a high-compliance distal chamber (the alveoli) by a
fixed resistance. Prior to the onset of gas delivery (inspiration), the whole system is at the same pressure: Py.

B: Gas is delivered to the lung model with a moderate increase in gas pressure in the syringe (the ventilator) and proximal
chamber (the large airways) but with only a small increase in pressure in the distal chamber (the alveoli) as gas seeps through the
resistance. Compliance measured just prior to the end of inspiration would be given by V/P-.

C: Without the delivery of any further gas from the ventilator, the volume of the distal chamber continues to increase until the
pressure in both chambers becomes the same. As gas redistributes from the high-pressure proximal chamber to the low-pressure
distal chamber, the gas also expands slightly. At equilibrium, the compliance is given by V/P,, which is larger than that calculated

in B because P, < Pq.

the proximal airway pressure must be higher than
alveolar pressure,® and the steepness of this pres-
sure gradient will depend on the resistance to gas
flow. Therefore, during inflation the ratio of vol-
ume change to inflating pressure (known as dynamic
compliance) is lowered by the effect of resistance

5 Otherwise gas would not flow.

to gas flow (Figure 1.6). At the end of inspiration,
the proximal airway pressure immediately falls as
gas delivery ceases (and with it, the resistive con-
tribution to airway pressure) and then falls a little
further as gas is redistributed from low-compliance
proximal airways to high-compliance alveoli. There
is also an associated small increase in total lung vol-
ume. The percentage of total change in lung volume
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For a delivered tidal volume of V mL, dynamic compliance is
given by V/Ppeqr and static compliance is given by V/Pyj;. The
difference between Ppeay and Py is due to airways
resistance, while the difference between Py, and Py, is due
to inter-alveolar gas redistribution (pendelluft) and hysteresis.

when held at a set pressure is known as the lung'’s
static compliance. Put another way, if a set volume
of air is used to inflate a lung, pressure will rise
accordingly, but (with lung volume held) will then
gradually fall by some 25% or so (Figure 1.7). This
effect is one of the contributing factors to a phe-
nomenon known as hysteresis in which the lung
traces a different path on an expiratory plot of lung
pressure (x-axis) against volume (y-axis) than it
does during inflation (Figure 1.8). Other contrib-
utors to hysteresis include the opening of previ-
ously collapsed alveoli during inflation,® displace-
ment of lung blood at higher lung volumes, ‘stress
relaxation’ of lung elastic fibres, and perhaps most
importantly, the surface-area-dependent effect of
surfactant in reducing surface tension. In practice,
what this means is that at any given inflation pres-
sure, lung volume will be greater during expiration
than inspiration because the lungs are resistant to
accepting a new higher volume, and then resistant

to giving it up again.

¢ Commonly referred to as alveolar ‘recruitment’.

End-inspiratory lung volume—]

= |nspiration
= Expiration
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Volume (ml)

End-expiratory lung volume —

Pressure (cm water)

Inspiratory and expiratory volume/pressure loop
during positive pressure inflation showing the phenomenon of
hysteresis.

During inspiration (blue) of the lung, both pressure (x-axis)
and volume (y-axis) increase, but this is non-linear. During
expiration, the volume/pressure curve traces a different path.
The area subtended by the inspiratory and expiratory paths
represents the energy consumed by hysteresis.

LUNG VOLUMES

Total lung capacity (TLC) is the volume of intrapul-
monary gas at the end of a maximal inspiration.
Functional residual capacity (FRC) is the volume
remaining in the lungs at the end of normal expi-
ration that rises with body size (as determined by
height) and on assumption of the upright pos-
ture. In mechanically ventilated subjects, FRC is
also known as the end-expiratory lung volume
(EELV). FRCis reduced when the lung s extrinsically
compressed (from pleural fluid or abdominal dis-
tension), when lung elastic recoil is increased, or
when the lungs are fibrosed.

OXYGEN UPTAKE

Oxygenation is accomplished through the diffu-
sion of oxygen down its partial pressure gradient
(Box 1.1) from the alveolus, across the alveolar
epithelium, and thence across the closely apposed
capillary endothelium to the capillary blood, a
distance of <0.3 um. The capacity to transfer oxygen
from alveolus to red blood cell is determined by
(1) the surface area for diffusion and (2) the ratio



Diffusion describes the passive movement of a
substance from an area of high concentration to
one of low concentration. Diffusion also applies to
gases, but in this case the motive force is the
differential partial pressure of the gas. Partial
pressure simply refers to the proportion of the total
gas pressure that is attributable to the gas in
question. As an example, if you have a 1-litre flask
containing 800 mL of helium and 200 mL of oxygen
at atmospheric pressure (101 kPa), the partial
pressure of oxygen in the flask will be

200

20 101 =20.2 kPa.
800 + 200

between the speed of diffusion and the alveolar con-
tact time, which is the length of time the red cell
remains in contact with the alveolus (Figure 1.9).

The speed of diffusion is determined by the par-
tial pressure gradient of oxygen between alveolar
gas and capillary blood, the thickness of the bar-
rier between alveolus and capillary, and the sol-
ubility of oxygen in this barrier. Because there
are no factors that influence oxygen’s solubility
under physiological conditions, the only sources
of variation in the speed of diffusion are the par-
tial pressure gradient of oxygen and the barrier
thickness.

The partial pressure of oxygen in alveolar gas
is not the same as the partial pressure of oxy-
gen in inspired gas because alveolar gas contains
two other constituents: carbon dioxide and water
vapour. Therefore, breathing air at sea level, the
alveolus contains four gases: nitrogen, oxygen, car-
bon dioxide and water vapour. The total pressure
of these gases must equal atmospheric pressure
(101 kPa):

PANZ —+ PAOZ —+ PACOz + PAHZO = 101 kPa (1.2)
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Factors that determine the capacity to transfer
oxygen from alveolar gas to capillary blood. Oxygen diffusion
(blue arrow) proceeds from alveolar gas (shown on the left) to
capillary blood (shown on the right) across the intervening
barrier of the alveolar epithelium and capillary endothelium,
with capillary blood shown flowing away from the observer
(red arrow). The capacity to transfer oxygen to red blood cells
depends on the surface area for diffusion, and the ratio
between the speed of diffusion and the length of time that the
red cells spend in contact with the alveolus (referred to as the
‘contact time”).

The speed of diffusion is determined by the (1) initial partial
pressure gradient of oxygen between alveolar gas and
capillary blood; (2) the thickness of the barrier constituted by
the alveolar epithelium, capillary endothelium and any other
intervening tissue; and (3) the solubility of oxygen in this
barrier.

The contact time is inversely proportional to the cardiac output
and at rest is normally 0.75 seconds. Breathing air at sea level,
red cells passing the alveolus are normally fully saturated after
only 0.25 seconds, leaving a ‘reserve’ of 0.5 seconds. Diffusion
limitation to oxygen transfer is therefore only seen with
conditions that reduce the speed of diffusion (low alveolar
partial pressure of oxygen or increased barrier thickness),
reduce the contact time, or both. In trained athletes at
maximum exertion the contact time falls to just over 0.25
seconds.



The saturated vapour pressure of water at body
temperature is 6.3 kPa, leaving 94.7 kPa of pressure
for nitrogen, oxygen and carbon dioxide. Because
nitrogen is not exchanged in the alveolj, it continues
to occupy 79% of the remaining gas mixture, and
so has an alveolar partial pressure of 74.8 kPa. This
leaves the remaining 19.9 kPa for oxygen and carbon
dioxide:

Pag, + Paco, = 94.7 — 74.8 = 19.9 kPa. (1.3)

Alveolar carbon dioxide diffuses from mixed
venous blood into the alveolus until the partial pres-
sures in the two compartments are the same. The
partial pressure of carbon dioxide in arterial blood,
about 4.5 kPa, therefore serves as a good estimate
of the partial pressure of alveolar carbon dioxide.
However, because the metabolism of fats produces
less carbon dioxide than the metabolism of carbo-
hydrate per unit volume of oxygen consumed, the
alveolar partial pressure of carbon dioxide must be
corrected for the respiratory quotient (RQ) when
substituted into Equation 1.3:

Pa
€9 _ 19.9 kPa

RQ
4.5
= I)AO2 + ﬁ =19.9 kPa
= Pag, = 19.9 — 5.625 = 14.275 kPa

In general, therefore, the partial pressure of alveolar
oxygen is given by the equation:

Pclco2
0.8

Pao, = [Fio, x(Py — 6.3)] — (1.4)

When FiO; is the fractional concentration of oxy-
gen in the inspired air, P}, is the barometric (atmo-
spheric) pressure, and PaCO; is the arterial partial
pressure of carbon dioxide, all measured in kPa.
Oxygen partial pressure in mixed venous blood
is roughly 5.3 kPa and, as calculated above, in
alveolar gas is about 14.3 kPa. A diffusion gradi-
ent of about 8 kPa thus drives oxygen across the
alveolar surface and into the blood under normal
conditions.

The thickness of the diffusion barrier between
the alveolus and the capillary is largely determined
by the combined thickness of the alveolar epithe-
lium and capillary endothelium, which is usually
less than 0.3 um. Increases in barrier thickness can
be caused by the accumulation of fluid in the space
between these two layers of cells, or by the accumu-
lation of other material such as collagen (lung fibro-
sis) or malignant cells (carcinomatosis). Increased
barrier thickness can also be caused by the accu-
mulation of material on the alveolar surface itself,
including fluid (pulmonary oedema), blood, pus or
protein.

As the blood transits the capillary, it absorbs
increasing amounts of oxygen, and the gradient-
driving diffusion falls. However, haemoglobin’s
affinity for oxygen has unique characteristics
(Figure 1.10), and blood oxygen tension nearly
matches alveolar by the time that only a third
of the capillary has been transited, which occurs
in about 0.25 seconds at rest. The alveolar con-
tact time is inversely proportional to cardiac out-
put, and in trained athletes can fall to as lit-
tle as 0.25 seconds, the time normally required
for full saturation. Under these conditions, small
decreases in the speed of diffusion, such as by exer-
cising at altitude, can result in significant arterial
desaturation.

Even when all the blood leaving the alveoli has
an oxygen partial pressure that is the same as the
alveolar partial pressure, the partial pressure of
oxygen in arterial blood leaving the left ventricle is
slightly lower because of the presence of an anatom-
ical shunt. This shunt is caused by the dilution of
arterialized blood that has come from the alveoli by
true venous blood that drains into the pulmonary
veins from the bronchial circulation (supplying the
airways rather than alveoli) or from the left ven-
tricular endocardium via the tiny thebesian veins.
Such effects are normally only minor, causing a fall
in anticipated arterial partial pressure of oxygen of
just 0.5 to 0.8 kPa.



Haemoglobin saturation (%)

0
Oxygen binding site, _®

1Y
Haemoglobin*": :
/

Oxygen molecules

Y

| | |
5 10 15

Partial pressure of oxygen (kPa)

Intermolecular co-operation and the oxy-haemoglobin dissociation curve. A haemoglobin molecule consists of four
chains, each with one binding site for molecular oxygen (0;). When a molecule of oxygen occupies its binding site on any one of
the chains, it provokes a change in the shape of that chain which increases the affinity of its neighbouring chain for oxygen (shown
here in amber), making it easier for that chain to bind oxygen. This intermolecular co-operation accounts for the non-linear
relationship between haemoglobin oxygen saturation and oxygen partial pressure, often referred to as the ‘oxy-haemoglobin
dissociation curve’ (shown on the right). Haemoglobin's affinity for oxygen can be either increased (blue interrupted line) or
decreased (pink interrupted line) by other factors, effects which are often referred to as ‘left-shift” or ‘right-shift’, respectively.
Increased temperature and acidosis decrease haemoglobin’s affinity for oxygen (right-shift), while decreased temperature and
alkalosis do the reverse. Fetal variants of haemoglobin bind oxygen with greater affinity than do adult variants, making it possible
for oxygen to be transferred from maternal to fetal haemoglobin in the placenta.

As described previously, the arterial partial pressure
of oxygen is derived from the mixture in the left
side of the heart of blood having a range of partial
pressures of oxygen, depending on its source. Blood
leaving normally ventilated alveoli with optimal oxy-
gen transfer will have a partial pressure of oxygen

that is determined by the alveolar partial pressure of
oxygen, as shown in Equation (1.4) above. This tells
us that under these conditions, the principal vari-
ables involved in determining PO, are (1) the frac-
tional concentration of oxygen in the inspired gas
(F103), (2) the barometric pressure of the inspired
gas and (3) the alveolar partial pressure of carbon
dioxide.
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The barometric (atmospheric) pressure falls non-linearly with increasing altitude. The highest permanent human habitation is

believed to be La Rinconada, Peru, at 16 700 feet (5100 metres).

Fi1O,. Low fractional concentration of inspired
oxygen is not usually a problem in patients receiv-
ing mechanical ventilation, though it did cause the
death of a child in the UK as recently as 2001 when
they were ventilated with a hypoxic gas mixture from
an old anaesthetic machine. Modern anaesthetic
machines and intensive care ventilators are designed

to be incapable of delivering hypoxic gas mixtures,
though old machines which can do so remain in
use in many countries.

Barometric pressure. Low barometric pressure is
never a problem in Europe except during aerial
transport (see Chapter 16), but in other parts of the
world this may be a significant factor (Figure 1.11).



Hypoventilation. If oxygen consumption in periph-
eral tissues remains constant, so too must the quan-
tity of oxygen extracted from the alveolus. In pro-
found hypoventilation, the amount of oxygen being
delivered to the alveolus will fall, as will the ratio
of delivery to extraction. As a result, alveolar (and
thus arterial) partial pressure of oxygen will fall.
This phenomenon will be compounded by a rise
in alveolar carbon dioxide tension due to failure
of clearance, which will cause a further fall in
alveolar PO, .

Diffusion limitation. The three factors above have
all assumed optimal oxygen transfer between alveo-
lar gas and capillary blood, but as discussed above,
this assumes a normal ratio between the speed of
diffusion and the alveolar contact time. A reduction
of contact time (with an increase in cardiac output)
or reduction in the speed of diffusion caused by an
increased diffusion distance can also cause a low
arterial partial pressure of oxygen.

Besides the normal ‘anatomical’ shunts that con-
tribute venous blood to the arterial pool described
above, two other sources of shunt can contribute
to arterial hypoxaemia: pathological and alveolar
shunts.

Pathological shunts. These are caused by abnor-
mal connections between the right and left sides
of the heart, allowing venous blood to join arterial
blood in the left ventricle without passing through
the lungs. When arising during fetal development,
these shunts are usually situated within the heart
itself and are caused by failure in the development
of midline structures such as the septa between the
atria or ventricles.

Similar defects can occasionally arise in adult-
hood following infarction of the septal tissue or as
a consequence of cardiac trauma. Even less com-
monly, a right-to-left shunt can arise in adult-
hood when either surgery or pulmonary disease
allows blood to pass through a patent foramen
ovale. Congenital intra-pulmonary shunts are rare
and are usually associated with massive intra-

pulmonary arterio-venous malformations. Intra-
pulmonary shunts acquired in adulthood are also
very uncommon, but can occur in patients with
severe liver disease.

Alveolar shunts. So far, the discussion has assumed
that blood draining from the alveoli has come from
alveoli with completely normal ventilation and per-
fusion, and is therefore optimally oxygenated. In
reality, both alveolar ventilation and perfusion can
range from normal to none (Figure 1.12). Thus at
one end of the spectrum there are alveoli with nor-
mal ventilation but no perfusion (so-called ‘dead
space’), and at the other end there are alveoli with
normal perfusion but no ventilation (a so-called
‘true shunt’). With respect to oxygenation, it is the
perfused units with markedly reduced or absent venti-
lation which are important, as these act as ‘shunts’
through which blood can travel from systemic veins
to systemic arteries without becoming oxygenated.
The impact of a shunt on arterial haemoglobin oxy-
gen saturation is directly proportional to the size of
the shunt in terms of blood flow. So, for example, if
80% of pulmonary venous blood comes from ven-
tilated alveoli with an SaO, of 98% and 20% comes
from non-ventilated alveoli with an SaO, of 75%,
the resulting SaO, is calculated as

(0.8 x 98) + (0.2 x 75) = 93.4%. (1.5)

This calculation allows the size of the shunt to
be estimated (Box 1.2). It is also worth noting that
because the blood coming from ventilated alveoli
has almost the same PO, as alveolar gas, there is
almost no capacity for these alveoli to absorb addi-
tional oxygen in order to compensate for blood
coming from alveoli that are poorly ventilated (low
V/Q) or not ventilated at all (a true shunt). In con-
trast, venous blood only loses 10 to 15% of its car-
bon dioxide content in passing through ventilated
alveoli. In this case, failure to clear carbon dioxide
from blood passing through unventilated alveoli is
easily compensated by an increase in carbon dioxide
elimination from blood passing through ventilated
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but normal ventilation (green). Using the same colour-code, the distribution of these V/Q ratios is shown on the right for a subject
with normal lungs (bottom), a patient with a small pulmonary embolus (middle) and a patient with severe hypoxaemic respiratory

failure (top).

alveoli. This explains why patients with acute lung
disorders develop arterial hypoxaemia long before
developing hypercarbia, if indeed they ever do.

Even in healthy lungs without alveoli that are
either unventilated or unperfused, there is a nat-
ural variation in ventilation and perfusion due to
the effects of gravity.

Ventilation inequality. Prior to the onset of inspi-
ration, alveoli will have varying end-expiratory vol-
umes depending on thelocal trans-pulmonary pres-
sure. Because of the weight of the lung parenchyma
and the blood contained within it, the pleural pres-
sure becomes progressively less negative in a verti-
cal gradient from top to bottom.” Consequently the

7 This applies whatever the position of the subject - erect,
supine, prone or lying on one side.

trans-pulmonary pressure, which is the difference
between alveolar and pleural pressure, also declines
in a vertical gradient from top to bottom. Alveoli in
the lowest part of the lung will therefore have the
smallest end-expiratory volume, while alveoli in the
highest part of the lung will have the largest end-
expiratory volume. The relationship we see between
pressure and volume for the whole lung also applies
to each alveolus. This means that at the start of
inspiration there is a vertical compliance gradient,
with the most compliant alveoli above and the least
compliant below, which means that for a small
change in pleural pressure the alveoli above will
increase in volume the most, while those at the bot-
tom will increase the least. In the middle of inspi-
ration, with each alveolus having moved up its own
volume/pressure curve, the alveoli at the top of the



Total shunt assumes that arterial blood is composed
of a mixture of blood from only two sources, blood
from ‘perfect” alveoli and shunted blood never
exposed to alveolar oxygen. If Ca0, is the oxygen
content of arterial blood, CvO, is the oxygen
content of mixed venous blood and Cc’0; is the
oxygen content in end-capillary blood from ‘perfect’
alveoli, which can be estimated from Equation 1.4
and the oxy-haemoglobin dissociation curve

(Figure 6.1), then

CGOZ =X (chz) +Yy (CVOZ)

where x +y = 1.

This equation can be re-arranged and solved for x:
(c, —Ca
=0 % (1.6)
CCOZ = CV(]Z
With a patient breathing 40% oxygen at sea level, a
Pa0, of 8 kPa, Sa0, of 90.6%, PaC0, of 6.4 kPa,
mixed venous PO, of 5.2 kPa and mixed venous SO,
of 73.6%, we calculate the shunt as follows.
First, we calculate the alveolar partial pressure of
oxygen from Equation 1.4:

Pa
PAo, = [Flo, x (Pb — 6.3)] — chz
6.4
Pao, = [0.4 x (101325 — 6.3)] - ;0 =30.

From the oxy-haemoglobin dissociation curve, the
estimated saturation of this blood would be 99.9%,
and therefore the oxygen content (Equation 6.5)
would be

@y, = (15 x 1.34 x 0.999)
+(0.0225 x 30) = 20.75.

Then we substitute this value, and the other
calculated values, into Equation 1.6:
20.75 — 18.39
Y= 20751491
This, based on the assumptions outlined above,
puts the shunt in this case at 40.4%.

=0.404

lung are now less compliant, while the alve-
oli below are more compliant. Consequently, in
this phase of inspiration the same small change
in pleural pressure now causes a much smaller
increase in alveolar volume in alveoli above and
a much larger increase in alveolar volume in alve-
oli below. Finally, at the end of inspiration, the
very lowest alveoli start to become more com-
pliant and undergo the largest volume change
(Figure 1.13).

Perfusion. Blood flow also varies in different
regions of the lung. In the upper regions (zone 1),%
alveolar pressure exceeds arterial pressure and units
receive no perfusion (Figure 1.14). In the mid-
lung (zone 2), arterial pressure exceeds alveolar,
and both are greater than venous pressure. Flow
will thus depend on the degree of compression
of the pulmonary capillaries by alveolar pressure.
The greater the arterial pressure, the wider open
the vessels are held, and flow increases. In the
lowest parts of the lung (zone 3), both venous
and arterial pressure exceed alveolar pressure. The
vessel between artery and vein will thus be held
wide open, and flow will relate to the A-V pressure
difference.

Meanwhile, a number of factors can also cause
variation in perfusion. On a macroscopic scale,
blood flow turns out to be relatively homogeneous
throughout the lung, but will always tend to be
greater per unit lung volume in the more depen-
dent part of the lung. This, of course, tends to lead to
better ventilation—perfusion matching during spon-
taneous ventilation as dependent areas also tend to
be better ventilated. On a smaller scale, microvascu-
lar or macrovascular thrombotic occlusion of ves-
sels, or vasoconstriction as a response to regional
hypoxia or to endothelial dysfunction, may all cause
regional falls in blood flow.

8 These are sometimes referred to as West's zones after Professor
John West of the University of California, San Diego, who first
described them.
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A: Prior to the onset of inspiration, alveoli in different parts of the lung are on different parts of the volume/pressure curve because
of the vertical gradient of trans-pulmonary pressure. Alveoli in the highest part of the lung (red), exposed to the largest
trans-pulmonary pressure, have the biggest resting volume, with alveoli below (yellow and green) having progressively smaller
volumes. At the beginning of inspiration, and following a modest increase in trans-pulmonary pressure, which is the same for all
alveoli, the alveoli undergo a volume change that is determined by their position on the volume/pressure curve. Poorly compliant
alveoli at the bottom (green) and middle (yellow) of the lung undergo small or moderate increases in volume, while alveoli near

the top (red) undergo a significant increase in volume.

B: As inspiration progresses, the compliance of alveoli near the top of the lungs starts to fall, while the compliance of alveoli below
starts to increase. Now with a uniform increase in trans-pulmonary pressure, alveoli near the top increase by only a small amount,
while alveoli in the middle undergo a much larger increase in volume.

C: Towards the end of inspiration, the compliance of the lowest alveoli now starts to increase while the compliance of alveoli near
the top continues to decrease. Now the largest volume changes are in the middle and lower parts of the lung, with only very

modest increases in lung volume at the top.

Together, regional differences in the ventilation
and perfusion of lung units will lead to some varia-
tion in V/Q across these units, with values being
higher towards the apex, and lower towards the
bases. However, the fact that nearly all perfused
lung units are also ventilated means that there is
no significant alveolar shunt, and arterial oxygen
tension, when allowing for anatomical shunt, is
close to that predicted of a ‘perfect lung’. While
V/Q matching may prove near ideal and homoge-
neous across lung units in health, this is not the
case in disease. Here, vascular occlusion, vasocon-
striction, endothelial dysfunction and vessel com-
pression by greatly expanded alveolar units may
all cause marked inhomogeneity in V/Q matching.
This may cause marked hypoxaemia. Strategies for
improving oxygenation are discussed in Chapter 3.

Like oxygen, carbon dioxide, which is continually
produced in the tissues and in the lungs, diffuses
down a partial pressure gradient but in the opposite
direction, from pulmonary arterial blood to alveo-
lar gas. As with oxygen, the blood leaving the alve-
olus will have the same partial pressure of carbon
dioxide as the alveolar gas. In the absence of alve-
olar ventilation, carbon dioxide accumulates in the
blood, with a concentration rising by the rate of
production divided by the volume of distribution.
To prevent the accumulation of carbon dioxide and
maintain a steady arterial concentration, alveolar
clearance of carbon dioxide must match systemic
production. So, for example, if the body is produc-
ing 200 mL.min~! of carbon dioxide, alveolar venti-
lation must also eliminate 200 mL.min~!of carbon



As dead space, by definition, does not contribute to
the elimination of carbon dioxide, its volume in
proportion to the tidal volume can be calculated
because we know that

(0, eliminated in alveolar gas

= (0, eliminated in mixed expired gas.
In other words
PAco, x VA= Pico, x VT
which can be rearranged as follows:

P/f\a)2 X VA = PE_(O2 X VT

PA(()2 _ VT

Pico, VA’
but

Vi=Va+ Vo
SO

Vb  Paco, — Pico,

vr o P Aco, '
However, because we can assume that the arterial
partial pressure of carbon dioxide is a reasonable
approximation to the alveolar partial pressure of
carbon dioxide, this becomes

Vo  Pac, — Pk,

788 Paw,

(1.7)

dioxide, and the volume of alveolar gas used to do

this determines the alveolar concentration of car-

bon dioxide as well as the arterial partial pressure
of carbon dioxide (Figure 1.15):
CO; Production(mL/min)

Alveolar ventilation(mL/min)

x 101.325 = Pag, = Pag,.

(1.8)

However, not all of the inspired gas contributes

Capillary in-flow

Capillary in-flow

Capillary in-flow i Capillary out-flow

West's zones.

A: Zone 1. Vertically, at the top of the lung, end-inspiratory
alveolar pressure exceeds both pulmonary arteriolar pressure
(capillary in-flow) and pulmonary venular (capillary out-flow)
pressures, and trans-capillary blood flow only occurs during
end-expiration and early inspiration.

B: Zone 2. In the middle of the lung, pulmonary arteriolar
pressure (capillary in-flow) is greater than end-inspiratory
alveolar pressure which is, in turn, greater than pulmonary
venular (capillary out-flow) pressure. Here trans-capillary blood
flow ceases near end-inspiration and resumes during early
expiration.

C: Zone 3. In the lung base, both pulmonary arteriolar pressure
(capillary in-flow) and pulmonary venular (capillary out-flow)
pressure are greater than end-inspiratory alveolar pressure and
therefore trans-capillary blood flow occurs throughout the
respiratory cycle.

to the alveolar ventilation. Some of the inspired gas
may ventilate alveoli that have no perfusion (that
is, physiological dead space), some will occupy
parts of the respiratory tract that do not
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participate in gas exchange’ (anatomical dead
space), and, in patients receiving respiratory sup-
port, some will occupy the airway interface (equip-
ment dead space). Because only the alveolar vol-
ume (Va) contributes to carbon dioxide clearance,
the tidal volume (Vr) required will be determined
by the size of the total dead space (Vp):

Vr=Va+Vp,+ Vp,., + Vb, (1.9)
but

VD4 + VDypar + VDegpe = VD;
therefore

Vr=Va+ Vbp. (1.10)

° That is, the nose, mouth, pharynx, trachea, bronchi and all
the bronchial divisions down to the bronchioles.

Equation 1.10 applies to each breath, but expressed
as a rate, both sides of the equation must be multi-

plied by the respiratory rate:
fVr= fVa+ fVp, (1.11)

subtracting fVp from both sides of the equation:

fVr— fVp= fVa (1.12)
but
fva=V,
therefore
fVr— fVp=Va (1.13)
f(Vr—Vp)=Va. (1.14)

A number of important observations can be
made from these results. First, from Equation 1.8



we can see that the greater the systemic production
of carbon dioxide, the greater the alveolar ventila-
tion required to maintain a constant arterial partial
pressure of carbon dioxide. Second, from Equation
1.13 we can see that the greater the dead space (Vp),
the greater must be either the tidal volume (Vr)
or the respiratory rate (f) so that constant alveolar
minute ventilation will be maintained. The ratio of
dead space to minute ventilation can be estimated
from the PaCO; and the partial pressure of carbon
dioxide in end-expiratory gas (see Box 1.3). Strate-
gies for improving carbon dioxide elimination are
discussed in Chapter 4.

1. The airways must humidify inspired gases and
remove particulate pollution.

2. The lungs have a dual role in clearing carbon
dioxide and providing oxygen.

. Lung compliance represents the ‘distensibility’

of the lung and alters in disease.

. Compliance may also differ between lung

units.

. Homogeneous and matching ventilation and

perfusion of all lung units would offer perfect
gas exchange.

. There is a heterogeneity of ventilation/perfusion

matching in normal lungs, and this may worsen
in disease.

. Poor V/Q matching causes hypoxaemia and

may also increase the minute ventilation
required for carbon dioxide clearance.

Nunn JF, Lumb AB. Nunn's Applied Respiratory
Physiology, 6th Edn. Butterworth-Heinemann
Ltd, London.
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Hybrid mode ventilation: synchronization.

This algorithm is slightly more complex and may differ in detail between ventilators. In the example illustrated, the mandatory
frequency (SIMV rate) is 6 breaths.min~", with volume-controlled mandatory breaths and pressure support for triggered
breaths.

The mandatory cycle time is divided into two phases. The first phase, which in the Puritan-Bennett SIMV algorithm is 60% of the
mandatory cycle time,” is the trigger window for mandatory breaths. If no breath is triggered during this period, the patient
receives a ventilator-initiated mandatory breath, and for the remaining 40% of the cycle time, the patient may trigger supported
breaths. In the sequence illustrated here, the first breath is a ventilator-initiated mandatory breath (M), and the second is a
pressure-supported breath triggered by the patient. The third breath is also a ventilator-initiated mandatory breath because no
inspiratory activity was detected during the trigger-window for mandatory breaths. The fourth breath, however, is a
patient-triggered mandatory breath (TM) that was initiated early in the trigger-window for mandatory breaths, and the remainder
of the mandatory cycle time now becomes a trigger-window for supported breaths.

Breath synchronization ensures that a mandatory breath, either ventilator-initiated or patient-initiated, occurs once during every
mandatory cycle time.

by creating a negative pressure around the chest  ventilators, are rarely used in general intensive care
wall, which is called negative pressure ventilation, or ~ practice and are discussed in Chapter 19.

the ventilator can increase the pressure at the upper As the respiratory system is elastic, it exhibits the
airway, which is called positive pressure ventilation. property of compliance,® which means that the vol-
Negative pressure ventilators, such as tank or cuirass ~ ume and pressure of the system are interdependent.

8 Compliance = change in volume (AV)/change in pressure
7 Or 10 seconds, whichever is shorter. (AP).
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Volume-driven or pressure-driven inflation.
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Top: The desired tidal volume is set on the ventilator, and the resulting airway pressure excursion is merely observed. Inspiratory
volume is thus the primary, or independent, variable (AV) and the change in airway pressure (AP) resulting from this is the
secondary, or dependent, variable. The value of AP is determined by the compliance of the respiratory system, which is given by
AV/AP. If the compliance of the respiratory system falls, AV remains constant but AP increases.

Bottom: The desired inflating pressure is set on the ventilator, and the tidal volume that this delivers is merely observed. The
change in airway pressure is thus the primary, or independent, variable (AP) and the volume change (AV) resulting from this is
the secondary, or dependent, variable. The value of AV is determined by the compliance of the respiratory system, which is given
by (AV/AP). If the compliance of the respiratory system falls, AP remains constant but AV falls.

Changing the gas volume in the respiratory sys-
tem will result in a pressure change that depends
on the compliance. Conversely, changing the pres-
sure in the respiratory system will result in a vol-
ume change that similarly depends on the com-
pliance. In each case, one variable is the primary,
independent variable whose change in value is pre-
determined, and the other is the secondary, depen-
dent variable whose change in value can only be
measured. In other words, to effect positive pres-
sure ventilation, we can either choose to deliver
a predetermined volume and accept the pressure
change that this causes, or effect a predetermined

pressure change and accept the volume that this
delivers (Figure 5.7). Originally, positive pressure
ventilators were designed with one or more driv-
ing mechanism. Those in which the tidal volume
was the set variable became known as ‘volume-
controlled’ machines, and were preferred in Europe,
while those in which the inflating pressure was the
set variable became known as ‘pressure-controlled’
machines and for historical reasons were more
popular in North America. Subsequent generations
of ventilator designs combined the capacity to
deliver volume-controlled or pressure-controlled
breaths in the same machine, and the terms retained
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Pressure/time (red), flow/time (yellow) and volume/time (green) curves for volume-controlled breaths with an inspiratory time
of 2 seconds, an expiratory time of 4 seconds, and a respiratory rate of 10 breaths.min=" respectively.

On the left, there is no end-inspiratory pause and inspiratory flow continues right up to the time of expiratory cycling.

On the right, although the inspiratory tidal volume is the same, inspiratory flow terminates after 1.3 seconds, leaving an

end-inspiratory pause of 0.7 seconds. Note the differences in the profiles for pressure, flow and volume compared to their profiles
when there is no end-inspiratory pause. In particular, note that the peak airway pressure is higher, and during the pause drops to a
shoulder value. Also, the peak inspiratory flow is higher.

value because they specified certain characteristics
of the inflation phase (Table 5.1).

With a volume-controlled inflation, the tidal vol-

ume is preset and the ventilator generates the flow

required to deliver this volume in the available
inspiratory time, with the airway pressure being
entirely dependent on the resistance and compli-
ance of the respiratory system. In its classical form,
this is achieved by delivering a constant inspi-
ratory flow for a fixed period of time (square
wave profile, Figure 5.8), but some ventilators now
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Pressure profile of a volume-controlled breath with an end-inspiratory pause.

In this illustration, the pressure baseline is above zero (atmospheric pressure) because the patient is receiving a positive
end-expiratory pressure (PEEP). At the start of inflation, the airway pressure immediately rises because of the resistance to gas flow
(A), and at the end of inspiratory gas flow the airway pressure immediately falls by the same pressure (A) to an inflexion point.
Thereafter, the airway pressure more gradually declines to the plateau pressure. The loss of airway pressure after the inflexion (B)

is due to gas redistribution and tissue deformation.

have the option of delivering the inflation with
decelerating inspiratory flow. After an initial sud-
denrise in pressure, caused by resistance to gas flow,
pressure increases gradually throughout the inspira-
tory phase to reach a peak at the end of inspiration
(Figure 5.9). Lung volume increases progressively
and uniformly.

Volume-controlled inflation has the advantage of
a predictable tidal volume that remains constant
with varying respiratory system compliance and
resistance, thereby ensuring a stable arterial par-
tial pressure of carbon dioxide (PaCO;) and pH.
The disadvantage is that maximum airway pres-
sure is not directly controlled and the lungs may
be exposed to excessive and potentially damag-
ing pressures. The airway pressure alarm cannot
be used to limit pressures on a breath-by-breath
basis because whenever the high airway pressure
alarm is activated, the ventilator immediately cycles
to expiration. To address this problem, some ven-
tilators now allow an inspiratory pressure limit to

be set for volume-controlled breaths,® which pre-
vents the inspiratory pressure from exceeding the
set limit without cycling into expiration and termi-
nating inspiration prematurely.

The constant inspiratory flow rate that is asso-
ciated with most volume modes may be a cause
of patient discomfort and what is termed patient-
ventilator asynchrony.'® In patients who are making
spontaneous breathing efforts that trigger the ven-
tilator, the inspiratory flow rate in a volume mode
needs to be set to match the patient’s desired flow
rate. If the flow rate is set too low, the patient will

° This is done either overtly as an upper pressure limit that is set
separately from the peak pressure limit, or covertly by never
allowing ventilator-generated pressures to come within 5 cm
H, O of the upper pressure limit. Unless the user is very
familiar with a ventilator that operates in this way, the latter
can cause consternation because when the airway pressure
reaches this unapparent ceiling, the ventilator issues an
advisory warning that the pre-set tidal volume could not be
delivered. However, inspection of the pressure/time profile
shows that the airway pressure never exceeds the pressure
alarm limit.

10 This is also referred to as ‘fighting the ventilator’.



experience discomfort because of flow restriction.
The patient will respond by trying to increase inspi-
ratory flow rate by generating a greater spontaneous
effort, but as the flow rate is constant, the result is
that a large negative pressure is generated in the air-
way without any increase in inspiratory flow.

In pressure-controlled inflation, the airway pressure
generated during inspiration is set with the result-
ing tidal volume depending upon the respiratory
system compliance and resistance. Airway pressure
rapidly increases to a maximum and is then held
at this pressure for the duration of the inspiratory
phase. The initial rate of rise of the airway pressure
to the maximum pressure is termed the rise time and
can be adjusted on most ventilators. The inspiratory
flow that results from the increase in airway pressure
also rises very rapidly to a peak and declines in an
exponential manner (decelerating inspiratory flow)
aslungvolume increases. The lungvolume increases
rapidly in the early part of inspiration when flow is
high (Figure 5.10).

The advantages of pressure modes include that
the airway pressure is limited because it will not
exceed the set value. This may improve safety in
terms of the risk of barotrauma. In addition, the
flow profile of pressure modes is associated with
enhanced patient comfort. Flow is not preset the
way it is in the volume modes but depends upon
the setinspiratory pressure, respiratory system resis-
tance, respiratory system compliance and patient
effort. If the patient makes a greater effort during
inspiration, there will be a corresponding increase
in flow rate. There is no restriction of inspiratory
flow in pressure modes, which is in contrast to
volume modes. Pressure control may be associated
with improved gas exchange compared to volume
control because there is more rapid filling of the
lungs in the early part of inspiration.

The main disadvantage of pressure modes is
that tidal volume, and therefore minute volume,

are not controlled and will vary according to res-
piratory compliance and resistance. Tight con-
trol of PaCO; and pH may be difficult without
a high degree of vigilance and frequent adjust-
ment of the ventilator. In addition, it may be
difficult to ensure maintenance of tidal volume
within appropriate limits, particularly if the res-
piratory system compliance and resistance change
rapidly. Thus a sudden improvement in compli-
ance may result in the delivery of excessive tidal
volumes.

Pressure modes of ventilation have become
increasingly popular over the last decade although
there is little evidence that the choice of ventila-
tor mode has a significant impact upon patient

outcome.

Modern microprocessor-based ventilators equip-
ped with rapidly responding valves and sensors can
not only mimic the characteristics of the original
volume-controlled or pressure-controlled breaths,
but can now use secondary parameters to limit or
augment gas delivery either during a breath or in
subsequent breaths. Most intensive care ventilators
now offer dual parameter modes that combine
the volume guarantees of volume-controlled ven-
tilation with the pressure and flow characteristics
of pressure-controlled ventilation. This additional
sophistication means that to adequately describe
the parameters that contribute to tidal volume and
airway pressure in some types of breath, the original
terminology is no longer sufficient. These more
complex breaths are in fact best characterized by
describing the parameter that is manipulated to
drive inflation as the ‘control’ parameter, while the
parameter that is measured to provide feedback to
limit or augment the control parameter is described
as the ‘target’ or ‘limit’ parameter, depending
on whether the breath is pressure-controlled



¢ C
A N
T T T, T,
— —
A e A .
g
a f "P.m TR A B
& ' Inflating v v
* | ' pressure Y V4 y
¥ : v. Iy | 1/
End-expiratory pressure
b . -
Lt L >
Rise time A
A o A 4
Peak inspiratory flow { :
' ho) B
i
z 5
S 1= . [N |
w
> A
i Ld
A A
Tidal volum ‘ A
[
5 7\ 7 4
S / \ Tidal /
I volume| {
| |
x>
>

Time

Pressure-controlled inflation.

Left: Pressure/time (red), flow/time (yellow) and volume/time (green) curves for pressure-controlled inspiration. The breath is
targeted to a pressure that is set on the ventilator either as the inflating pressure!! (P;,¢) or maximum airway pressure!? (Ppax).
The former is more useful because (1) it allows the user to set the pressure that determines the tidal volume as a primary variable,
and (2) it allows changes to be made to the end-expiratory pressure (Pgr) without affecting the inflating pressure. The inflating
pressure, maximum airway pressure (Pmax) and the end-inspiratory pressure are inter-dependent as follows:

Pmax = Pinf + Pee-

Users must be aware that some manufacturers do not allow the same parameters to be set between mandatory and triggered
pressure-controlled breaths. For example, one manufacturer sets mandatory breaths as Pmax and Pg, but triggered breaths as Py
and Per.

Right: In pressure-controlled breaths, the user often has control of the time taken for the airway pressure to rise from the baseline
to the maximum, known as the rise time. With a very short rise time (A), the peak inspiratory flow is very high, while with a much
slower rise time (B), the peak inspiratory flow is much lower.

or volume-controlled, respectively. For exam-  decreased based on the volume of gas delivered
ple, a breath where the inspiration is driven by = would be called a ‘pressure-controlled, volume-
pressure but where this pressure is increased or  targeted’ breath. This feedback can either be used

11 Also called inspiratory pressure (P, Puritan-Bennett),
support pressure (Psupp, Puritan-Bennett), AP (Draeger) and 12° Also, rather confusingly, called inspiratory pressure
pressure support above PEEP (PSAP, Draeger). (Pinsp, Draeger).
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Effect of a pressure-limit on a volume-controlled breath.

The figure shows the pressure/time profile for two volume-controlled breaths. On the left, the breath is not pressure-limited, and
shows the expected profile. On the right is the same breath in terms of tidal volume and inspiratory flow, but now the activation of
a pressure-limit has prevented the airway pressure reaching the previous peak value. This pressure limitation means that flow has
needed to continue until the end of the inspiratory time, and it may not have been possible for the ventilator to deliver the desired

tidal volume.

instantaneously to influence gas delivery within
the same breath (intra-breath), or can be used
to influence gas delivery in the following breath
(inter-breath). In the case of volume-controlled
breaths, in which pressure is expected to vary
during inspiration (Figure 5.11), the addition of
a ‘pressure limit’ provides a means of limiting the
peak pressures, while trying to maintain a constant
inspiratory volume.

Ventilation modes do not conform to any inter-
nationally agreed terminology, allowing ventilator
manufacturers to use the same or similar names for
modes that operate in quite different ways, or, in
deference to trademark laws, to use completely dif-
ferent names for modes that operate in very similar
ways (Box 5.3). Broadly speaking, modes fall into
four categories, as described above: mandatory, trig-
gered, spontaneous and hybrid modes (Table 5.3).

Within these categories the wide and often con-
fusing range of positive pressure ventilation modes
offered by the modern intensive care ventilator can
be understood by considering the following key
elements:

In mandatory breaths (if present)

- What determines inspiratory cycling?

- What drives inflation (control parameter) and
what is the breath targeted to or limited by?

- Is feedback intra-breath or inter-breath?

- What determines expiratory cycling?

In triggered breaths (if present)

- What breath types are present?
Mandatory-pattern, supported or both?

- In supported breaths (if present), what drives
inflation (control parameter) and what is the
breath targeted to or limited by?

- Is feedback intra-breath or inter-breath?

- What determines expiratory cycling?

Are spontaneous breaths accommodated and if

so, when?



Example 1: Pressure-targeted breaths with trigger inspiratory cycling are called ressure supportby most
ventilator manufacturers except one, which uses the term ssisted spontaneous breathingfor its ventilators

marketed in Europe.

Example 2: ynchronised intermittent mandatory ventilationis now a dual-control inspiratory cycling mode in
which the breaths with mandatory inspiratory cycling are either volume- or pressure-targeted.
The classic description of SIMV in the literature describes a mode in which volume-targeted breaths are
delivered either with mandatory inspiratory cycling, or synchronised with the patient inspiratory effort
providing this occurred within a rigger window Unlike modern implementations of SIMV, however, respiratory

activity that occurred outside the trigger window was not supported.

In one version of SIMV currently on the market breaths that occur with triggered inspiratory cycling, which are
pressure-targeted, can completely suppress mandatory inspiratory cycling which generates volume-targeted

breaths.

Example 3: One manufacturer uses the term BiPAP and another uses the term BIPAP and these are substantially

different modes of ventilation.

Continuous Mandatory Ventilation (CMV) is the
simplest mode of ventilatory support (Table 5.4).
The tidal volume and frequency are fixed and there
is no synchronization with the patient’s respiratory
efforts. No additional breaths can be triggered. It
is the mode of ventilatory support typically used
during general anaesthesia when the patient has
received a muscle relaxant. Intensive care ventilators
can be made to function in CMV mode by disabling
the trigger, although this would cause significant
discomfort if the patient made an inspiratory effort.
This mode is now rarely used in modern intensive
care practice.

Intermittent mandatory ventilation is now of his-
torical interest only and was developed from CMV to
allow patients to breath spontaneously in between
the mandatory breaths. Initially, this was achieved
by inserting a one-way valve connected to a simple
breathing circuit with a reservoir bag to the inspira-
tory limb of the ventilator breathing circuit. IMV
was developed as a method of weaning patients
from the ventilator,!'l which would be achieved by
progressively reducing the preset frequency while

the patient increased the number of spontaneous
breaths.

Pressure control is analogous to CMV, but an
inspiratory pressure rather than tidal volume is pre-
set (Table 5.4). Cycling is always by time, which may
be directly set or derived from the set frequency and
I:E ratio. Respiratory rate is set and there is no ability
to trigger additional breaths.

Volume-targeted pressure control combines the
benefits of volume and pressure control (Table 5.4).
The volume is set, but rather than being delivered
as a constant flow rate for a set period of time,
it is delivered as a pressure-controlled breath with
a square wave of pressure and a decelerating flow
rate. Tidal volume is guaranteed with minimum air-
way pressure. The algorithm used varies according
to the individual ventilator but typically the ven-
tilator delivers an initial volume-controlled breath
to assess the lung mechanics. The next breath is
then delivered as a pressure-controlled breath to
achieve the set tidal volume. The tidal volume is
monitored on a breath-by-breath basis and the air-
way pressure constantly adjusted to ensure that
the desired volume is delivered. If the compliance



Mandatory breaths
Inspiratory cycling Time
Control Volume?®
Target/Limit =
Feedback =
Expiratory cycling Time
Triggered breaths
Types

Supported breaths
Control =
Target =
Feedback =
Expiratory cycling =
Spontaneous breaths
During mandatory

None

Not accommodated®

inspiration
Otherwise Not accommodated
Synonyms IPPV (Draeger?), Controlled
Mandatory Ventilation or
(historically) Control Mode
Ventilation
Notes

Time
Volume

Time

None

Not accommo-
dated
Accommodated

Intermittent
Mandatory
Ventilation

a: Viasys default is for decelerating flow, but constant flow is an option.

Time

Volume
Pressure-limited
Intra-breath
Time

None

Not accommo-
dated

Not accommo-
dated

IPPV (Draeger®)

Time

(Pressure)
Volume-targeted
Inter-breath
TimeP

None

Accommodated
Accommodated

IPPV (Draeger’)

b: Viasys offers an option for flow cycling (called Flow Cycle) with an adjustable expiratory cycling threshold of 0% to 45% peak
inspiratory flow. The default setting is for this to be set to 0% (off) and for expiratory cycling to be time-based.

¢: Accommodated with Viasys” Intra-Breath Demand System that supports inspiratory effort from the patient and even provides
inspiratory support.

d: With Flowtrigger OFF, AutoFlow OFF and pressure-limited Ventilation OFF. If Flowtrigger is ON, mode behaves as assist-control. If
AutoFlow is ON, mode behaves as pressure-controlled, volume-targeted.

e: With Flowtrigger OFF, AutoFlow OFF and pressure-limited Ventilation ON. If Flowtrigger is ON, mode behaves like assist-control. If
AutoFlow is ON, mode behaves as pressure-controlled, volume-targeted. If inspiratory pressure is limited, the set tidal volume may
not be delivered, generating a ‘volume not constant” alarm.

f: With Flowtrigger OFF and AutoFlow ON (pressure-limited Ventilation N/A). If Flowtrigger is ON, mode behaves like assist-control. If
inspiratory pressure is limited, the set tidal volume may not be delivered, generating a ‘volume not constant’ alarm. Accommodated
with Draeger’s AutoFlow that supports inspiratory effort from the patient.

changes, the pressure will progressively increase or
decrease (usually in 2 to 3 cm H,O increments)
in order to maintain the tidal volume. With dual
parameter breaths, there is a limit to which the
airway pressure can be increased, which is typ-
ically 5 to 10 cm H,O below the peak airway
pressure alarm setting, but it varies according to

the ventilator. Dual parameter breaths function
well for most patients, although some may not
cope well when there are marked changes in com-
pliance between breaths. This may occur in the
patient who makes occasional large respiratory
efforts due to the respiratory depressant effects of
opiates.



In pressure support, spontaneous breathing is
assisted with an increase in airway pressure fol-
lowing each inspiratory effort (Table 5.5). The
difference between the expiratory pressure and
inspiratory pressure is the level of pressure support.
The patient’s spontaneous efforts set the respiratory
rate so pressure support can only be used in patients
with an adequate respiratory drive. Pressure sup-
port may be combined with a back-up controlled
mode (either pressure or volume), termed apnoea
ventilation, which will be activated if the patient
makes no respiratory effort for a preset time (e.g.
15-30 seconds). Pressure support was introduced
as a method of partial ventilatory support to assist
with weaning but is increasingly used as a method
of full support in patients with a normal respiratory
drive.

In pressure support, expiratory cycling is primar-
ily determined by the change in inspiratory flow.
The pressure support is maintained until the inspi-
ratory flow rate falls to a predetermined level. For
most ventilators cycling occurs when the inspira-
tory flow rate falls to 25% of the peak inspiratory
flow rate. Some ventilators allow the flow threshold
for expiratory cycling to be adjusted between 10%
and 90% of the peak flow rate rather than default
to a value of 25%. Increasing the threshold may
be appropriate in patients with high airway resis-
tance such as COPD while a lower threshold may
be indicated in patients with poor lung compliance.
In COPD, the associated high airways resistance
is associated with a low peak inspiratory flow rate
that falls only slowly and is still above 25% of peak
inspiratory flow when the patient starts to exhale.
The patient therefore has to actively exhale against
the pressure support to reduce inspiratory flow
rate and cause the ventilator to cycle to expiration.
Active exhalation may be detected by observing the
patient during expiration or from noting an increase
in airway pressure above the set pressure support

level towards the end of the inspiratory phase.
This is associated with an increase in the expi-
ratory work of breathing and significant patient
discomfort. Increasing the threshold flow rate for
cycling allows expiration to occur at an earlier
stage and avoids the patient having to actively
exhale.

Expiratory cycling is impaired if there is a sig-
nificant leak in the circuit as the inspiratory flow
rate may not fall to the trigger level, with the result
that the inspiratory phase could be extremely pro-
longed. For this reason, pressure support will also
cycle to expiration after a default time that is usually
between 2 and 3 seconds. Pressure support may be
used as the sole method of ventilatory support or
combined with SIMV to support additional sponta-
neous breaths. Inspiratory time is not set in pressure
support, and when patients are changed from pres-
sure control to pressure support ventilation there
may be a deterioration in gas exchange due to a sig-
nificant fall in inspiratory time.

Volume-targeted pressure support (volume
support) is a modification of pressure support
and can be considered a dual parameter mode
applied to a support mode (Table 5.5). This is a
triggered mode and the patient needs to have an
adequate respiratory drive and be able to trigger
ventilator breaths. Rather than set an inspiratory
pressure as in pressure support, the minimum
tidal volume is set. Whenever the patient makes
an inspiratory effort, the ventilator will deliver a
pressure-supported breath with an appropriate air-
way pressure to achieve the desired tidal volume. If
in subsequent breaths the tidal volume is excessive,
the level of pressure support will be automatically
adjusted. Theoretically, this mode should automat-
ically reduce the level of pressure support as the
patient becomes more active resulting in automated
weaning. However, there is limited experience in
clinical trials to assess if this mode is effective in
shortening the process of weaning.



Mandatory breaths
Inspiratory cycling -
Control =
Target =
Feedback =
Expiratory cycling =
Triggered breaths
Types

Supported breaths

Control Pressure?
Target/Limit -
Feedback =
Expiratory cycling Flow®

Spontaneous breaths
During mandatory inspiration =

Otherwise =

Synonyms Assisted Spontaneous Breathing
(Draeger), Spontaneous mode
(Hamilton, Puritan-Bennett),
Pressure support (Maquet),
CPAP (Respironic), Pressure
Support Ventilation (Viasys)

Notes

Supported breaths only

Supported breaths Supported breaths
only only

(PressureP)

Flow and volume
Intra-breath
Flow®

(PressureP)
Volume-targeted
Inter-breath
Flow¢

Volume Support
(Maquet,
Puritan-Bennett)

Proportional assist
ventilation,
Proportional
Pressure Support
(Draeger),
Proportional Assist
Ventilation Plus
(Puritan-Bennet)

a: Set as Pasg (Draeger), Psypport (Hamilton), PS (Maquet), Psypp (Puritan-Bennett) or PSV (Respironics, Viasys) relative to PEEP.

b: Pressure not set by user.

¢: Threshold fixed (Draeger) or variable (Hamilton, Maquet, Puritan-Bennett, Respironics, Viasys). May also have secondary (pressure)

and tertiary (time) expiratory cycling criteria.

Proportional assist'> ventilation!?! is a triggered
mode which is similar to pressure support in that
each inspiratory effortis supported by an increase in
airway pressure (Table 5.5). However, the degree of
support varies according to patient effort such that
with increasing patient effort more support is pro-
vided. It has been described as the ventilator equiv-
alent of power steering. By contrast, pressure sup-
portis an all-or-nothing mode; whatever the patient

13 proportional Assist Ventilation® and PAV® are registered
trademarks owned by the University of Manitoba.

effort, the amount of support in terms of airway
pressure generated is identical.

For a given inspiratory airway pressure, the flow
rate will increase if the patient’s inspiratory effort
increases. During PAV, the inspiratory support that
is delivered is in proportion to the inspiratory flow
rate and therefore patient effort. There are two main
forces to overcome when breathing in: the resistance
of the airways and breathing circuit and the elastic-
ity of the chest wall and lung. In PAV, the support
thatisapplied atany time point duringinspiration is



in proportion to the work required to overcome the
individual resistive and elastic forces. To offload the
resistive work, pressure is applied in proportion to
the flow rate (cm.L7's7!), and to offload the elas-
tic work, pressure is applied in proportion to the
volume inhaled (cm.L~1). To apply PAV correctly,
the resistance and elastance need to be known. The
degree of support applied is then set as a percentage
between 0% and 90%. Levels of support above 90%
are not applied due to the risk of amplification or
‘runaway’. This describes the circumstances when
the support applied is greater than that needed
to offload the work of breathing such that lung
volume continues to increase uncontrollably even
when inspiratory effort has stopped.

PAV has been associated with improved patient
comfort when compared to pressure support. The
main limitation has been the requirement to have
an accurate estimate of resistance and compliance
to ensure correct application.

The only spontaneous mode that can be delivered
from a ventilator is continuous positive airway pres-
sure (CPAP) which is discussed in more detail in
Chapter 3.

In assist volume control the patient is able to trigger
ventilator breaths (Table 5.6). Tidal volume and fre-
quency are setasin CMV. However, the set frequency
should be considered as the minimum or back-up
rate that the ventilator will deliver if the patient
makes no respiratory efforts when the mode is effec-
tively identical to CMV. However, if the patient
makes an inspiratory effort, the ventilator delivers
a breath of the set tidal volume. The frequency is
therefore dictated by the patient’s efforts as long as
itis above the preset value. Assist control can there-
fore act as a fully controlled mode if the patient
makes no efforts orasupportmodeifthe patient has
a normal respiratory drive. Assist volume control

is the most common mode of ventilatory support
used worldwide. When appropriately set, it will sig-
nificantly reduce the patient’s work of breathing. In
order to ensure patient comfort, the inspiratory flow
rate needs to be carefully set to match the patient’s
demands. The main disadvantage of assist volume
control is that inappropriate hyperventilation may
occur in patients with a high respiratory drive.

Assist Pressure Control is the pressure-targeted
version of assist (volume) control. The rate, inspi-
ratory pressure and inspiratory time are set as in
pressure control. As in assist volume control, the set
respiratory rate acts as a minimum or back-up rate.
Whenever the patient makes an inspiratory effort,
the ventilator will deliver a pressure breath, and if
the patient’s own respiratory rate is greater than the
set rate, all breaths will be patient-triggered. The
duration of inspiration is dictated by the set inspi-
ratory time.

Synchronized intermittent mandatory ventila-
tion (Table 5.7) was the natural development of IMV
and was designed to synchronize the mandatory
breaths with the patient’s inspiratory effort, when
this occurred within a trigger window immediately
priorto the time the mandatory breath was due to be
given. In the absence of an inspiratory effort from
the patient, the mandatory breath is delivered to
ensure the set frequency is achieved.

As originally described, SIMV was volume-
controlled and inspiratory efforts that did not occur
within the trigger window were unsupported. This
is an important distinction to the modern imple-
mentation of SIMV, which is almost always used
in conjunction with pressure support for inspi-
ratory efforts outside the trigger window (SIMV
+ PS), which may have a significant bearing on
the assessment of SIMV as a weaning mode.l’!
More recently manufacturers have implemented a
pressure-targeted version of SIMV.

The difference between assist control and SIMV
is that in assist control there is only one type of
breath delivered by the ventilator while in SIMV



Mandatory breaths

Inspiratory cycling Time or trigger

Control Volume
Target =
Feedback =
Expiratory cycling Time

Triggered breaths
Types Mandatory-pattern only
Supported breaths

Control =

Target =

Feedback =

Expiratory cycling =

Spontaneous breaths

During mandatory inspiration:
Otherwise

Synonyms

Not accommodated®

IPPVassist (Draegerd),

Time or trigger Time or trigger

Pressure? (Pressure®)

= Volume-targeted
= Inter-breath
Time Time

Mandatory-pattern
only

Mandatory-pattern
only

Accommodated Accommodated

BIPAP,ssist (Draeger),  Adaptive Pressure

Synchronized Controlled
Mandatory Ventilation
(Hamilton), Volume Control
(Maquet), VCV-A/C
(Puritan-Bennett, Respironics),
Volume A/C (Viasys)

P-CMV (Hamilton),
Pressure Control
(Maquet), PCV-A/C
(Puritan-Bennett,
Respironics),
Pressure A/C
(Viasys)

Ventilation CMV
(Hamilton), Pressure
Regulated Volume
Control (Maquet),
VC+ A/C
(Puritan-Bennett),
Pressure Regulated

Notes

Volume Control A/C
(Viasys), IPPV Assist
Autoflow (Draeger)

a: Set as Pipsp (Draeger) or PRESSURE (Respironics) relative to atmospheric pressure. Set as Py (Hamilton), PC (Maquet), Py

(Puritan-Bennett), Insp Pres (Viasys) relative to PEEP.
b: Not set by user.

¢: Accommodated in the Maquet implementation by switching to pressure support while the patient demand exceeds that predicted

for the volume-control breath.

d: With Flowtrigger ON. With Flowtrigger OFF, mode becomes IPPV.

there are two types of breath administered: manda-
tory breaths (volume or pressure) according to the
set frequency, and additional triggered breaths are
either unsupported or supported with pressure sup-
port.

In its simplest form, bi-level ventilation can be
likened to a form of CPAP in which the level of
CPAP cycles between two different pressures with

the phase transitions synchronized to the patient’s
inspiration and expiration (Table 5.8). The patient’s
spontaneous breathing activity is unsupported and
the user simply sets the duration (Thign) and pres-
sure (Ppign) for the high-pressure phase as well as
the duration (Tjow) and pressure (PEEP) for the
low-pressure phase. More recent implementations
of the bi-level concept have added pressure support





