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“To my parents’



Preface to the Second Edition

Simplify, simplify!
Henry David Thoreau

For writers of technical books, there can be no better piece of
advice.

Around the time of writing the first edition — about a
decade ago — there were very few monographs on this sub-
ject: today, there are possibly no less than 20.

Based on critical inputs, this edition stands thoroughly
revamped. New chapters on ventilator waveforms, airway
humidification, and aerosol therapy in the ICU now find a
place. Novel software-based modes of ventilation have been
included. Ventilator-associated pneumonia has been sepa-
rated into a new chapter. Many new diagrams and algorithms
have been added.

As in the previous edition, considerable energy has been
spent in presenting the material in a reader-friendly, conver-
sational style. And as before, the book remains firmly rooted
in physiology.

My thanks are due to Madhu Reddy, Director of Universities
Press — formerly a professional associate and now a friend, P.
Sudhir, my tireless Pulmonary Function Lab technician who
found the time to type the bits and pieces of this manuscript
in between patients, A. Sobha for superbly organizing my
time, Grant Weston and Cate Rogers at Springer, London,
Balasaraswathi Jayakumar at Spi, India for her tremendous
support, and to Dr. C. Eshwar Prasad, who, for his words of
advice, I should have thanked years ago.
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Above all, T thank my wife and daughters, for
understanding.

Hyderabad, India Ashfaq Hasan



Preface to the First Edition

In spite of technological advancements, it is generally agreed
upon that mechanical ventilation is as yet not an exact science:
therefore, it must still be something of an art. The science
behind the art of ventilation, however, has undergone a revolu-
tion of sorts, with major conceptual shifts having occurred in
the last couple of decades.

The care of patients with multiple life-threatening problems
is nothing short of a monumental challenge and only an envied
few are equal to it. Burgeoning information has deluged the
generalist and placed increasing reliance on the specialist, some-
times with loss of focus in a clinical situation. Predictably, this
has led to the evolution of a team approach, but, for the novice
in critical care, beginning the journey at the confluence of the
various streams of medicine makes for a tempestuous voyage.
Compounding the problem is the fact that monographs on spe-
cialized areas such as mechanical ventilation are often hard to
come by. The beginner has often to sail, as it were, “an uncharted
sea,” going mostly by what he hears and sees around him.

It is the intent of this book to familiarize not only physicians,
but also nurses and respiratory technologists with the concepts
that underlie mechanical ventilation. A conscious attempt has
been made to stay in touch with medical physiology through-
out this book, in order to specifically address the hows and
whys of mechanical ventilation. At the same time, this book
incorporates currently accepted strategies for the mechanical
ventilation of patients with specific disorders; this should be of
some value to specialists practicing in their respective ICUs.
The graphs presented in this book are representative and are
not drawn to scale.
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X Preface to the First Edition

This book began where the writing of another was sus-
pended. What was intended to be a short chapter in a hand-
book of respiratory diseases outgrew its confines and expanded
to the proportions of a book.

No enterprise, however modest, can be successful without
the support of friends and well wishers, who in this case are too
numerous to mention individually. I thank my wife for her
unflinching support and patience and my daughters for show-
ing maturity and understanding beyond their years; in many
respects, I have taken a long time to write this book. I also
acknowledge Mr. Samuel Alfred for his excellent secretarial
assistance and my colleagues, residents, and respiratory thera-
pists for striving tirelessly, selflessly, and sometimes thanklessly
to mitigate the suffering of others.

Ashfaq Hasan, 2003
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Chapter 1

Historical Aspects of
Mechanical Ventilation

As early as in the fifth century Bc, Hippocrates, described a
technique for the prevention of asphyxiation. In his work,
“Treatise on Air,” Hippocrates stated, “One should introduce
a cannula into the trachea along the jawbone so that air can be
drawn into the lungs.” Hippocrates thus provided the first
description of endotracheal intubation (ET).*!

The first form of mechanical ventilator can probably be
credited to Paracelsus, who in 1530 used fire-bellows fitted
with a tube to pump air into the patient’s mouth. In 1653,
Andreas Vesalius recognized that artificial respiration could
be administered by tracheotomising a dog.** In his classic,
“De Humani Corporis Fabricia,” Vesalius stated, “But that
life may ... be restored to the animal, an opening must be
attempted in the trunk of the trachea, in which a tube of reed
or cane should be put; you will then blow into this so that the
lung may rise again and the animal take in air... And also as
I do this, and take care that the lung is inflated in intervals,
the motion of the heart and arteries does not stop....”

A hundred years later, Robert Hooke duplicated Vesalius’
experiments on a thoracotomised dog, and while insufflating
air into an opening made into the animal’s trachea, observed
that “the dog... capable of being kept alive by the reciprocal
blowing up of his lungs with Bellows, and they suffered to
subside, for the space of an hour or more, after his Thorax had
been so displayed, and his Aspera arteria cut off just below the
Epiglottis and bound upon the nose of the Bellows.”!! Hooke
also made the important observation that it was not merely

A.Hasan, Understanding Mechanical Ventilation, 1
DOI: 10.1007/978-1-84882-869-8_1,
© Springer-Verlag London Limited 2010



2 Chapter 1. Historical Aspects of Mechanical Ventilation

the regular movement of the thorax that prevented asphyxia,
but the maintenance of phasic airflow into the lungs. What was
possibly the first successful instance of human resuscitation by
mouth-to-mouth breathing was described in 1744 by John
Fothergill in England.

The use of bellows to resuscitate victims of near-drowning
was described by the Royal Humane Society in the eigh-
teenth century.”’ The society, also known as the “Society for
the Rescue of Drowned Persons” was constituted in 1767, but
the development of fatal pneumothoraces produced by vigor-
ous attempts at resuscitation led to subsequent abandonment
of such techniques. John Hunter’s innovative double-bellows
system (one bellow for blowing in fresh air, and another for
drawing out the contaminated air) was adapted by the Society
in 1782, and introduced a new concept into ventilatory care.

In 1880, the endotracheal route was used, possibly for the
first time, for cannulation of the trachea, and emerged as a
realistic alternative to tracheotomy.! Appreciation of the fact
that life could be sustained by supporting the function of the
lungs (and indeed the circulation) by external means led to
the development of machines devised for this purpose. In
1838, Scottish physician John Dalziez described the first tank
ventilator. In 1864 a body-tank ventilator was developed by
Alfred Jones of Kentucky.” The patient was seated inside an
air-tight box which enclosed his body, neck downwards.
Negative pressure generated within the apparatus produced
inspiration, and expiration was aided by the cyclical genera-
tion of positive pressure at the end of each inspiratory breath.
Jones took out a patent on his device which claimed that it
could cure not only paralysis, neuralgia, asthma and bronchi-
tis, but also rheumatism, dyspepsia, seminal weakness and
deafness. Woillez’s hand-cranked “spirophore” (1876) and
Egon Braun’s small wooden tank for the resuscitation of
asphyxiated children followed. The former, the doctor oper-
ated by cranking a handle; the latter needed the treating
physician to vigorously suck and blow into a tube attached to
the box that enclosed the patient. In respect of Wilhelm
Shwake’s pneumatic chamber, the patient himself could lend
a hand by pulling and pushing against the bellows.
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In 1929, Philip Drinker, Louis Shaw, and Charles McKhann
atthe Department of Ventilation, Illumination,and Physiology,
of the Harvard Medical School introduced what they termed
“an apparatus for the prolonged administration of artificial
respiration.” This team which included an engineer (Drinker),
a physiologist (Shaw), and a physician (McKhann) saw the
development of what was dubbed “the iron lung.” Drinker’s
ventilator relied on the application of negative pressure to
expand the chest, in a manner similar to Alfred Jones’ venti-
lator. The subject (at first a paralyzed cat, and then usually a
patient of poliomyelitis) was laid within an air-tight iron
tank. A padded collar around the patient’s neck provided a
seal, and the pressure within the tank was rhythmically low-
ered by pumps or bellows. Access to the patient for nursing
was understandably limited, though ports were provided for
auscultation and monitoring.” Emerson, in 1931 in a variation
upon this theme incorporated an apparatus with which it was
possible to additionally deliver positive pressure breaths at
the mouth; this made nursing easier. The patient could now
be supported on positive pressure breaths alone, while the
tank was opened periodically for nursing and examination.

Toward the end of the nineteenth century, a ventilator
functioning on a similar principle as the iron tank was inde-
pendently developed by Ignaz von Hauke of Austria, Rudolf
Eisenmenger of Vienna, and Alexander Graham Bell of the
USA. Named so because of its similarity to the fifteenth cen-
tury body armor, the “Cuirass” consisted of a breast plate and
a back plate secured together to form an air-tight seal. Again,
negative pressure generated by means of bellows (and during
subsequent years, by a motor from a vacuum cleaner) pro-
vided the negative pressure to repetitively expand the tho-
racic cage and so move air in and out of the lungs. The
Cuirass, by leaving the patient’s arms unencumbered, and by

“A rich American financier’s son who developed poliomyelitis during a
visit to China was transported back home in a Drinker-tank by a dozen
caregivers which included seven Chinese nurses. He used the iron lung
for more than two decades during which he married and fathered three
children.
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causing less circulatory embarrassment, offered certain
advantages over the tank respirator; in fact, Eisenmenger’s
Cuirass was as much used for circulatory assistance during
resuscitation as it was for artificial ventilation. Despite its
advantages, the Cuirass proved to be somewhat less efficient
than the tank respirator in providing mechanical assistance to
breathing.

During the earliest years of the twentieth century, advances
in the field of thoracic surgery saw the design of a surgical
chamber by Ferdinand Sauerbruch in 1904. This chamber
functioned much on the same lines as the tank respirator
except that the chamber included not only the patient’s torso,
but the surgeon himself.* Brauer reversed Sauerbruch’s prin-
ciple of ventilation by enclosing only the patient’s head within
a much smaller chamber which provided a positive pressure.
In 1911, Drager designed his “Pulmotor,” a resuscitation unit
which provided positive pressure inflation to the patient by
means of a mask held upon the face. A tilted head position
along with cricoid pressure (to prevent gastric insufflation of
air) aided ventilation. The unit was powered by a compressed
gas cylinder, and used by the fire and police departments for
the resuscitation of victims.'®

Negative pressure ventilators were extensively used dur-
ing the polio epidemic that ravaged Los Angeles in 1948 and
Scandinavia in 1952. During the Scandinavian epidemic,
nearly three thousand polio-affected patients were treated in
the Community Diseases Hospital of Copenhagen over a
period of less than 6 months.'® The catastrophic mortality
during the early days of the epidemic saw the use of the
cuffed tracheostomy tube for the first time, in patients out-
side operating theaters. The polio epidemics in USA and
Denmark saw the development and refinement of many of
the principles of positive pressure ventilation.

In 1950, responding to a need for better ventilators, Ray
Bennet and colleagues developed an accessory attachment
with which it became possible to intermittently administer
positive pressure breaths in synchrony with the negative
pressure breaths, delivered by a tank ventilator.’ The supple-
mentation of negative pressure ventilation with intermittent
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positive pressure breaths did result in a substantial reduction
in mortality.”'>!* Bennet’s valve had originally been designed
to enable pilots to breathe comfortably at high altitudes. The
end of the Second World War saw the adaptation of the
Bennet valve to regulate the flow of gases within mechanical
ventilators.”” Likewise, Forrest Bird’s aviation experiences
led to the design of the Bird Mark seven ventilator.

Around this time, interest predictably focused on the
physiological effects of mechanical ventilation. Courmand
and then Maloney and Whittenberger made important obser-
vations on the hemodynamic effects of mechanical ventila-
tion.">!” By the mid 1950s,the concept of controlled mechanical
ventilation had emerged. Engstrom’s paper, published in
1963, expostulated upon the clinical effects of prolonged con-
trolled ventilation.” In this landmark report, Engstrom stressed
on the “complete substitution of the spontaneous ventilation
of the patient by taking over both the ventilatory work and
the control of the adequacy of ventilation” and so brought
into definition, the concept of CMV. Engstrom developed
ventilator models in which the minute volume requirements
of the patient could be set. Setting the respiratory rate within
a given minute ventilation determined the backup tidal vol-
umes, and the overall effect was remarkably similar to the
IMV mode in vogue today.

Improvements in the design of the Bennet ventilators saw
the emergence of the familiar Puritan-Bennet machines. The
popularity of the Bennet and Bird ventilators in USA (both
of which were pressure cycled) soon came to be rivaled by
the development of volume-cycled piston-driven ventilators.
These volume preset Emerson ventilators better guaranteed
tidal volumes, and became recognized as potential anesthesia
machines, as well as respiratory devices for long-term ventila-
tory support.

Toward the end of the 1960s, with increasing challenges
being presented during the treatment of critically ill patients
on artificial ventilation, there arose a need for specialized
areas for superior supportive care. During this period, a new
disease entity came to be recognized, the Adult Respiratory
Distress Syndrome, or the acute respiratory distress syndrome
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(ARDS) as it is known today. Physicians were confronted
with rising demands for the supportive care of patients with
this condition. The Respiratory Intensive Care Unit emerged
as an important area for the treatment of critically ill patients
requiring intensive monitoring. The use of positive end-
expiratory pressure (PEEP) for the management of ARDS
patients came into vogue, principally through Ashbaugh and
Petty’s revival of Poulton and Barach’s concepts of the 1930s.
A number of investigators staked claim to the development
of the concept of PEEP, but controversy did not preclude its
useful application.!*?!

In 1971, Gregory et al applied continuous positive pressure
to the care of neonates with the neonatal respiratory distress
syndrome (NRDS) and showed that pediatric mechanical
ventilation was possible. Several departures from the original
theme of positive pressure ventilation followed, including the
development of heroic measures for artificial support.'>*

Today’s ventilators have evolved from simple mechanical
devices into highly complex microprocessor controlled systems
which make for smoother patient-ventilator interaction. Such
sophistication has, however, shifted the appreciation of the
ventilator’s operational intricacies into the sphere of a new and
now indispensable specialist — the biomedical engineer.

Of late, resurgence in the popularity of noninvasive posi-
tive pressure breathing and the advent of high frequency
positive pressure ventilation have further invigorated the
area of mechanical ventilation; it also remains to be seen
whether the promise of certain as yet unconventional modes
of ventilation will be borne out in the near future.
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Chapter 2

The Indications
for Mechanical Ventilation

Apart from its supportive role in patients undergoing opera-
tive procedures, mechanical ventilatory support is indicated
when spontaneous ventilation is inadequate for the suste-
nance of life.

The word support bears emphasis, for mechanical ventila-
tion is not a cure for the disease for which it is instituted: it is
at best a form of support, offering time and rest to the patient
until the underlying disease processes are resolved. Results
with mechanical ventilation are consistently better when
mechanical ventilatory support is initiated early and elec-
tively rather than in a crash situation.

The indications for mechanical ventilation may be viewed
as falling under several broad categories (Fig. 2.1).

2.1 Hypoxia

Mechanical ventilation is often electively instituted when it is
not possible to maintain an adequate oxygen saturation of
hemoglobin. While optimization of tissue oxygenation is the
goal, it is rarely possible to reliably assess the extent of fissue
hypoxia. Instead, indices of blood oxygenation may rather
need to be relied upon. Increasing the fraction of inspired
oxygen (FIO,) indiscriminately in an attempt to improve
oxygenation may unnecessarily subject the patient to the
danger of oxygen toxicity (these concepts will be addressed at
a later stage). Mechanical ventilation enables better control

A.Hasan, Understanding Mechanical Ventilation, 9
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Indications for intubation ‘ ‘ Indications for ventilation
* Need to secure airway * Hypoxia: acute hypoxemic
» Depressed sensorium respiratory failure
¢ Depressed airway reflexes * Hypoventilation
e Upper airway instability after * Unacceptably high work of
trauma breathing
* Decreased airway patency * Hemodynamic compromise
* Need for sedation in the * Cardiorespiratory arrest
setting of poor airway * Refractory shock
R, * Raised intracranial pressure

¢ Imaging (CT, MRT) and
transportation of an unstable
patient

® Flail chest

FiGURE 2.1. Indications for intubation & ventilation.

of hypoxemia with relatively low inspired O, concentrations,
thereby diminishing the risk of oxygen toxicity.

2.2 Hypoventilation

A major indication for mechanical ventilation is when the
alveolar ventilation falls short of the patient’s requirements.
Conditions that depress the respiratory center produce a
decline in alveolar ventilation with a rise in arterial CO, ten-
sion. A rising PaCO, can also result from the hypoventilation
that results when fatiguing respiratory muscles are unable to
sustain ventilation, as in a patient who is expending consider-
able effort in moving air into stiffened or obstructed lungs.
Under such circumstances, mechanical ventilation may be
used to support gas exchange until the patient’s respiratory
drive has been restored, or tired respiratory muscles rejuve-
nated, and the inciting pathology significantly resolved
(Fig. 2.2).
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VipZeeEne Guillian Barre Dyserlnei:tsrolyte spondylosis | Obstructive sleep
Hyperoxia syndrome aphea
(Hyperoxic . Poor nutrition
- Botulism
hypoventilation) Respiratory
muscle fatigue

FiGure 2.2. Causes of Hypoventilation.

2.3 Increased Work of Breathing

Another major category where assisted ventilation is used is
in those situations in which excessive work of breathing
results in hemodynamic compromise. Here, even though gas
exchange may not be actually impaired, the increased work
of breathing because of either high airway resistance or poor
lung compliance may impose a substantial burden on, for
example, a compromised myocardium.

When oxygen delivery to the tissues is compromised on
account of impaired myocardial function, mechanical ventila-
tion by resting the respiratory muscles can reduce the work
of breathing. This reduces the oxygen consumption of the
respiratory muscles and results in better perfusion of the
myocardium itself.



12 Chapter 2. The Indications for Mechanical Ventilation

2.4 Other Indications

In addition to these major indications, mechanical ventilation
may be of value in certain specific conditions. The vasoconstric-
tion produced by deliberate hyperventilation can reduce the
volume of the cerebral vascular compartment, helping to reduce
raised intracranial pressures. In flail chest, mechanical ventila-
tion can be used to provide internal stabilization of the thorax
when multiple rib fractures compromise the integrity of the
chest wall; in such cases, mechanical ventilation using positive
end-expiratory pressure (PEEP) normalizes thoracic and lung
mechanics, so that adequate gas exchange becomes possible.

Where postoperative pain or neuromuscular disease limits
lung expansion, mechanical ventilation can be employed to
preserve a reasonable functional residual capacity within the
lungs and prevent atelectasis. These issues have been specifi-
cally addressed in Chap. 9.

2.5 Criteria for Intubation and Ventilation

While the prevailing criteria for defining the need for intuba-
tion and ventilation of a patient in respiratory failure have
met general acceptance, these are largely intuitive and based
upon the subjective assessment of a patient’s condition
(Fig. 2.3 and Table 2.1). See also Chap. 12 .

Objective criteria that are in current use are a forced expi-
ratory volume in the first second (FEV) of less than 10 mL/kg
body weight and a forced vital capacity (FVC) of less than
15 mL/kg body weight, both of which indicate a poor ventila-
tory capability.

Similarly, a respiratory rate higher than 35 breaths/min
would mean an unacceptably high work of breathing and a
substantial degree of respiratory distress, and is recognized as
one of the criteria for intubation and ventilation. A PaCO, in
excess of 55 mmHg (especially if rising, and in the presence
of acidemia) would likewise imply the onset of respiratory
muscle fatigue. Except in habitual CO, retainers, a PaCO, of
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B. In such a case a
normal PaCO, means
that the CO, has begun
to rise back towards
normal as a result of
respiratory muscle
fatigue

A. Hyperventilation
results in PaCO, wash
out, producing
respiratory alkalosis

FiGgure 2.3. PaCQ, in status asthmaticus.

55 mmHg and over would normally reflect severe respiratory
muscle dysfunction.

Documented PaCO, from an earlier stage of the patient’s
present illness may have considerable bearing on the inter-
pretation of subsequent PaCO, levels (Fig. 2.3). For example,
in an asthmatic patient in acute severe exacerbation,
bronchospasm-induced hyperventilation can be expected to
“wash out” the CO, from the blood, producing respiratory
alkalosis. If in such a patient, the blood gas analysis were to
show a normal PaCO, level, this would imply that the
hypoventilation produced by respiratory muscle fatigue has
allowed the PaCO, to rise back to normal. It is important to
realize here, that although the PaCO, is now in the normal
range, it is actually on its way up, and if this is not appreci-
ated, neither the PaCO, nor the patient will stay normal for
very long. A supranormal PaCO, in status asthmaticus
should certainly be a cause of alarm and reinforce the need
for mechanical ventilatory support.

A PaO, of less than 55-60 mmHg on 0.5 FIO, or a widened
A-a DO, gradient (of 450 mmHg and beyond on 100% O,)
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means that the gas exchange mechanisms in the lung are
deranged to a degree that cannot be supported by external
oxygen devices alone, and that intubation and ventilation is
required for effective support.

Itis important to emphasize that the criteria for intubation
and ventilation are meant to serve as a guide to the physician
who must view them in the context of the clinical situation.
Conversely, the patient does not necessarily have to satisfy
every criterion for intubation and ventilation in order to be a
candidate for invasive ventilatory management. Importantly,
improvement or worsening in the trends within these num-
bers provide the key to judgment in a borderline situation. It
must also be pointed out that with the advent of noninvasive
positive pressure ventilation as a potential tool for the treat-
ment of early respiratory failure, some of the criteria for the
institution of mechanical ventilatory support may need to be
revisited. These issues have been discussed in Chap. 13.
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Chapter 3

Physiological Considerations
in the Mechanically
Ventilated Patient

3.1 The Physiological Impact
of the Endotracheal Tube

The volume of the upper airway is approximately 72 mL in
the adult subject.®* An endotracheal tube of 8 mm internal
diameter cuts down this volume by 55-60 mL or by approxi-
mately 1 mL/kg body weight.” By thus reducing the upper
airway volume — and the dead-space — this can increase the
alveolar ventilation. In health, it appears that the volume of
the upper airway can change by as much as 50% by mere
changes in head position. Therefore, the diminution in airway
volume that occurs when an endotracheal tube is placed may
not be greatly beyond the physiological changes that occur in
the innate airway.* In fact, the interposition of a Y-connector
adds approximately 75 mL of dead-space to the circuit, and
so the impact of the endotracheal tube in reducing the dead-
space is largely negated.

One of the important functions of the glottis is to regu-
late the flow of air in and out of the lungs. By varying its
aperture, the glottis retards the rate at which the deflating
lung returns to functional residual capacity (FRC).?’ Since
the glottis, by narrowing during expiration, reduces the rate
of return to FRC but does not influence the dimensions of
the FRC itself, it is unlikely that bypassing the glottis by the
endotracheal tube will result in any reduction in the
FRC.3

A.Hasan, Understanding Mechanical Ventilation, 19
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Poiseuille’s law states that the resistance (R, ) to the flow
of fluids through a long and narrow tube is proportional to
the length of the tube (/) and the viscosity of the fluid (7).

Significantly, resistance is inversely proportional to the
fourth power of the radius (7). This means that small changes in
the radius can have inordinate effects on airway resistance.*

Poiseuille’s law applies to the continuous flow of fluids at
low flow rates (laminar flow) in long straight tubes.

The endotracheal tube, however, is neither long nor
straight. The length of an endotracheal tube is typically
24-26 cm. This length may not suffice for the conditions for
laminar flow to develop, as demanded by Poiseuille’s classic
equation. Bends in the endotracheal tube interfere with lami-
nar flow and produce turbulence, as do the almost ubiquitous
secretions that are adherent to its luminal surface.** Moreover,
the flow within the endotracheal tube is not constant: a high
flow rate engenders further turbulence.

Turbulent rather than laminar flow is therefore the rule in
the endotracheal tube, and this adds to the airflow resis-
tance.** Increased resistance to the airflow translates into
increased work of breathing. Contributing to the work of
breathing, as an independent factor, is the bend in the tube
itself.” The endotracheal tube is especially liable to become
sharply angulated when the nasotracheal route is preferred.
Any kinking of the tube or biting upon it by the patient is
liable to compromise the tubal diameter and has a major
impact on airflow resistance.

Despite the fact that Poiseuille’s equation may not be rel-
evant in its totality in clinical situations, the effect of variation
in endotracheal tube radius can have a tremendous effect on
airway resistance.”

Interestingly, the replacement of the relatively straight endo-
tracheal tube with the shorter but more angulated tracheos-
tomy tube (of an identical internal diameter) appears to confer
no additional advantage with respect to airflow resistance: in
experimental animals, the work of breathing in either situation
remains the same.”” Owing to its shorter length, the tracheos-
tomy tube can be expected to offer less resistance to airflow,
compared to the endotracheal tube. In fact, the additional
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turbulence in airflow produced by the crook in the tracheos-
tomy tube negates the advantage of its shorter length.

4 N\
Box 3.1 Poiseuille’s Law

According to Poiseuille’s law, the resistance to air flow varies
as a function of tube diameter. Poiseuille’s law is summarized
by the equation

R =8nl/ar

a

where R__is the resistance to flow of fluids (in this case, air)
within long and narrow tubes (airways), 1 is the viscosity of
the fluid (air) flowing within the tubes (airways), r is the
radius of the tubes (airways).

In the clinical context, the length of the airways and the
viscosity of the air cannot vary. The only variable is the radius
of the tubes, which, of course, is proportional to the airway
diameter. If, hypothetically speaking, airway radius were to
be halved, the airflow resistance calculated as per Poiseuille’s
formula would go up 16-fold because airway radius is raised
to the power of 4. What this means is that even a slight nar-
rowing in the diameter of either the patient’s intrinsic airways
or in the endotracheal tube is likely to amplify airway resis-
tance greatly.

A& )

3.2 Positive Pressure Breathing

In the spontaneously breathing individual, inspiration is active.
The descent of the diaphragm during inspiration increases the
vertical size of the thorax; contraction of the scalenii increases
the anteroposterior thoracic diameter (by elevating the ribs by
a pump-handle movement), and contraction of the parasternal
group of muscles increases the transverse thoracic diameter (by
a bucket-handle movement). The overall result is an increased
intrathoracic volume, and a fall in intrathoracic pressure (ITP)
secondary to it. From its usual end-expiratory level of -5 cm
H,O, the intrapleural pressure falls to —10 cm H,O at the height
of inspiration. As a result, the alveolar pressure becomes nega-
tive relative to atmospheric pressure, and air flows into the
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bronchial tree, and through it, to the alveoli. Exhalation is pas-
sive and returns the intrathoracic volume to FRC at the end of
tidal expiration.

During positive pressure breathing (PPB), inspiration
occurs when the central airway pressure is raised above atmo-
spheric pressure, impelling the air into the respiratory tract. As
in the spontaneously breathing subject, expiration is passive.

The commonly encountered intrathoracic pressures dur-
ing breathing have been defined in Fig. 3.1.

Four types of pressure gradients are encountered within
the lung” (see Fig. 3.2). The transpulmonary pressure (P, ),
also known as the lung distending pressure, is the pressure
difference between the alveolar pressure (P, ) and intrapleu-
ral pressure (see also Chap 8). Lung inflation occurs when the
P, increases. During spontaneous breathing and negative
pressure ventilation, it is the drop in intrathoracic pressure
that causes the P, to increase; on the other hand, the increase
in P, during PPB occurs as a result of an increase in P, ,, (see
Fig. 3.2). P, is unchanged when forced inspiratory or expira-
tory efforts are made against the closed glottis, and so there is
no bulk airflow, respectively, in or out of the lungs.

The pressure required for overcoming resistance and
elastance during lung inflation can now be worked out
(Figs. 3.3 and 3.4).

The major difference between physiological breathing and
positive pressure ventilation lies in the intrathoracic pres-
sures during inspiration. In the spontaneously breathing sub-
ject, the intrathoracic pressure during inspiration is negative
to the atmospheric pressure. In the mechanically ventilated
patient on positive pressure ventilation, intrathoracic pres-
sure is positive — this has far reaching implications on the
respiratory and circulatory systems (Fig. 3.5).

In the normal lung, in an erect individual, there exists a
vertical gradient in the pleural pressure. Intrapleural pressure
is more negative at the lung apices than at the bases, primar-
ily because of the effect of the weight of the lung. Intrapleural
pressure falls by approximately 0.25 cm of H,O for each cen-
timeter of lung height. This gradient is also influenced by the
hilar attachments of the lung, the shape of the thorax (which



4 Airway Opening N
Pressure (P,y,0)
Syn:

Airway pressure (P,,),
Mouth pressure (Py),
Upper airway pressure,
proximal airway pressure,
\mask pressure J

- N

Body surface pressure

(Pbs)

o )
- N\
Intrapleural
pressure (Pp,)

- )
- N
Alveolar pressure
(Pa Or Ppyy)

Syn:

Intrapulmonary pressure,
Lung pressure

AN J

3.2 Positive Pressure Breathing 23

¢ This is the pressure applied at the airway
opening (mouth or the patient tube)

* In the absence of positive pressure breathing
(through endotracheal tube, tracheostomy
tube or noninvasively by mask), the P, is
equal to atmospheric pressure

* The pressure at the body surface

* Again this pressure is equal to atmospheric
pressure unless the patient’s body is
subjected to negative pressure
(as within a negative pressure ventilator
see chapter 14) or a positive pressure
(hyperbaric chamber)

* The pressure within the pleural space

* During spontaneous breathing this is
normally, minus 5cm H,O at end-exhalation,
and minus 10 cm H,O at end-inspiration.

* The surrogate measurement for Py is
esophageal pressure (Pgg) Which can be
measured using an esophageal balloon

* During spontaneous breathing, alveolar
pressure is negative to the atmospheric
pressure during inspiration (minus
1cm H,0), and positive to atmospheric
pressure during exhalation (1 cm H,0)

FiGURE 3.1. Intrathoracic pressures.

is more tapered toward the top) and the abdominal contents
(which push upward upon the lung bases).

As the negativity of intrapleural pressure is greater in the
upper regions of the lung, the alveoli in the upper lung zones
will be larger and more patent than those in the lower zones.
During a normal inspiration, the alveoli in the lower lung
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* |t is the pressure responsible for driving the
bulk flow through the airways.

* Produced by the resistance to airflow within
the conducting airways.

* The pressure required to distened the lung
* When Prp increases, the lung distends

¢ Prp can be made to increase by either
increasing the P, (by positive pressure
ventilation) or by decreasing the Pp|.
(by negative pressure ventilation).

See also fig. 3.4

e |t is the pressure required to distend the
lungs along with the thoracic cage.

o |t is the pressure required to expand the
lungs (pressure required to overcome
elastance), and also to produce airflow
(pressure required to overcome resistance).

* Prg therefore has two components:

Transairway pressure (Pra) which performs
the resistive work, and transthoracic pressure

A

PTR=Paw0_Pbs

/

(Pr7) which performs the elastic work.

FIGURE 3.2. Pressure gradients within the thorax.

zones (which are of rela

tively smaller end-expiratory volume)

are capable of greater expansion, and so comparatively more
inspired air goes to the dependent zones. The lower lung
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Ficure 3.3. Distending pressures of the respiratory system.

25

Vs

~

-

~

-

- -

Spontaneous Valsalva Muller
breathing or manoeuvre manoeuvre Positive
negative (forced (forced pressure
pressure expiration inspiration breathing:
breathing: against the against the inspiration
inspiration closed glottis) closed glottis)
AN /. J
S ——
Both ITP and Both ITP and
Decrease in ITP P, increase by P, decrease Increase in P,
relative to P,, the same by the same relative to ITP
amount amount

s N
P, increases

AN J

P, does not
change

P, does not
change

P, increases

)

Lung inflation
occurs

G

deflate despite
an increase in
the ITP

4 N
Lung does not

J

Lung does not

inflate despite

an decrease in
the ITP

A\

Lung inflation
occurs

J

FIGURE 3.4. Intrathoracic pressures during spontaneous and positive

pressure breaths.

regions due to gravitational effects are also better perfused,
and since they are better ventilated as well, there is more com-
plete matching of ventilation and perfusion in these areas.

When the patient is ventilated with positive pressure breaths,
the normal intrapleural pressure gradient is reduced. Also, as
the alveolar units in the nondependent regions of the lung are
more compliant than those in the dependent areas, they are
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Intrapleural pressure is more
negative at the apices of the lung

As a result of this, air units
in the upper zones are relatively
large at end expiration

Air units in the dependent parts
of the lung are relatively small
at end expiration: they are therefore
capable of greater expansion
when inflated

Insipratory tidal volumes are
therefore mostly dispersed to the
dependent lung units (In other
words, dependent lung units
are better ventilated)

Due to the effects
of gravity the
dependent portions
lung are relatively
well perfused

There is better
matching of
ventiation and
perfusion in the
dependent lung
units

FiGURE 3.5. Matching of ventilation and perfusion during spontane-
ous breathing.
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preferentially ventilated with positive pressure breaths. The
increased ventilation to these relatively poorly perfused areas
results in wasted ventilation. In other words, alveolar dead-

Space increases.

With those modes of ventilation, that do not require active
participation from the patient’s inspiratory muscles, lack of dia-
phragmatic contractility encourages regional closure of alveoli
at the lung bases; though ventilation in these areas is compro-
mised, perfusion is still intact, and shunting of blood occurs
causing a further derangement in blood gases (Fig. 3.6).

Ve

J

(" Ventilation of dependent lung units  ( N
is decreased
Positive pressure breathing enlarges the
end-expiratory volume of dependent lung During full mechanical
units (which are better perfused than the ventilatory support,
non-dependent units). there is lack of
Since these air units undergo less diaphragmatic activity
volume change from end-expiration to
end-inspiration, they are therefore no
longer preferentially ventilated.
e i /AN J
. - . . 4 0
Ventilation of non-dependent air units
is increased
Non-dependent air units are generally d:h;en?jlzgtjz:ﬁsmo}htﬁe
more compliant than dependent air units. Iur? underao closure
Tidal volumes are therefore preferentially 9 9
directed into these units
A\ J
Increase in dead-space N (C h
In comparsion to spontaneous breathing, | | Increase in shunt fraction
mechanical ventilation better ventilates . .
the non-dependent air units. Since the _ Since perfusion to these
nondependent units are relatively less | | ill-ventilated areas is intact,
perfused (due to gravitational effects), | | the V/Qratio decreases
V/Q ratio increases (i.e., dead (i-e., shunt fraction increases)
L space increases)

A& J

FIGURrE 3.6. Matching of ventilation and perfusion during positive

pressure breathing.
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Nevertheless, despite the potential regional derangements
in pulmonary physiology that occur as a consequence of PPB,
the overall benefits of mechanical ventilation brought about
by the restoration and maintenance of alveolar patency and
by the elevation of mean alveolar pressures usually override
its potential drawbacks.

e N
Box 3.2 Pressure Required
for Overcoming Resistance and Elastance

Prg=Prp+ Py,
Since
Pry=P o~ Pyy-and P =P, - P
Substituting,
Prg=Poo= Pay + Pary = Py

Since P, is atmospheric pressure, its value is regarded as 0.
The equation now becomes:

=8 = e P =0
P_=P

TA awo

P_ . is read off the ventilator panel

aws

- j

3.3 Lung Compliance

Compliant =yielding (The Oxford Dictionary).

The compliance of the lung is a measure of its distensibility.
If a large change in volume is achieved by applying a rela-
tively small amount of airway pressure, the lung is easily dis-
tensible and is said to be highly compliant. A stiff and poorly
compliant lung resists expansion and only a small change in
volume occurs with a relatively large change in pressure.

When lung compliance is plotted on a graph, with volume
on the y-axis and pressure on the x-axis, the pressure—volume
curve that is obtained is relatively flat and horizontal in its
upper and lower portions, and steep and vertical in between.
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In health, the lung operates on the middle steep part of the
pressure-volume curve. At very low and very high lung vol-
umes, the lung operates on the lower and upper flat portions
of the curve, respectively, where the pressure required to
bring about a given change in volume is considerable. Here,
consequently, respiratory mechanics are inefficient and the
work of breathing is high.

The total compliance of the respiratory system is the result
of summation of the effects of lung compliance and thoracic
wall compliance.

Compliance has two components, static and dynamic.

3.3.1 Static Compliance

The term compliance when used alone and in an unqualified
manner (i.e., without a prefix) usually refers to static compli-
ance. Static compliance is the true measure of distensibility of
the respiratory system (lung+chest wall).

The change in volume between the beginning and end of a
tidal breath (AV) is the tidal volume itself (V). The change in
the pressure required (AP) to accomplish this change in volume
is the plateau pressure when the lung is at rest. If there is any
applied PEEP or auto-PEEP, this value must be subtracted
from the plateau pressure to give the true AP (otherwise, there
will be a spurious decrease in measured compliance).

With rare exception, the chest wall compliance remains sta-
ble within fairly narrow limits, and this is true in most clinical
situations. It is rather the compliance of the lung parenchyma
which varies, and underlines any change in the compliance of
the respiratory system as a whole.

Another factor that influences the measured compliance
of the respiratory system in the ventilated patient is the elas-
tic pressure exerted by the ventilator tubing on the air in the
ventilator circuit. This too, like thoracic wall compliance,
remains fairly constant in a given patient.

In a mechanically ventilated patient with an essentially
normal chest wall and lungs, the static compliance of the
respiratory system is usually in the range of 70-100 mL/cm
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H,O. When the static compliance decreases to approximately
25 mL/ecm H,O, the work of breathing will appreciably
increase. Patients in acute respiratory failure on mechanical
ventilation can have a four to sixfold increase in work of
breathing.” Most pulmonary disorders (with the notable
exception of emphysema) can reduce lung compliance. In
emphysema, although static compliance is high because of
the overall effect of loss of elastic recoil, dynamic compliance
is often low on account of the airways obstruction and
because of loss of traction of elastic tissue on the airways
(Fig. 3.7).

Lung compliance is reduced in infiltrative lung diseases. In
particular, interstitial fibrosis produces a fall in lung compli-
ance because of the excessive collagen deposition within the
lung. Collagen has different length—tension relationships as
compared to elastin and markedly increases lung stiffness.
Pulmonary fibrosis of a lesser degree can also occur as a con-
sequence of the chronic lung congestion produced by a
stenotic mitral valve.

In pulmonary edema, the fall in lung compliance is often
out of proportion to the decrease in FRC that it produces.
The disproportionate fall in lung compliance in pulmonary
edema probably results from the alteration in the properties
of surfactant or from an alteration in alveolar geometry.

Conditions that cause a decrease Conditions that cause an increase
in static compliance in static compliance

* Consolidation * Emphysema

 Lobar or complete lung collapse * Flail chest

¢ Pulmonary edema  Sternotomy

* ARDS

¢ Pleural effusion

* Pneumothorax

* Abdominal distension

* Obesity

* Kyphoscoliosis

* Ankylosing spondylosis

FiGure 3.7. Conditions that affect static compliance.
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Extrapulmonary conditions may interfere with lung expan-
sion: pleural disorders (pleural effusions, pneumothoraces)
oppose lung expansion as do abdominal conditions that
impair diaphragmatic movement (ascites and obesity), as well
as disorders of the chest wall. In obese individuals, the low
respiratory system compliance is probably attributable to a
stiff chest wall along with a degree of basal atelectasis.

Mathematically, compliance is the change in volume
divided by the change in the pressure that has brought about
this volume change and is denoted by the formula:

AV/AP

e N
Box 3.3 Calculation of Static
Compliance in the Ventilated Patient

Static compliance can be measured on the ventilator as
follows:
C, = V/(P,—PEEP),
where
V =tidal volume
P =plateau pressure

PEEP =positive end-expiratory pressure

)

e N
Box 3.4 Respiratory System Compliance

The compliance of the respiratory system is the result of the
combined effects of lung compliance and thoracic wall com-
pliance, and this is shown in the equation:

1/C 1/C 1/C

Tesp = lung = chest wall’
where
C,.,,=compliance of the respiratory system,

C,...=lung compliance,
ung .
=chest wall compliance.
chest wall

& /
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3.3.2 Dynamic Compliance

In contrast to static compliance, which is a measure of lung
distensibility during static conditions, dynamic compliance
(dynamic effective compliance, DEC) is the compliance mea-
sured while air is still flowing through the bronchial tree.
Since dynamic compliance is measured during airflow, it
reflects not only the lung and chest wall stiffness, but also the
airway resistance, against which distending forces have to act.
Because dynamic compliance is a measure of both static com-
pliance and airflow resistance, it can be regarded as a mea-
sure of impedance. Thus, factored into the measurement of
dynamic compliance is the resistance collectively imposed by
the endotracheal tube, ventilator circuitry, exhalation valves,
heat-moisture exchangers, and the patient’s own airways — in
addition to the stiffness of the lung and chest wall due to the
etiologies already mentioned above. In other words, dynamic
compliance falls when either lung stiffness or airway resis-
tance increases.

Restating the above, static compliance reflects the disten-
sibility of the respiratory system, and dynamic compliance
reflects impedance (which is a measure of both compliance
and resistance). When the lungs or chest wall are stiff, both
static compliance and dynamic compliance decrease, whereas
in states of high airway resistance (without significant dynamic
hyperinflation) only dynamic compliance decreases. This
logic is often made use of to diagnose and differentiate the
various pulmonary derangements that can occur in the venti-
lated patient (Figs. 3.8 and 3.9).

When the lung becomes overdistended as by the delivery
of inappropriately high tidal volumes static compliance
falls. In the presence of obstructive airway disease, issues
may be confounded when severe airway obstruction leads
to air-trapping within the lung, and the lung as a result
becomes overdistended. When dynamic hyperinflation
occurs, the hyperinflated lung operates at the top of the
pressure—volume curve, where it is relatively noncompliant;
thus airway obstruction by itself results in a fall in dynamic
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If static compliance and If the dynamic compliance has
dynamic compliance are both decreased whereas the static
decreasing, it means that the compliance has remained

lung is becoming stiff relatively unaffected, it means

« Pulmonary edema that the airway is obstructed

* Consolidation  Endotracheal tube obstruction

* Atelectasis * HME blockage

¢ Pleural effusion * Endotracheal tube kinked or bit upon
* Pneumothorax * Bronchospasm

FiGure 3.8. Relationship between static and dynamic compliance.

Volume

Pressure

FiGURE 3.9. Lung compliance in health and disease. Panel a: the
normal pressure—volume curve. Dynamic compliance is represented
by the blue line and static compliance by the red. Panel b: airway
obstruction. A fall in dynamic compliance is seen — the static compli-
ance remains more or less unaltered. Panel c: stiff lungs. Both static
and dynamic compliance have fallen.

compliance, but when it results in dynamic hyperinflation,
the static compliance too falls. These differences can be eas-
ily appreciated where ventilator graphics are displayed
(Chap 8) (Table 3.1).
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TaBLE 3.1. Static and dynamic compliance in various lung conditions.

Lung condition Dynamic compliance  Static compliance
Cardiogenic Decreased Decreased
pulmonary
Edema
ARDS Decreased Decreased
Bronchospasm Decreased Unchanged
without dynamic
hyperinflation
Bronchospasm Decreased Decreased
with dynamic
hyperinflation
Atelectasis Decreased Decreased
Pneumonia Decreased Decreased
Pneumothorax Decreased Decreased
Tube obstruction Decreased Unchanged
Pulmonary embolism Unchanged Unchanged
g 0

Box 3.5 Calculation of Dynamic
Compliance in the Ventilated Patient

Dynamic compliance can be measured using a similar equa-
tion to that used for the measurement of static compliance. In
the equation for dynamic compliance, however, peak inflation
pressures (P ) are used instead of plateau pressures (P):
Cyn=V/(P, - PEEP),

where

V, =tidal volume,

P =peak airway pressure,

PEEP =positive end-expiratory pressure.

(& )

3.4 Airway Resistance

Airway resistance occurs as a result of the friction between
the air molecules and the walls of the tracheobronchial tree,
and to some extent, as a result of the friction between the air
molecules themselves. For airway resistance to exist, there
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must be airflow; airflow occurs on account of a pressure dif-
ferential between the alveolar and atmospheric pressure.

The possibilities and the limitations of Poiseuille’s law,
when applied to the respiratory system, have been discussed
in an earlier section. It was stated that airflow resistance is
directly proportional to the length of the tube (airway) and
the viscosity of the fluid flowing through it (air); airflow resis-
tance varies inversely as the fourth power of the radius of the
airway. If Poiseuille’s law could indeed be applied to the
respiratory tract, it could be argued that in a given patient,
the length of the system cannot be changed since neither the
bronchial tubes nor the ventilator tubings are capable of sig-
nificantly varying their length.

As to air viscosity, whatever be the relative percentages of
oxygen and nitrogen inspired (in other words, whatever be
the FIO, inhaled), the viscosity of the resultant mixture will
remain more or less unaltered. Mixtures of helium and oxy-
gen (Heliox: usually 80% He and 20% O,) are on rare occa-
sions used to ventilate patients with severe obstructive airway
disease, and since this mixture has less viscosity compared to
air, laminar airflow replaces turbulent airflow and airway
resistance falls.

The remaining variable is the radius. Radius is a powerful
determinant of airway resistance, since the latter is inversely
proportional to the fourth power of the radius. In effect, if the
radius is halved, airway resistance increases 16-fold (and not
twofold as would be anticipated). In other words, relatively
minor decrements in airway radius vastly increase the airway
resistance, to the detriment of lung mechanics.

The distending pressures that are required to deliver a given
tidal volume within a given inflation time are proportional to
the total elastance (the elastic load) and the total resistance
(resistive load) and can be summarized by the equation:

P =P +P_
tot el res

P, (elastance) is the pressure required to counter the elastic
recoil of the chest wall and lungs. Elastance increases
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progressively as the lungs are inflated above their resting
position (FRC); pulmonary elastance is inversely propor-
tional to the compliance of the respiratory system. P__ (air-
way resistance) is the cumulative resistance offered by the
patient’s airways, endotracheal tube (or tracheostomy tube)
and ventilation circuits; it is also proportional to the flow rate,
which adds yet another dimension: the higher the flow rate,
the higher will be the resistance.

More than 90% of the normal airway resistance originates
in airways which are more than 2.0 mm in diameter. Although
the large airways are (obviously!) wider than small airways —
and would therefore be expected to have a lower resistance
compared to the latter — the cumulative cross-sectional area
of the small airways (diameter<2.0 mm) far exceeds the
cumulative cross-sectional area of the large airways.

Therefore, if a pathological process were to involve the
larger central airways, the smaller overall cross-sectional area
of these airways would lead to an earlier rise in airways resis-
tance, than would the involvement of smaller airways.
Conversely, any lung pathology confined to the small airways
would need to be quite extensive for a significant compro-
mise to occur.

As stated, the resistance to airflow (R, ) through the tra-
cheobronchial tree occurs as a result of friction between the
air molecules and the walls of the tracheobronchial tree, and
also as a result of friction between the air molecules them-
selves. It is obvious then, that for airflow resistance to exist,
flow must be present. The driving pressure across a tube is a
function of the difference between the pressures at its ends.
The driving pressure during inspiration in a patient who is
not being given positive pressure breaths is dependent upon
the difference between the atmospheric pressure (P, ) and
the alveolar pressure (P, ). In a patient breathing spon-
taneously, inhalation is initiated by the contraction of the
inspiratory muscles, which expand the thoracic cage and
cause the intrathoracic pressure to become negative. When
the intraalveolar pressure becomes negative relative to
atmospheric pressure, a gradient is established across the
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tracheobronchial tree and a driving force for inspiration is
created.

e N
Box 3.6 Calculation of Airflow

Resistance

The resistance to airflow can be expressed by dividing the
driving force by the flow across the airways:

P _-P IV

atm ALV "
where
P =atmospheric pressure

at

P, y=alveolar pressure

V=flow
S %

The tracheobronchial tree has an intrathoracic part and an
extrathoracic part. The diameter of the airway does not remain
constant at all phases of respiration. During spontaneous inspi-
ration, the negative intrapleural pressure dilates the intratho-
racic airways. The airways return to their resting diameter at
the end of expiration. Airway resistance being largely depen-
dent upon, the caliber of the airways, R__ in these airways tends
to be higher during expiration than during inspiration.

Nor is the airway diameter constant during all phases of
inspiration; the higher the lung volume, the greater tends to
be the traction on the airway, pulling it open. Thus, airway
diameter tends to be greater and airway resistance lower, at
high lung volumes. In a given patient, measurement of R__ at
different lung volumes would therefore result in discrepan-
cies and lead to erroneous conclusions.

To eliminate this potential source of error and to allow for
uniformity, R__ is often reported as specific airway resistance.
Specific airway resistance is arrived at by dividing R, by the
lung volume at which R was measured. The advantage here
is that comparisons can now be made. Resistance can be com-
pared at different lung volumes in a given person; also R_,
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can be compared between different persons at different lung
volumes.

e 0
Box 3.7 Calculation of Airway

Resistance (R, ) in a Ventilated Patient

RAW = PPK — PPL/V’
where
P =peak inflation (peak airway) pressure,
P =pause pressure or plateau pressure,
V =flow.
Example: If in a given situation,
Ppk =40 cm H, 0,
P =38 cm H,0,
V=60 L/min (i.e., 1 L/s),
R, will be:
=40-38/1
=2 cm H,O/L/s.

(& )

Normal R_, ranges from 0.6 to 2.4 cm H,O/L/s. With an
endotracheal tube in situ, this can increase to 6 cm H,O/L/s
or more. In cases of widespread airway narrowing (as in
obstructive lung disease), airway resistance may be as high as
3-18 cm H,O/L/s.

The causes of increased R, have been dealt with earlier,
and treatment strategies directed at decreasing the impact of
airways obstruction will be covered in a subsequent section.

3.5 Time Constants of the Lung

In most diseases, the involvement of the lung is not uniform.
Regional differences in compliance and resistance occur.
Owing to this, alveoli in different parts of the lung behave
differently; diseased alveoli take longer to fill and to empty.
The rate of filling of an individual lung unit is referred to as
its time constant. A time constant is the product of the
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resistance and compliance of a particular lung unit. It has
been estimated that it takes the equivalent of five time con-
stants for the lung to completely fill (or to empty).

In the time afforded by one time constant, 63% of the lung
will fill (or empty); two time constants allow 86% of the
inspiratory or expiratory phase to be completed; three time
constants allow for 95%, and four time constants for 98%.

Thus, mathematically speaking, five times the product of
compliance and resistance would approximate the time required
for complete filling or emptying of the respective lung units.'

- N\
Box 3.8 Time Constants

of the Lung
Example:

A lung unit with a normal airway resistance of 1 cm H,O/L/s
and a normal compliance of 0.1 L/cm H,O would have a time
constant of:

=1x0.1

=0.1s

Five times this is 0.5 s, which would be the time required for
this unit to fill or empty satisfactorily (see text). This informa-
tion comes useful while setting a ventilator’s inspiratory and
expiratory time.

/

Since diseased air units take longer to fill, deliberately
prolonging the inspiratory time may enable such units to par-
ticipate more meaningfully in gas exchange. These issues
have been discussed in Chaps. 5 & 9.

3.6 Alveolar Ventilation and Dead-Space

The total surface area of the alveolar epithelium is about
72-80 m2 Approximately 85-95% (about 70 m?) of this is in
contact with pulmonary capillaries: this constitutes the alveo-
locapillary interface.
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The part of the inspired gas that does not come into con-
tact with the pulmonary capillary bed is termed the dead-space.
Dead-space may exist on account of several reasons.

3.6.1 Anatomical Dead-Space

The space within the conducting airways (from the mouth and
the nose down to the terminal bronchi) constitutes the anatomi-
cal dead-space. Conducting airways merely conduct air down to
the respiratory zone of the lung, and by themselves, play no role
in gas exchange. The volume of the conducting airways is
approximately 150 mL in an adult. Thus, of a tidal breath of
450 mL, only 300 mL will participate in gas exchange, 150 mL
being contained within the dead-space. This 150 mL of anatomi-
cal dead-space can be cut down to about 60% by tracheotomy.

3.6.2 Alveolar Dead-Space

Alveolar dead-space is created when nonperfused alveoli are
ventilated.

3.6.3 Physiological Dead-Space

Physiological dead-space is the sum of the alveolar and the
anatomical dead-spaces. It is that part of an inspired breath
that takes no part in gas exchange (Fig. 3.10).

The body defends itself against the formation of alveolar
dead-space in the following manner. The CO, tension in the
atmospheric air is negligible. In contrast, the level of CO, in
alveolar air is substantial, exerting a partial pressure of
approximately 40 mmHg. This CO, in the alveolar air origi-
nates in the capillary blood and diffuses across the alveolo-
capillary membrane into the alveoli. The alveolocapillary
membrane is highly permeable to CO,, and as a result of this,
the partial pressure of the CO, in alveolar air is almost identi-
cal to the partial pressure of CO, in alveolar capillary blood.



3.6 Alveolar Ventilation and Dead-Space 41

Anatomical
dead-space
is the space

Ll the Alveolar dead- Physiological
conducting ) )
airways (nose space is dead-space is

’ formed the volume of

mouth, trachea,
and bronchi up

by those alveoli gas within the

that are respiratory
to tt';fn'ﬁ::: & ventilated but system that is
not perfused. not

bronchioles)

which plays no In health, the participating in
play alveolar dead gas exchange. It
part in gas ; X
exchange space is is the sum of
ge- negligible, but the anatomical

. usually dead space
150 ml, butmay; ma_rkedly in the alveolar
" disease. dead space.
be slightly
reduced by the|
endotracheal

tube.

FiGURe 3.10. The components of physiological dead-space.

If an alveolus for some reason loses its blood supply and
yet preserves its ventilation, alveolar dead-space is created.
In an alveolus that is bereft of its blood supply, CO, cannot
readily diffuse into the alveolus since its source (the capillary
bed) has been obliterated. This results in a drop in the partial
pressure of CO, within the underperfused alveolus and this
causes reflex bronchoconstriction to occur locally, closing off
the affected alveolus. By this mechanism, the hypoxemia and
hypercapnia that can potentially result from dead-space ven-
tilation are prevented from occurring.
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Minute ventilation is the product of the tidal volume times
the respiratory rate: it is inversely proportional to the PaCO,,.
Minute ventilation can be increased by increasing either the
tidal volume (V) or the respiratory frequency (f). Similarly, it
can be decreased by decreasing either the tidal volume or the
respiratory frequency.

The minute ventilation also affects the PaO, in a nonlinear
fashion; however, manipulating the minute volume for the
purposes of achieving a change in PaO, is undesirable, as only
small changes in PaO, can be brought about by large altera-
tions in minute ventilation. Such large changes in minute ven-
tilation can have a profound and unwanted effect on PaCO,,.

Manipulation of tidal volumes has a different effect on the
PaCO, than does altering respiratory rate. Consider the fol-
lowing: A set tidal volume of 500 mL and a respiratory rate
of 10 breaths/min results in a minute ventilation of
500x10=5,000 mL/min. The same minute ventilation can be
produced by a tidal volume of 250 mL delivered at a respira-
tory rate of 20 breaths/min, i.e., 250x20=5,000 mL/min. If,
however, the dead-space is taken into consideration, the
implications of these two settings are vastly different.
Assuming a physiological dead-space of 150 mL, the alveolar
ventilation (the effective ventilation or the ventilation that
takes part in gas exchange) in the first example would be:

(500-150)x 10=3,500,
and in the second example would be:
(250-150)%x20=2,000.

The alveolar ventilation in the first instance would vastly exceed
the alveolar ventilation in the second. Since it is the alveolar
ventilation that determines the PaCQO,, it is crucial to decide
how the minute volume should be made up, especially when
there is a need to control the PaCO, tightly, or when PaCO,
control is difficult. It should be appreciated that the PaCO, is
inversely proportional not to all of the minute ventilation, but
to that part of the ventilation that is independent of dead-space
(i.e., the alveolar ventilation) (Figs.3.11 and 3.12).
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Minute ventilation
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VE = Vi xf
VE = Minute volume

; = tidal Vvolume
= respiratory frequency

VA = (Vt-DS) x f
VA =VE - VD
VE = minute volume

VD = dead space volume

FIGURE 3.11. Alveolar ventilation. (Adapted from Hasan®)

In normal individuals dead-space is mostly anatomical dead-
space, and dead-space ventilation (V/V)) is inversely propor-
tional to the tidal volume. For example, in normal individuals,
V, remaining constant, an increase in V, will cause a fall in the
ratio of V to V. The normal V /V ratio is approximately 0.3.

In ventilated individuals the situation can be very differ-
ent; the amount of dead-space can be very high, to the order
of 0.7-0.8, and this can be on account of an increase in the

anatomical dead-space or in the alveolar dead-space or both.
In ventilated patients, the increase in dead-space is principally
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Ficure 3.12. Physiological dead space in health and disease.
(Adapted from Hasan®)

alveolar, but the anatomical dead-space can increase as well
because of the addition of ventilator circuitry, heat-moisture
exchangers, etc. Tracheostomy can cut down the anatomical
dead-space by approximately 40%.

Because of some amount of unavoidable distensibility in
the ventilator circuits, a part of the inspired tidal volume is
used up in stretching the circuits, and so never reaches the
patient’s lungs. The volume of the inspiratory breath that is
“lost” as a result of tubing compliance (circuit compressibility)
is proportional to the difference in airway pressures during the
respiratory cycle (i.e., the difference between the peak inspira-
tory pressure and the PEEP). For every 1 cm H,O of pressure
difference, 3-5 mL of inspiratory tidal volume is lost.*

Since the magnitude of V /V, in ventilated patients is high,
it cannot be easily overcome by merely increasing the tidal
volumes. Moreover, if tidal volumes are increased indiscrimi-
nately in an effort to bring down dead-space ventilation, it
could increase the risk of barotrauma. Such manipulations
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All the exhaled CO, comes from the alveolar gas.
None of the exhaled CO, comes from the dead-
space air.

Therefore,

Vi=V.+V,

Or tidal volume (V4) = Alveolar gas volume (V,) +
dead-space gas (Vp)

Rearranging, V, =V, -V, ...(Eq. 1)

V. X FEgo, =V, X FA, ...(EQ. 2)
Where,
Vi  =tidal volume
FE.o, = Fractional concentration of CO, in exhaled gas
Vs = Alveolar gas volume
FAo, = Fractional concentration of CO, in alveolar gas

Substituting the value of VA (Eq. 1) within Eq. 2,

Vi x FEcoz =(Vr- Vp) x FAco2
Therefore,
Vo/Vy = (FAco; FECOZ) / FAC02

Since the partial pressure of a gas is proportional to its
concentration, the equation can be rewritten as “Bohr’s
equation”:

Vo/Vr= (PAcoz_ PEcoz) / PA002
And since the PCO, of alveolar gas (PACO,) very nearly
equals the PCO, of arterial gas (PaCO,),

Vo/ Vr = (PaCO,- PE,, ) / PaCO,

FiGure 3.13. The simplified Bohr equation. (Adapted from Hasan*)

could also lead to an expansion in the zone 1 of the lung (the
zone in the nondependent part of the lung where no perfu-
sion exists), leading to high V/Q mismatch, and consequently
to hypercarbia. It may be more prudent sometimes to accept
some degree of CO, retention and allow “permissive” hyper-
capnia to occur in certain clinical circumstances (see Chapter 9).
Conversely, a high V/V must be anticipated when a high
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Example: The following values were observed in a patient:
Tidal volume (VT) = 500 mL

Respiratory frequency (f) = 12 breaths/min

Minute ventilation = 6,000 mL/min

PaCO, = 40 mmHg

EtCO, = 30 mmHg

VDT = (PaCO,—PECO,)/PaCO,
VD/VT = (40-30)/40

VD/VT = 10/40 = 0.25

(The normal VD/VT is 0.20-0.35 at rest)

With a VD/VT of 0.25 and a tidal volume of 500 mL,
VD =0.25 x 500 = 125 mL

We know that alveolar ventilation = (VT-VD) x f
Alveolar ventilation = (500-125) x12 = 4500 mL

FIGURE 3.14. Calculation of alveolar ventilation. (Adapted from Hasan®)

minute volume is needed to wash out a rising PaCO,, and
appropriate causes sought.

Physiological dead-space can be calculated from Bohr’s
equation” (see Fig. 3.14). PaCO, (the partial pressure of CO,
in arterial blood) can be read off the arterial blood gas report,
and PECO, (the partial pressure of CO, in the expired air)
can be measured by capnometry.

3.7 Mechanisms of Hypoxemia

Five principal mechanisms of hypoxemia exist (see Fig. 3.15).

3.7.1 Hypoventilation

Hypoventilation means a reduction in the bulk flow of air
into the lungs. This reduction may be on account of a variety
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Shunt
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blood passing
through the
pulmonary
capillaries fails to
get oxygenated
(see text)

Low barometric
pressure

® A decreased
inspired fraction
of 02 has the
same effect as a
low barometric
pressure

Hypoventilation

e A decrease in the
bulk flow in and
out of the lungs
leads to a
buildup of COs in
the blood. The
defining feature of
hypoventilation
is hypercapnia
(see text)

FIGURE 3.15. Mechanisms of hypoxemia. (Adapted from Hasan*)

of etiologies having their origin at various anatomical sites,
both intra and extrapulmonary (see Fig. 3.16).

The level of PaCO, depends on the balance between CO,
production and CO, elimination. The amount of CO, that is
produced depends upon the metabolic rate. CO, production
almost never results in a rise in PaCO, when ventilatory
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FIGURE 3.16. Mechanisms of hypoventilation. (Adapted from Hasan®)

mechanisms are intact. Therefore, any rise in PaCO, almost
always means that there is inadequate removal of CO, from
the circulation by the lungs, i.e., hypoventilation (see
Fig. 3.17).

When hypoventilation occurs, there is an elevation of
PaCO, as well as a fall in PaO, - the situation of a type II
respiratory failure.

The relation of the hypercapnia to the hypoxemia in pure
alveolar hypoventilation can be predicted from the alveolar
gas equation. Assuming a respiratory quotient of 0.8, the
PaO, will fall 1.25 mmHg for each 1 mmHg increase in
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ﬂl’ he relationship between CO, production and elimination can be N
summarized by the respiratory equation:

Where, PaCO, o (VCO, /VA)

VCO, = CO, production

VA = alveolar ventilation

This relationship holds true provided there is no COo in the inhaled gas.
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FIGURE 3.17. CO, Production and elimination. (Adapted from Hasan*)

PaCO,. Since in pure alveolar hypoventilation gas exchange
mechanisms are intact (it is the bulk airflow which is inade-
quate), the A-a DO, gradient will remain normal. A rise in
PaCO, that is proportionate to the fall in PaO, is the hall-
mark of hypoventilation, and serves to differentiate it from
the other mechanisms of hypoxemia.

If the fall in PaO, is out of proportion to the rise in PaCO,,
or if the A-a DO, gradient is widened, an additional mecha-
nism of hypoxemia is likely to exist in addition to the hypoven-
tilation, and its etiology must be sought.

Again, since the gas exchange mechanisms in states of
pure hypoventilation are basically intact, the hypoxemia
resulting from hypoventilation should be correctable by
increasing the FI1O,,. It is far more important, however, to cor-
rect the hypoventilation itself by treating the underlying
problem, and to support ventilation until the active pathology
has been corrected.
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3.7.2 V/Q Mismatch

V/Q mismatch is by far the most common (and therefore the
most important) mechanism for hypoxemia.

Mismatching between ventilation and perfusion occurs
when either the ventilation or the perfusion is reduced in
relation to the other. If ventilation is reduced in proportion to
perfusion, a low-V/Q mismatch is said to exist. On the other
hand, if perfusion is reduced in proportion to ventilation, a
high V/Q mismatch is said to be present.

Consider the following hypothetical situation:

1. The minute ventilation of the left lung is doubled (such
that it also takes over the ventilatory function of the right
lung), and its perfusion completely cut off.

2. The perfusion of the right lung is doubled (so that the
entire cardiac output of the body which normally passes
through both lungs now passes through the right lung
alone), and its ventilation completely cut off.

We now have a situation where the fotal minute volume is
normal (since the entire minute volume that was being deliv-
ered to both lungs is now being supplied to the left lung). The
net perfusion of the system is also unchanged (since the
amount of blood being delivered to both the lungs put
together is now being delivered to the right lung alone). Yet,
despite there being no overall change in the amount of venti-
lation or perfusion, there is a complete mismatch of ventila-
tion and perfusion. Though, overall, such a system does
receive normal minute ventilation and perfusion, no part of
the blood perfusing the lungs is in contact with the air venti-
lating the system, and life cannot be possible on account of
the asphyxia.”

In the example above, the system within the right lung
(intact perfusion but no ventilation) is an example of a
shunt. The V/Q ratio here is 0/q (where g represents the
quantity of blood perfusing the system), and so the V/Q
ratio is 0. The left lung (intact ventilation but no perfusion)
has a V/Q ratio of v/0 (where v is the quantity of air ventilat-
ing the system). Mathematically, any fraction with a
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denominator of zero is infinity. This is an example of dead-
space ventilation.

Although the situation described above is a clinical impos-
sibility, regional areas in the lungs do manifest instances of
V/Q mismatching as outlined above. Intermediate degrees of
V/Q mismatching ranging between 0 and infinity do occur in
some regions of the lung; some of these areas have relatively
little ventilation and others have relatively little perfusion.

Much of the more common type of V/Q mismatch is a low-
V/Q mismatch in which ventilation is unevenly distributed to
the alveoli, though there is relatively uniform perfusion
(poorly ventilated alveoli have low-V/Q ratios). The blood
leaving these alveoli is deficient in oxygen since compro-
mised ventilation has insufficiently oxygenated the blood.
Hyperventilation of adjacent alveoli (alveoli with normal
V/Q ratios) will not completely compensate for the deficiency
in oxygenation produced by the diseased alveoli. The blood
that leaves normal alveoli is already well saturated with oxy-
gen, and the oxyhemoglobin dissociation curve is operating at
its top flat part where any further addition of oxygen to the
blood will add very little to the saturation of hemoglobin.

Hyperventilation will, however, have a different effect.
Unlike the oxygen dissociation curve, the carbon dioxide dis-
sociation curve is not sigmoid, but more or less linear, and car-
bon dioxide is highly diffusible across biological membranes.
Hyperventilation will result in washout of carbon dioxide from
the alveoli. Hyperventilation of alveoli with normal V/Q ratios
will succeed in lowering the arterial CO, tension, though as just
discussed, it will not be able to compensate for the hypoxemia
that alveoli with low-V/Q ratios can cause.

It is important to realize that despite the existence of a
large V/Q mismatch, the total alveolar ventilation can be nor-
mal, as can the total perfusion: this can be deduced from the
hypothetical situation described earlier. What is important,
therefore, is the uniformity of ventilation and perfusion.

As mentioned earlier, the V/Q mismatching is the com-
monest mechanism of hypoxemia, and is ubiquitous in
pulmonary pathologies. Virtually, any pulmonary parenchy-
mal disorder is capable of causing a V/Q mismatch.
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3.7.3 Right to Left Shunt

As is apparent from the discussion above, a right to left shunt
can be viewed as an extreme example of mismatch, where in
respect of a given alveolus, perfusion (Q) is preserved, but
ventilation (V) entirely absent.

The hypoxemia that occurs due to V/Q mismatch can usu-
ally be corrected with moderate concentrations of supplemen-
tal oxygen. Hypoventilated alveoli have a lower oxygen
tension (PaO,). If a patient having areas of low-V/Q mismatch
should be made to breathe high concentrations of FIO, (100%
oxygen, or as close to 100% oxygen as possible) for long
enough (e.g., for 10-20 min), the inhaled oxygen will eventu-
ally displace the nitrogen even from relatively poorly venti-
lated alveoli. Enough quantity of this oxygen will be transferred
to the blood that is leaving the alveolus, increasing the oxygen
saturation of its hemoglobin. This of course is not possible
when the conditions of a shunt exist (in alveoli that have no
ventilation but a preserved perfusion). In these alveoli, the
V/Q ratio is 0 and increasing the concentration of supplemen-
tal oxygen will not raise the arterial oxygen tension because
the oxygen-enriched air has no access to the blood perfusing
the unventilated alveoli. A failure of PaO, to rise significantly
with 100% O, indicates the existence of a shunt fraction of at
least 30% of the cardiac output (Fig. 3.18).

Of the mechanisms of hypoxia enumerated above (V/Q
mismatch, shunt, alveolar hypoventilation, and diffusion
defect), the right to left shunt is the only cause of arterial
hypoxemia that is refractory to correction by oxygen supple-
mentation. Disorders that produce a right to left shunt
involve either filling up of alveoli with exudate (ARDS, lobar
pnemonia) or with thin fluid (cardiogenic pulmonary edema),
or closure of alveoli (atelectasis). Pulmonary emboli can also
produce right to left shunting by reflex closure of alveoli
(though by compromising perfusion rather than ventilation,
they would intuitively be expected to produce an increase in
dead-space ventilation). The hypoxemia in pulmonary embo-
lism occurs as a result of a combination of several mecha-
nisms. Intracardiac right to left shunts and intrapulmonary
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FiGure 3.18. Disorders associated with intrapulmonary shunting of
blood.

arteriovenous malformations are also capable of producing
large shunts.

e N
Box 3.9 The Shunt Equation

QS/QT = CcO, - Ca0,) - (CcO,} - CvO,)
where

QS/QT =shunt fraction,

CcO,=end capillary O, content,

CaO,=arterial oxygen content,

CvO,=mixed venous oxygen content

Helps quantify the degree of the right to left shunt.

CaQ, is easily obtained by measurement of PaO, from an
ABG sample.

CcO, may be arrived at by using the alveolar gas equation
to calculate alveolar O, tension (PaO,). PaO, is assumed to
reflect the O, tension in the capillary blood.

CvO, is determined by sampling mixed venous blood; this
requires the placement of a Swan-Ganz (PA) catheter.

A )
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3.7.4 Diffusion Defect

The contribution of a diffusion defect to hypoxemia in disor-
ders commonly met with in the ICU is poorly understood,
and impairment of diffusion is thought not to be the predomi-
nant mechanism of hypoxemia in ICU patients. The classic
cause of a diffusion defect is fibrosing alveolitis (diffuse inter-
stitial fibrosis), but even here it is a V/Q mismatch rather than
a diffusion defect which is now thought to be the principal
mechanism underlying the hypoxemia. The hypoxemia that
occurs during exercise in fibrosing alveolitis may be in large
part due to the inability of the alveolar oxygen to equilibriate
with oxygen in the red blood cells in pulmonary capillaries on
account of the rapidity of pulmonary blood flow (Fig. 3.19).

(Health h
¢ In health, the Pao, of capillary blood equilibrates
with the alveolar gas in approximately 0.25 s.

¢ This is more than enough time for adequate oxygenation
of the RBC, since the RBC spends 0.75 s in the pulmonary
capillaries

¢ It has been calculated circulation time would prove
insufficient for the oxygenation of the RBC
L only at heart rates in excess of 240 beats/min.

Disease

* In disorders causing diffusion defects* interstitial processes
retard the diffusion of oxygen into the blood.

* There is now not enough time for the oxygenation of the Hb

within RBCs especially during exercise when the circulation
time is rapid.

Correction of hypoxemia

* Like the other causes of hypoxemia (other than shunt),
a diffusion defect can be easily corrected by administation
of supplemental oxygen.

* A diffusion defect is a relatively unusual mechanism
of hypoxemia in ICU patients.

FiGURE 3.19. Diffusion defect. (Adapted from Hasan®)
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Identification of the mechanism producing hypoxemia
helps narrow down the etiologic possibilities in a given clini-
cal situation. It also helps predict the effect of an applied
therapeutic measure. For example, supplemental oxygen is
generally ineffective in the situation of a right to left shunt,
and specific treatment directed to the causative pathology
may prove superior to supportive therapy.

The systemic and pulmonary blood vessels respond differ-
ently to hypoxia. Hypoxia induces systemic blood vessels to
dilate, but it constricts the pulmonary blood vessels™ (see
Fig. 3.20).

Mechanical ventilation has a major role to play in revers-
ing the underlying pathology in this setting: by improving
oxygenation it reverses the hypoxic pulmonary vasoconstric-
tion: PEEP recruits and stabilizes collapsed alveoli.

3.8 Hemodynamic Effects

Hypotension in a patient who has been started on positive
pressure ventilation is a common occurrence. PPB is associ-
ated with a rise in intrathoracic pressure, which decreases the
venous return from the extrathoracic veins to the right side of
the heart. The resultant fall in right ventricular output impairs
the filling of the left ventricle, and the cardiac output conse-
quently decreases. These events are augmented by the appli-
cation of external PEEP, or in the presence of spontaneous
PEEP (PEEP,); the effects are also amplified in the presence
of hypovolemia.

The increase in alveolar pressure due to PPB distends
alveoli, compressing the alveolar blood vessels. This leads
to a rise in pulmonary vascular resistance, further decreas-
ing right ventricular stroke volume. The effect of the raised
intrathoracic pressure is quite different, however, on the
extrapulmonary intrathoracic vessels — quite the opposite
of that on the alveolar vessels — and the left ventricular
output is liable to increase by this mechanism (see Fig. 3.21).
It is difficult to predict which of these effects will dominate
in a given patient, and cardiac output may actually improve
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FIGURE 3.20. Pulmonary vasoconstriction with hypoxia. (Adapted
from Hasan®)

with the commencement of mechanical ventilation (see
Chap. 8).

There is yet another mechanism that influences the effect
of mechanical ventilation upon the circulation: the phenom-
enon of ventricular interdependence. A substantial increase
in pulmonary vascular resistance by the mechanism stated
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Extraalveolar vessels

(the heart, the great systemic
blood vessels, the large
pulmonary arteries and veins)

The pressure that surrounds
these vessels is the
intrathoracic pressure (ITP) )
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increase in FRC results in
decreased vascular resistance

Mechanism:

Increased radial traction on the
intrapulmonary extra-alveolar
vessels by hte expanding lung
increases the capacitance of
these vessels in the inflating
lung

Ventilation at Jow lung volume,
is liable to increase pulmonary
vascular resistance of the extra-
alveolar blood vessels®.

A J

FiGure 3.21. Effect of increase in FRC on alveolar and extraalveo-

lar vessels.

above may shift the interventricular septum to the left, nar-
rowing the lumen of the left ventricle and preventing the left
ventricle from filling properly during diastole. This can also
contribute to the fall in cardiac output.

When the work of breathing is increased for any reason, a
significant proportion of the cardiac output can be diverted
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When the work of breathing is
increased for any reason, a
significant proportion of the

cardiac output is diverted to the
overworked respiratory muscles

Myocardial ischemia occurs,
as a result of which left
ventricular compliance

is reduced

A greater amount of work
is now required to
move the stiffened lung

The pulmonary capillary
pressure increase
(increase in vascular
pressure upstream to
the left ventricle)

The increased pulmonary
congestion stiffens the
lung andreduces its
compliance

FiGURE 3.22. Work of breathing and myocardial ischemia.

to the overworking respiratory muscles. The “coronary steal”
quickly establishes a vicious cycle (see Fig. 3.22). This positive
feedback cycle can be broken by mechanical ventilatory sup-
port, which unloads the respiratory muscles. The improve-
ment in oxygenation achieved as a result of mechanical
ventilation further alleviates the problem.

It is when the lung is yielding and highly compliant that
the effects of the raised airway pressures due to positive pres-
sure ventilation are most apparent on the vasculature, and on
the other neighboring structures. A pliable and compliant
lung easily transmits pressures to nearby structures resulting
in more hemodynamic compromise. When the lungs are stiff
and poorly compliant, they provide a buffer of sorts against
the transmission of this pressure to the intrathoracic struc-
tures, and so afford a measure of protection against hemody-
namic compromise.
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A poorly compliant chest wall (as in the setting of a fibroth-
orax), by encompassing the system within its rigid confines,
enables a buildup of pressure within its unyielding walls, and
easily enables transmission of airway pressures to the sur-
rounding structures. This predisposes to circulatory compro-
mise. On the other hand, a highly compliant chest wall (as in
patients who have had a sternotomy) enables “decompres-
sion” of the chest, transmitting relatively little pressure to the
intrathoracic vasculature.

Not only may the circulatory dynamics be adversely
affected by mechanical ventilation, but the accuracy of their
monitoring also influenced. For example, the measurement
of pulmonary capillary wedge pressure may be falsely high
in mechanically ventilated patients. An approximation of
the true pulmonary capillary wedge pressure may be made
by halving the measured PEEP level and subtracting the
resultant from the measured pulmonary capillary wedge
pressure. This holds good for lungs with normal compliance.
For lungs that are poorly compliant, the PEEP level should
probably be divided by four and the resulting figure sub-
tracted from the measured pulmonary capillary wedge
pressure.’

Box 3.10 Transmission of Alveolar
Pressure to the Pleural Space

How much of the alveolar pressure is eventually transmitted
to the pleural space is summarized by the equation:
AP, = AP, [C/C + C))],
where
AP =change in pleural pressure
AP, =change in alveolar pressure
C,=compliance of the lungs

C_=compliance of the chest wall
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3.9 Renal Effects

The renal dysfunction that the PPB produces seems ascribable
in large part to the decrease in cardiac output.’™ Positive pres-
sure ventilation has been shown to redistribute renal blood
flow to the juxtamedullary nephrons and this has been caus-
ally linked by some investigators to the renal dysfunction.””-*

Mechanical ventilation by increasing intrathoracic pres-
sure decreases venous return; the consequent rise in inferior
vena-caval pressure can raise the renal venous pressure.
Although this could theoretically result in renal dysfunction,
it is again unlikely that by itself, the moderate rise in renal
venous pressure that commonly occurs with mechanical ven-
tilation could significantly impact renal function. Experi-
mentally, it has been shown that stimulation of the renal
sympathetic nerves can result in diminished renal blood flow
and a reduced sodium excretion.’’” It has been proposed
that the reduced firing of carotid baroreceptors that PPB
produces could result in increased renal sympathetic stimula-
tion, thereby producing a fall in renal blood flow (Fig. 3.23).

Changes in the renin—angiotensin—aldosterone axis that
are produced by PPB have also been cited by some investiga-
tors as being casually linked to the renal dysfunction, though
concrete evidence in this respect has been hard to come by.’

Hypercapnia can promote the secretion of hydrogen ions
into the glomerular filterate in lieu of bicarbonate and
sodium: the conservation of the latter can result in salt and
water retention. Both hypercapnia and hypoxia can indepen-
dently decrease renal perfusion, and stimulate the renin—
angiotensin—aldosterone axis.%

Antidiuretic hormone (ADH) is believed to mediate at
least some of the effects of PPB on renal dysfunction. The
physiological function of ADH is the conservation of body
water. ADH promotes the resorption of the glomerular fil-
trate from the collecting ducts of the nephron into the renal
interstitium and thence back into the systemic circulation.
The resorption of salt-poor fluid results in the excretion of a
concentrated urine.
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Mechanical ventilation (especially in the setting of hyperinflation)

Decreased cardiac output

Decreased renal perfusion

Decreased atrial

. . stretch results in Increase in
Stimulation of the
. . . decreased Increased ADH plasma
renin—angiotensin— . . . .
. || secretion of atrial secretion norepine-
aldesterone axis o . 6704
Natriuretic peptide phrine®7.

(ANP) from atria

Decreased Resorption of
Salt and water diuresis and ~ |[a salt poor fluid;
retention decreased excretion of a
natriuresis concentrated
urine

Salt and water

. Water retention
retention

FIGURE 3.23. Mechanisms of fluid retention during mechanical ven-
tilation.

The use of positive pressure ventilation has also been
shown to increase serum ADH levels,>* but such results have
not been consistently reproducible.”’ It is also possible that
the rise in ADH levels associated with PPB is a compensa-
tory response that is directed toward the restoration of the
cardiac output in mechanically ventilated patients. This is
certainly plausible, and the fact that ADH also has a vasocon-
strictor effect lends credence to this theory.

Atrial natriuretic peptide (ANP), which is a hormone that
has its origin in the atrial chambers of the heart, also seems to
participate in the complex interplay of factors that predispose
to renal dysfunction in the setting of PPB. ANP is released from
its storage sites within atria in response to atrial distension.
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Congestive cardiac failure as well as volume loading of the
circulation can cause atrial distension and so promote ANP
release. ANP has potent natriuretic and diuretic properties.

A decrease in atrial engorgement can be expected to pro-
duce the opposite effects.>”! Positive pressure ventilation,
especially if used in conjunction with PEEP, can reduce atrial
distension, principally by limiting venous return to the heart.
This could potentially affect urine output and sodium
excretion.

Finally, high tidal volume ventilation has been correlated
with increased levels of cytokines that are capable of causing
organ injury in ARDS (see Chapter 9)

It appears therefore that several mechanisms can mediate
the effects of PPB on the renal function, and though no study
till date has clearly implicated any one mechanism, several or
all these factors may be contributory.

3.10 Hepatobiliary and Gastrointestinal
Effects

3.10.1 Hepatobiliary Dysfunction

Liver function is often compromised in critically ill patients.
As in respect of the kidney, the reduction in hepatic perfusion
appears to be secondary to the decrease in cardiac output
that PPB produces.

The liver has a dual blood supply, and although the hepatic
artery provides but a third of the blood supply of the liver, it
accounts for as much as half of the oxygen supply. Reduction
in both hepatic arterial and portal blood flow has been docu-
mented in mechanically ventilated patients.'* The decline in
hepatic arterial flow appears to strongly correlate with use of
PEEP’ Hepatic vascular resistance is also elevated in mechan-
ically ventilated patients. A decrease in venous return to the
heart (on account of PPB) by increasing the inferior vena-
caval pressure can elevate the hepatic venous pressure, and
this could play a part in hepatic dysfunction as well.%



References 63

The diaphragm itself is pushed lower into the abdomen in
mechanically ventilated patients, but this is unlikely to cause
hepatic dysfunction by compressive effects upon the hepatic
parenchyma.* Resistance to bile flow through the common
bile duct has also been shown to increase with the application
of PEEP, but the significance of this is presently unclear.**

3.10.2 Gastrointestinal Dysfunction

Clinicians are familiar with increased incidence of GI bleed-
ing in patients on mechanical ventilation. Gastrointestinal
stress ulceration most often accounts for this bleeding and
probably results from a reduction in mucosal blood flow that
PPB produces.** Along with a reduction in arterial perfusion
of the gut, PPB can decrease venous return to the heart, and
this can promote ischemia of the gut mucosa as well.
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Chapter 4

The Conventional Modes
of Mechanical Ventilation

4.1 Mechanical Ventilators

The care of the patient in the ICU is, to say the least, extremely
demanding. Mechanically ventilated patients are at high risk
of mortality, not only from the primary condition for which
they have been ventilated, but also from complications arising
directly or indirectly from mechanical ventilation itself. Tech-
niques for mechanically ventilating patients are even now
evolving, and modes of ventilation are frequently chosen
based not only on the lung pathology, hemodynamics, oxygen-
ation, and lung mechanics, but also on clinician familiarity. It is
generally accepted that current modes of mechanical ventila-
tion are inadequate in many respects, and there is much room
for improvement.

Before further discussion on the topic, it is necessary to
define a few important concepts. In essence, mechanical ven-
tilators are devices that enable gas to flow into the patient’s
airways in a regulated manner. For air to flow into the patient’s
lungs during inspiration, there must exist a gradient between
the pressure within the ventilator’s inspiratory circuit and the
patient’s alveoli. Ventilators are classified as positive pressure
or negative pressure devices depending upon how they bring
about the flow of air into the patient’s lungs.

Positive pressure devices work by generating positive pres-
sure at the airway opening and so drive air into the patient’s
lungs. Negative pressure ventilators, on the other hand, act by
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enclosing the patient’s torso within a sealed box within which
negative pressure is generated by means of a vacuum device.
The thorax expands passively, secondary to the pressure drop
outside the chest, and the negativity of alveolar pressure so
produced pulls air into the patient’s lungs. Negative pressure
ventilators have been discussed in Chap. 14 Positive pressure
ventilation can be applied in an invasive manner (where posi-
tive pressure is transmitted to the patient’s airway through the
endotracheal tube) or noninvasively by means of a securely
fitting nasal or orofacial mask. A low pressure cuff around the
endotracheal tube affords a seal between the endotracheal
tube and the tracheal wall.

The physiologic impact of the endotracheal tube and
positive-pressure breathing has been discussed in Chap. 3
Noninvasive ventilation has been discussed in Chap. 13.

4.1.1 Open-Loop and Closed-Loop Systems

Closed-loop ventilators are sophisticated microprocessor-
controlled devices, which constantly monitor the ventilator-
aided respirations; sophisticated feedback systems modify
the operator-determined characteristics of delivered breaths.
In-built alarms alert the operator should the breaths not be
delivered in accordance with the ventilator settings. Open-
loop systems also continuously provide feedback data, but
otherwise lack artificial intelligence, and are not capable of
spontaneously restoring breath characteristics should these
deviate from the intended.

4.1.2 Control Panel

Ventilator parameters are set or modified through the con-
trol panel. In essence, four basic variables are operator-con-
trolled: volume, flow, pressure, and time, and the interactions
between these govern the characteristics of ventilator-driven
breaths.
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4.1.3 Pneumatic Circuit

Oxygen and compressed air from wall outlets are mixed to
give the prescribed FIO, in a blender; the air then enters a
system of tubes comprising the ventilator’s internal and
external circuits. The air is conducted to the patient’s airways
through the inspiratory circuit. The exhaled air is received
back into the ventilator through the expiratory circuit and is
subsequently discharged through the expiratory port to the
exterior.

4.1.3.1 The Internal Circuit

The system of tubes and valves within the ventilator itself
constitutes the internal circuit of the ventilator. Ventilators
may be categorized into single or double-circuit systems
depending upon whether the internal circuit allows the gas to
go directly from the power source to the patient or is used to
operate a bellows, respectively. In the latter case, the gas from
the power source is used to compress a bag or bellows which
routes the air to the patient via a separate circuit.

4.1.3.2 The External Circuit

The corrugated polyvinyl tubes along with their connections
that connect the ventilator to the patient tube (endotracheal
or tracheostomy tube) constitute the external circuit.

4.1.4 The Expiratory Valve

During a ventilator-driven inspiration, it is essential to
ensure that airflow is directed to the patient’s airways in a
controlled manner. Closure of an internally situated exhala-
tion valve directs air to the patient during inspiration. The
valve opens periodically after each inspiration, thereby per-
mitting exhalation.
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Volume Control Pressure Control Pressure supported
Ventilation Ventilation Ventilation

e The independent * The independent e The independent
variable is volume variable is variable is flow

¢ The dependent Pressure ¢ The dependent
variable are ¢ The dependent variables are
pressure and flow. variable are volume and

volume and flow. pressure.

FIGURE 4.1. Control variables in different modes of ventilation.

4.1.4.1 Phases of the Respiratory Cycle

Each ventilator-controlled respiratory cycle can be divided
into four phases® (Fig. 4.1).

- N\
Box 4.1 The Four Phases

of the Respiratory Cycle

Changeover from expiration to inspiration
Inspiration
Changeover from inspiration to expiration
Expiration

- /

> 2=

4.1.5 Variables

Variables are elements of a breath that a ventilator can con-
trol during breath delivery.

There are two kinds of variables, control variables and
phase variables.

4.1.5.1 Control Variables

Only one of the three control variables — volume, pressure, or
flow — can be used to control the shape of a breath.! This
controlling variable is called independent variable; the other

In the older jet ventilators, time used to be the independent variable.
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two variables automatically become dependent variables.
According to the independent variable selected, the ventila-
tor is classified as a volume, pressure, or flow controller.

4.1.5.2 Phase Variables

How the ventilator controls the phases of the respiratory cycle
depends upon the phase variables ?!. Four phase variables are
recognized: trigger variable, limit variable, cycle variable, and
baseline variable.

4.1.6 The Trigger Variable (“Triggering”
of the Ventilator)

Triggering is the mechanism that the ventilator uses to cycle
from expiration to inspiration. A ventilator-driven breath may
be delivered regardless of patient effort; on the other hand, it
may be patient initiated (patient-triggered). When triggered,
the ventilator detects the onset of a patient-initiated inspira-
tion (by detecting changes in pressure or flow that occur within
the ventilator circuit), and delivers a breath in synchrony with
the patient’s inspiratory effort. Either a pressure, flow or
volume target can be used to initiate inspiration (see Fig. 4.2).

result of the
patient’s attempt
to inhale is sensed
by the ventilator,
and the ventilator
delivers a breath
in response to it

of the patient’s
attempt to inhale
is sensed by the

ventilator, and

the ventilator
delivers a breath
in response to it

circuit as a result
of the patient’s
attempt to inhale
is sensed by the
ventilator, and
the ventilator
delivers a breath
in response to it

Pressure asa |Flow as atrigger| Volumeasa |Time as a trigger
trigger variable: variable: trigger variable: variable:
The pressure drop|The flow into the The volume The breath is
in the circuit as a |circuit as a result| change in the triggered

according to a
preset frequency,
and is delivered
at regular
intervals of time,
independent of
the patient effort

FIGURE 4.2. The trigger variable.
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4.1.7 Limit Variable

The value of the limit variable cannot be exceeded at any
time during inspiration (Fig. 4.3). By definition, time cannot
be a limit variable. Once the limit variable is reached, inspira-
tion does not end: the remainder of the breath is regulated
within the set limit of this variable."”

4.1.8 Cycle Variable

The changeover from inspiration to expiration and from expi-
ration to inspiration is called cycling. Ventilators use different
ways to cycle between inspiration and expiration (Fig. 4.4).

4.1.8.1 Volume-Cycled Breath

The inspiratory breath is terminated after a specified vol-
ume has been delivered to the patient. When the inspiratory
tidal volume is delivered at a low flow rate, inspiration will
necessarily take longer. The addition of an inspiratory
pause (which is considered a part of inspiration) extends

The limit variable

The value of this variable cannot be exceeded at any time
during inspiration

Pressure as a limit Volume as a limit Flow as a limit
variable variable variable

The set upper pressure The set volume limit The flow limit cannot be
limit cannot be exceeded cannot be exceeded exceeded during the
during the inspiration during the inspiration inspiration
e.g., Pressure control e.g., Volume control e.g., Volume control
ventilation or ventilation ventilation
Pressure Support
ventilation

FIGURE 4.3. The limit variable.
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after a preset after a preset 25% of the pressure
volume has been inspiratory peak inspiratory exceeds
delivered (e.g., in time has flow), the the set
the volume control | elapsed (e.g., | ventilatorcycles | maximum airway
mode) pressure from inspiration | pressure limit,
control mode) to expiration |the ventilator will
If an inspiratory (e.g., pressure cycle to
pause has been support expiration
set,expiration does ventilation) regardless
not immediately ofthe tidal
follow the delivery volume that
of a breath; the has been
breath by definition delivered to
now becomes time the patient
cycled rather
than volume cycle

FIGURE 4.4. The cycle variable.

the inspiratory time. Because the pause time must be speci-
fied, the breath becomes time-cycled, though volume-
limited.

4.1.8.2 Flow-Cycled Breath

The ventilator cycles to expiration once the flow has decreased
to a certain level, which is either an absolute value (e.g., 5 L/min)
or a fraction of the peak flows achieved (usually 25% of the
peak inspiratory flows). Such a mechanism is operative dur-
ing the pressure support ventilation, in which patient effort
and lung characteristics determine the tidal volume, airway
pressure, and inspiratory time (see section 4.4).
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4.1.8.3 Time-Cycled Breath

The inspiratory time is preset, and at the predesignated time,
the ventilator cycles from inspiration to expiration. Pressure
control ventilation is an example of time-cycled ventilation
where the airway pressure is held constant at a desired level
throughout inspiration. In the pressure control mode, both
airway pressure and inspiratory time are physician-preset, so
the tidal volume will vary depending upon the resistance and
compliance of the lung (see section 4.8).

4.1.8.4 Pressure-Cycled Breath

When a ventilator is set to pressure cycle, it will do so when a
predesignated pressure level is reached. Appropriate setting
of this pressure level will prevent the airway pressure from
rising to an inordinate level, and so, will protect the lung
against pressure-induced lung injury. It is important to note
that pressure cycling can occur during volume-targeted ven-
tilation as well. If the airway pressure exceeds the set maxi-
mum airway pressure limit, the ventilator will cycle to
expiration regardless of the tidal volume that has been deliv-
ered to the patient. Under such circumstances, high airway
pressures may result in premature termination of inspiratory
breaths, causing the delivered minute volume to fall — with
consequent hypoventilation.

4.1.9 Baseline Variable

This is the variable that is controlled at end exhalation. Most
often, the baseline variable controlled is pressure. The end-
expiratory pressure may be set to zero (ZEEP), or a positive
pressure may be created at end-expiration (PEEP) by the
closure of the expiratory valve before the lung has quite emp-
tied (Fig. 4.5).
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The baseline variable (e.g., pressure):

The varible (most often pressure) that is controlled at end-

exhalation

ZEEP

Baseline
pressure set

PEEP

Baseline
pressure set

to zero relative to
atmospheric pressure

positive relative to
atmospheric pressure

FIGURE 4.5. The baseline variable.

4.1.10 Inspiratory Hold

Once the inspiratory tidal volume has been delivered, the air
may briefly be held within the patient’s lungs by using
the inspiratory hold option. The inspiratory hold is used
when the plateau airway pressure needs to be calculated
(see section 8.2.1.1).

4.1.11 Expiratory Hold and Expiratory Retard

Expiratory hold (or expiratory pause) is utilized for the pur-
pose of measuring the pressure within airways during a state
of no-flow (see p...). Expiratory retard was once employed
with the intent of slowing down the expiratory flow and to so
mimic the physiological effects of pursed-lip breathing (as in
emphysematous subjects). Expiratory retard is no longer
used;rather, a small amount of PEEP (“physiological PEEP”)
is used to accomplish the same purpose (see p...Chaps. 5 and
8). In fact, the ventilator circuit and the expiratory valves
themselves engender a measure of expiratory flow resistance,
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FIGURE 4.6. The baseline variable.

and this produces much the same effects as a small degree of
expiratory retard.

4.2 Volume-Targeted Modes

These have been summarized in Fig. 4.6.%

4.2.1 Volume Assist-Control Mode (ACMV, CMYV)

This is the mode used most often at the initiation of mechani-
cally ventilated support to a patient.
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FIGURE 4.7. Volume-targeted ventilation: The assist-control mode.

In the critical care unit, the initiation of mechanical venti-
latory support to a patient is usually undertaken when the
patient is very sick or unstable. Under such circumstances, it
is desirable that the patient be spared any undue excess of
work of breathing that could impose a major burden on his
cardiorespiratory system (Fig. 4.7).

The ACMV mode ensures this. The physician determines
the tidal volume and the respiratory rate according to the needs
of the patient. The preset tidal volume — or the guaranteed tidal
volume (say, 500 mL) — is delivered at the set rate (say, 12
breaths/min). This guarantees the patient a minimum minute
ventilation of 500 mL times 12 breaths/min=6,000 mL/min.

The advantage of assist-control ventilation is that full ventila-
tory support is potentially assured, provided that the backup
rate has been set high enough. Assist-control ventilation rests
the patient and relieves him of most of the work of breathing.
While guaranteeing the basic ventilatory requirements, the
ACMY does not preclude spontaneous breathing by the patient,
who is allowed to breathe above the set rate. Therefore, ACMV
responds to the dynamic needs of the patient, in that the respira-
tory rate is controlled by the patient according to his needs (e.g.,
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FIGURE 4.8. Assist-Control ventilation. Breaths A and B are patient-
triggered: note the negative deflection preceding each ventilator-
driven positive-pressure breath. Breath C is ventilator-triggered, the
patient having failed to initiate inspiration on his own.

the pyrexial patient — whose CO, production is high — breathes
more frequently to enable washout of CO,) (Fig. 4.8).

Close matching of the ventilator’s settings to the patient’s
requirements demands careful attention to the physiological
variables discussed later in this book. The mode is often
uncomfortable to the patient whose respiratory drive demands
higher tidal volumes than those that have been preset. The
lack of adaptability of the assist-control mode to a changing
clinical situation can result in other problems. For example, in
obstructive airways disease, with widespread airway narrow-
ing, the available expiratory time frequently proves insuffi-
cient for the complete exhalation of the preset tidal volumes.
Air trapping results, and can lead not only to an increase in
the intrathoracic pressure, but also to a worsening in lung
compliance. Moving noncompliant lungs can impose an addi-
tional inspiratory load on the patient and increase the work
of breathing further (Fig. 4.9).

Although an advantage of the assist mode is that the work
of breathing is performed mainly by the ventilator (once it
has been triggered), it is the patient who has to expend
energy to trigger the ventilator. If the trigger sensitivity is set
at too high a level, the energy required to trigger the ventila-
tor can be considerable, leading to substantial work of
breathing.

Nor does the patient’s inspiratory effort cease once the
ventilator is triggered. Neuronal input to the respiratory
muscles can continue for a variable period while the



4.2 Volume-Targeted Modes 83

Advantages Disadvantages
¢ Minute ventilation is guaranteed * The breathing schedule is relatively
* The set tidal volume is guaranteed rigid. Alkalosis may occur if the set
* The patient can choose to respiratory rate is too high.
overbreathe the set respiratory rate * Airway pressures may rise if lung
e Each breath is delivered in synchrony mechanics are poor: dynamic
with the patient’s spontaneous hyperinflation can occur.
effort; this makes for more * The work of breathing can be high if
comfortable breathing the trigger sensitivity or flow settings
* The mode affords rest to the patient are not appropriately adjusted
and unloads the respiratory muscles * Sedation often required

* Due to prolonged unloading of the
respiratory muscles, atrophy is
possible

FIGURE 4.9. Advantages and disadvantages of the Volume-Targeted
Assist-Control Mode.

ventilator is yet in the process of delivering the inspiratory
breath. When the set inspiratory time on the ventilator does
not match the patient’s neuronal inspiratory time, patient-
ventilator asynchrony can occur.

A ventilator-delivered inspiratory breath can sometimes
coincide with the patient’s effort at expiration, resulting in
“clashing” of breaths with patient-ventilator incoordination.
It is also possible that a patient with a high respiratory drive
might make ineffectual attempts at inspiration while awaiting
the next breath from the ventilator; this can increase the
work of breathing, increase the level of discomfort, and have
a negative impact on the hemodynamic status.

Such a patient might require considerable sedation, and at
times, pharmacological paralysis. The use of pharmacological
paralysis has important implications. Inadvertent disconnec-
tion of the paralyzed — and therefore apneic — patient
from the ventilator would certainly be catastrophic if
unrecognized.

On the other hand, if the set minute volume exceeds that
which is required to keep the patient’s PaCO, within a rea-
sonable range, respiratory alkalosis can occur with its atten-
dant consequences. The patient whose respiratory drive is
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increased because of fever or discomfort is also liable to
develop respiratory alkalosis.

If ACMYV is used at the predominant mode of ventilation
for a prolonged time, the lack of stimulus to the patient’s
respiratory muscles can result in respiratory muscle atrophy.
Hence, although suitable for the ventilation of the newly intu-
bated “unstable” patient, ACMYV does not fulfill the needs of
an ideal long-term ventilation mode for most others.

For graphical representation of ACMV mode see Fig. 4.7
& 4.8.

~ N\
Box 4.2 Assist Control

Example:

If a tidal volume of 500 mL at a backup rate of 10 breaths/min
were to be set for a patient breathing spontaneously at 20
breaths/min, the ventilator would deliver 500 mL for each
breath triggered by the patient.

If the patient’s respiratory rate were to fall for some rea-
son, to say, 5 breaths/min, the ventilator backup would then
kick in and provide 5 extra breaths/min, each of a tidal vol-
ume of 500 mL, to realize the 10 breaths/min requirement.

Should the patient not breathe at all, the set tidal volumes
would again be delivered at the backup rate, in this case,
10 breaths/min.

(& )

4.3 Intermittent Mandatory Ventilation

Initially, the IMV mode was used principally as a weaning
mode.

In this mode, a certain number of breaths are preset by the
physician. These mandatory (compulsory) breaths are com-
pulsorily given to the patient, irrespective of the patient’s
own demands. The physician sets the tidal volume and the
respiratory frequency: mandatory breaths are delivered to the
patient intermittently, at equal intervals of time.
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In between the mandatory breaths, the patient may breathe
at his desired respiratory rate. The tidal volume of the sponta-
neous breaths will depend on the strength of the patient’s
inspiratory effort. When the patient cannot generate sufficient
inspiratory force to generate satisfactory tidal volumes during
his spontaneous breaths, alveolar hypoventilation can occur —
unless the backup (mandatory) rate has been set high enough
to take care of most of the minute ventilation of itself.

Just as in the control mode of ventilation, if any asynchrony
occurs between the patient’s spontaneous inspiration and the
ventilator-delivered breath, there can be “clashing” or
“breath-stacking.” As a result of an innovation designed to
prevent patient-ventilator asynchrony, the ventilator detects
the onset of the patient’s spontaneous inspiratory effort and
delivers the mandatory breath in synchrony with it, in a simi-
lar manner to that in the assist-control mode. Such a mode of
ventilation is called synchronized intermittent mandatory
ventilation (SIMV) mode (Fig. 4.10). The SIMV is much
more comfortable for the patient than is the IMV mode.

At this juncture, it is relevant to recall the discussion on dead
space ventilation (section 3.6.3). The conducting airways play no
part in gas exchange, and the space within them is termed the

c c
Airway
pressure
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FIGURE 4.10. Synchronized Intermittent Mandatory Ventilation.
The gentle undulations about the baseline (A and B) represent the
patient’s spontaneous breaths. C is the mandatory ventilator-driven
breath, which is synchronized with the patient’s inspiratory effort
(D). Within a timing window activated at periodic intervals of time,
the patient’s inspiratory effort is sensed by the ventilator and the
mandatory breath delivered in synchrony with it.
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anatomical dead space. For obvious reasons, anatomical dead
space does not change, except — as in mechanically ventilated
patients — if an endotracheal tube is in place. The endotracheal
tube being of smaller volume than the upper airway, which it
bypasses, slightly cuts down the anatomical dead space.

Alveolar dead space is formed by such alveoli that are
ventilated but not perfused. The anatomical dead space and
the alveolar dead space together comprise the physiological
dead space.

In normal individuals, alveolar dead space is negligible. In a
diseased lung, however, there is considerable expansion in the
alveolar dead space due to the general inhomogeneity of ven-
tilation; as a result, the physiological dead space increases.

Alveolar ventilation is determined by how much the deliv-
ered tidal volume exceeds the dead space. If the spontaneous
breaths on the SIMV mode are around 150-200 mL in vol-
ume, they will not exceed the dead space by much, and there-
fore, will not participate in meaningful alveolar ventilation.
To boost the volume of these spontaneous breaths, external
pressure support may be applied, resulting in a combination
of these two modes — the SIMV +PSV mode.

There are important differences between the SIMV mode
and the assist-control mode. In the SIMV mode, the manda-
tory breaths are set by the physician. During the mandatory
breaths, the patient is delivered the preset tidal volumes, but
the tidal volumes of the spontaneous breaths depend upon the
strength of the inspiratory effort. On the other hand, each
breath in the assist-control mode will have a tidal volume
equal to the preset tidal volume, be it a patient-triggered
breath or a backup breath. In the SIMV mode, the patient is
delivered the full complement of the preset mandatory
breaths irrespective of how many additional spontaneous
breaths he chooses to take; in the assist-control mode, the
patient determines his own respiratory rate so long as he is
breathing spontaneously at a rate above the backup rate. If
the patient’s respiratory frequency on the assist-control mode
should for some reason fall below the minimum (backup) rate,
the machine ensures a secured level of ventilation by deliver-
ing the minimum number of (backup) breaths (Fig. 4.11).



4.3 Intermittent Mandatory Ventilation 87

Assist-control SIMV mode
mode
A . )Y
Physician preset tidal volume and The mandatory breath
respiratory rate Physician preset tidal
Each breath, be it a patient volume and respiratory rate
triggered breath or a backup During the mandatory breaths
breath, is delivered at the patient is delivered the
the preset tidal volume preset tidal volumes

The patient determines his own
respiratory rate so long as his
sponteneous breath rate
exceeds the preset (backup) rate

If the patient's respiratory The spontaneous breath
frequency should fall below The tidal volumes of the
the backup rate, the machine spontaneous breaths depend
will ventilate the patient at the upon the strength of the
backup rate inspiratory effort

- _4

FiGURE 4.11. Comparison of the Assist Control and the SIMV mode.

An advantage of the SIMV mode is that it allows the
patient to use his respiratory muscles (by breathing sponta-
neously in between the mandatory breaths). This is a distinct
advantage during long-term mechanical ventilation where
disuse atrophy of the respiratory muscles can occur; and this
can certainly be an advantage during the time of weaning,
when the ventilatory burden can gradually be transferred
from the machine to the patient by gradually decreasing the
number of mandatory breaths and encouraging the patient to
breathe on his own (see discussion below) (Fig. 4.12).

Notably, the assist-control mode is very different in this
respect. In the assist-control mode, at least in theory, apart
from expending energy in triggering the ventilator, the patient
performs very little of the work of breathing, since additional
breathing in between machine delivered breaths is not possi-
ble. Once triggered, the ventilator is responsible for the entire
inspiratory work of breathing from then on, enabling tired
respiratory muscles to rest. Therefore, the assist-control mode
is used in situations where a greater degree of respiratory
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Advantages Disadvantages
¢ The mandatory breath is * The work of breathing can be high
delivered in synchrony with if the trigger sensitivity and the
patient-effort (SIMV). This makes flow are inappropriate to the
for greater comfort during patient’s needs
breathing
* Hypoventilation is possible if the
* In between the mandatory patient is not capable of
breaths, the patient can breathe spontaneous breathing, and the
at his preferred respiratory rate, mandatory breath rate has not
tidal volume and flow been set high enough
¢ The patient’s respiratory muscles * Excessive work of breathing is
remain active, and so disuse possible during spontaneous
atrophy is less common breaths unless an adequate level

of pressure support is applied

FIGURE 4.12. Advantages and disadvantages of the SIMV mode.

support is needed, and should be expected to completely ful-
fill the ventilatory requirements of the patient.

The intent in the SIMV mode is different. It is the patient
who is encouraged to perform more of the work of breathing,
with the mandatory backup rate serving as a buffer for his
minute ventilation and preventing the patient from entirely
taking upon himself the burden of his work of breathing. One
advantage of the SIMV mode is that the patient can increase
or decrease the volume and frequency of his spontaneous
breaths in accordance with his requirements. As a result, alka-
losis is usually less of a problem. Although setting a high
enough mandatory breath rate can completely satisfy the ven-
tilatory requirements of the patient, this is usually not the
intent of this mode. The objective, as mentioned above, is to
make the patient perform at least some of the work of breath-
ing, and to enable this to happen, the minute ventilation pro-
vided by the mandatory breaths is deliberately set at a level
below the minute ventilation requirements of the patient.

The generation of a spontaneous breath in the SIMV
mode requires the creation of a negative intrathoracic pres-
sure by contraction of the inspiratory muscles. Thus, the spon-
taneous breaths are generated in a fashion more akin to
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physiological breathing. As a consequence of this, there is not
as much a rise in the intrathoracic pressure as there would
have been should all breaths be positive-pressure breaths
(the latter, of course, is the case in the assist-control mode).
Logically, therefore, the magnitude of hemodynamic compro-
mise caused by this mode should be relatively less.

The advantage that the SIMV mode has over the assist-
control mode in respect of circulatory hemodynamics appears
to be operative only as long as less than half of the minute
volume is provided in the form of positive-pressure breaths:
when more than half of the minute volume is made up by the
mandatory breaths, the hemodynamic advantage is lost.
These are, however, vexatious issues, and it may well be that
the hemodynamic advantage gained by the use of a low
backup rate in the SIMV mode is offset by the increased
work of breathing necessitated by breathing at a high sponta-
neous rate (when the mandatory rate is low). In fact, SIMV
breathing can lead to an undesirable increase in oxygen con-
sumption, which may even exceed the O, consumption that
occurs in assist-control mode. When at least 80% of the min-
ute volume is provided by mandatory SIMV breaths, patients
can be considered to be fully supported. When this is the case,
there may be no special advantage of either mode (SIMV or
assist-control) over the other.

4.4 Pressure—Support Ventilation

During pressure-supported ventilation (PSV), the ventilator
augments the inspiratory effort of the patient with positive
pressure support. Exhalation is passive. Since the level of the
pressure support is physician-preset — given a constant
strength of inspiratory effort on the part of the patient — the
tidal volumes can be made to rise or fall by varying the level
of the pressure support. In other words, the level of pressure
support determines the tidal volumes (Fig. 4.13).

With the onset of inspiration, the airway pressure rapidly
rises, and this level of pressure is maintained at a plateau for
most of inspiration. When the airflow begins to slow down
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FIGURE 4.13. Pressure Support mode. Airway pressure during an
unassisted breath is represented by the green line (A). Airway pres-
sure during pressure supported breaths is represented by the pink
(B) and red (C) lines.

toward the end of inspiration, the ventilator cycles to expira-
tion and allows exhalation to occur passively. The flow
threshold that determines this cycling to expiration is 25% of
the peak flow for most ventilators. In other words, cycling to
expiration occurs when the airflow during the deceleration
phase of inspiration falls to 25% of its peak level.

Although flow cycling is the norm in PSV, time cycling is
used as a backup method of cycling. During flow-cycled
breaths, in the presence of a leak in the circuit, the ventilator
may fail to cycle from inspiration to expiration. A backup
cycling mechanism provides protection: the breath is auto-
matically terminated after a certain inspiratory time has
elapsed — usually 3-5 s.

In order for the ventilator to deliver an inspiratory breath,
it is necessary that the patient first “demand” a breath from
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FIGURE 4.14. Pressure Support Ventilation

the ventilator by attempting to initiate inspiration. The ventila-
tor senses the transient dip in airway pressure that the patient’s
effort at inspiration produces, and instantly delivers the pres-
sure-supported breath. PSV, therefore, will work only if the
patient is able to trigger the ventilator on his own (Fig. 4.14).

Within the PSV mode, the patient can breathe at the respi-
ratory rate that he chooses. The patient also controls the
inspiratory time and inspiratory flow rate of each breath. This
is an important distinction from the Pressure Control mode
(see later). Since the patient can control the depth, length,
and flow profile of each breath, PSV tends to be a relatively
comfortable and well-tolerated mode. Because it is the
patient who decides when to initiate a breath, there is better
synchronization with the ventilator.

By supporting the inspiratory effort of the patient, PSV
minimizes the work of breathing. With enhancement of tidal
volumes, the respiratory rate falls; this is a sign of more com-
fortable breathing. A low level of pressure support (e.g.,
5-10 cm H,O) generally suffices to negate the additional
resistance imposed by an endotracheal tube (since the lumen
of the endotracheal tube is much smaller than that of the
innate airway) (Fig. 4.15).
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FIGURE 4.15. Pressure Support Ventilation. With increasing levels of
applied pressure support, the tidal volumes can be made to rise.

PSV allows considerable flexibility in ventilatory support:
high levels of pressure support are capable of providing virtu-
ally full ventilatory support. When the pressure support is set
to a level that offsets the additional resistance imposed by the
endotracheal tube and the ventilator circuitry, a breathing
pattern very similar to physiological breathing can be achieved
(Fig. 4.16).

The disadvantages of PSV stem from the fact that the state
of respiratory system is usually dynamic and varies constantly.
Within the PSV mode, it is only pressure that is assured (to
the patient) and not tidal volumes: if the lung becomes stiff
(e.g., pulmonary edema) or obstructed (e.g., bronchospasm or
secretions obstructing the endotracheal tube) for any reason,
tidal volumes will fall.
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FIGURE 4.16. Advantages and disadvantages of the Pressure Support
mode.

Falling tidal volumes by decreasing the minute ventilation
can result in hypoventilation. Provided the respiratory drive
is intact, the patient can be expected to defend his minute
ventilation by raising his spontaneous respiratory rate to
compensate for the falling tidal volumes. A rising spontane-
ous respiratory frequency in a patient on PSV should there-
fore draw one’s attention to the possibility of worsening
respiratory mechanics.

By the same token, PSV is generally poorly tolerated in
patients with active bronchospasm for the reason that the
set level of PSV may be inadequate to deliver adequate
tidal volumes in a patient with high intrinsic airway
resistance.

Although the PSV mode probably approximates physio-
logical breathing more than several other modes do, it can
still provoke patient-ventilator asynchrony. As mentioned
earlier, cycling from inspiration to expiration occurs when the
inspiratory flow has fallen to a certain predesignated level,
usually 25% of the peak flow rate. In COPD patients, airway
narrowing is widespread throughout the tracheobronchial
tree, and can be considerable in the small airways. This results
in slow emptying of the lungs, and a longer time is required
for expiration. Also, it takes longer for the lungs to fill during
inspiration. The flow rate may continue to be relatively high
even late in the inspiratory phase. Inspiration is, therefore,
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FiGURE 4.17. Patient-ventilator asynchrony in COPD patients with
the PSV mode.

considerably prolonged due to the failure of airflow to fall to
the predesignated threshold of 25% of the peak expiratory
flow rate, even after a substantial time has been spent in
inspiration. It is common, then, for COPD patients to try to
commence expiration while the ventilator is still delivering a
breath (Fig. 4.17).

4.5 Continuous Positive Airway Pressure

In the spontaneously breathing individual, active inspiration
is followed by passive expiration, at the end of which the air-
way pressure falls to the atmospheric level — the pressure at
the mouth. Since the pressure at the two ends of a tube must
be equal for airflow to cease, at end-expiration, alveolar pres-
sure must necessarily equate with the atmospheric pressure.
At end-expiration, alveolar pressure is low, but alveoli are
prevented from collapsing completely because of the surfac-
tant within them. When alveoli are diseased, they tend to
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FIGURE 4.18. Continuous Positive Airway Pressure.

collapse prematurely. Hypoxia due to V/Q mismatch and
shunting will then occur, as the blood brought to the col-
lapsed alveoli returns — without being oxygenated — to the
heart via the pulmonary veins.

Diseased alveoli have a tendency to collapse completely as
they are deficient in surfactant, and if they are allowed to com-
pletely close, the magnitude of the force required to reopen
them is likely to be considerable (see LaPlace’s law p. 484). In
other words, it takes much more pressure to expand a diseased
lung by a given volume, than it does to expand a normal lung
by the same volume. The ratio AV/AP (change in volume for a
given change in pressure) for a diseased lung is low. This
means that the increase in volume is relatively small for a
given increase in pressure, and this reflects a poorly compliant
system (Fig. 4.18).

Whenever compliance decreases for any reason the work
of breathing increases. The high pressure required to open up
the completely closed alveoli repetitively during each respira-
tory cycle can overdistend the healthier and more compliant
alveoli, predisposing to volutrauma and barotrauma (see
Chapter 10).
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Advantages Disadvantages
® Stabilization of the upper airway ® Air leaks during noninvasive
e Alveolar recruitment improves CPAP
oxygenation ® Problems related to interfaces
e Increase in FRC improves lung
compliance ® Dynamic hyperinflation, if level of
CPAP has been set inappropriately

® Decrease in microatelectasis,
macroatelectasis.

e Decreased work of breathing by
improving compliance and
preventing atelectasis

high

® Decreased work of breathing in the
setting of intrinsic PEEP

FIGURE 4.19. Advantages and disadvantages of the CPAP mode.

If the diseased alveoli can be prevented from collapsing
entirely, this will save the lungs from the high distending pres-
sures. By elevating the end-expiratory pressure to above the
atmospheric pressure, continuous positive airway pressure
(CPAP) internally splints the lungs, keeping the unstable
alveolar units from collapsing. The recruitment of previously
collapsed alveolar units increases the functional residual
capacity (FRC).

By this, two advantages accrue: firstly, the restoration of
ventilation to the perfused areas reverses the hypoxemia.
Secondly, the compliance improves, since with the active par-
ticipation of additional alveoli in ventilation, a greater change
in volume is now possible for a given change in pressure. With
an improvement in pulmonary compliance, the work of
breathing decreases (Fig. 4.19).

CPAP can be used both in intubated and nonintubated
patients. Nasal and oronasal CPAP masks enable the adminis-
tration of positive end-expiratory pressure to the patient’s
lungs in a noninvasive manner. Since the aim of the CPAP is
solely to maintain a positive pressure in the airways at the end
of expiration, CPAP does not provide the kind of intermittent
positive pressure during inspiration in the manner that PSV
does. For CPAP to be used successfully, the patient needs to
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have the capacity to breathe spontaneously. The addition of
inspiratory pressure support on top of the CPAP (the Bi-PAP
mode) helps the patient with an inadequate respiratory effort.
Disadvantages of CPAP include its propensity to produce
hyperinflation. Hyperinflation can not only increase the pres-
sure gradient between the alveolar and the proximal airways
making inspiration difficult but also make the lungs stiffer
(the lungs operate on the higher, stiffer part of the pressure
volume curve). Consequently, the work of breathing during
inspiration increases. The work of breathing performed dur-
ing expiration can increase as well (see section 9.5), and the
expiratory muscles of the patient may then come into play.

4.6 Bilevel Positive Airway Pressure

The patient is ventilated at two different levels of CPAP; the
switchover from one to the other level of CPAP is synchro-

nized with the patient. Pressure—support can be added at one
or both the levels of the CPAP used.

4.7 Airway Pressure Release Ventilation
(APRV)

[Syn: CPAP with release, Intermittent CPAP, variable posi-
tive airway pressure (VPAP)].

APRY is available in Drager’s Evita 2 Dura and Evita 4,
and BiLevel-Puritan Bennet 840.

APRYV involves the periodic release of pressure while
breathing in the CPAP mode. The release in pressure may be
time-cycled, or may be allowed to occur after a predesignated
number of breaths; the latter mode has been termed intermit-
tent mandatory airway pressure release ventilation (IMPRV):
like SIMV, the mandatory breaths can be synchronized to the
patient’s inspiratory effort.

CPAP breaths are given at two levels of pressure — Phigh
and P, . Mandatory breaths begin with the timed closure of
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a release valve, and the pressure rises from P, to P, . At
this elevated level of CPAP (P, ), the patient is allowed to
breathe spontaneously. The release in pressure is usually
time-cycled, and at the end of the mandatory breath, the
opening of the release valve drops the pressure back to P,
for a brief period of time — usually 1-2 s — during which inter-
val again the patient is allowed to breathe spontaneously. The
drop in airway pressure from P, to P__allows greater wash-
out of CO, to occur. In paralyzed patients, the mode becomes
identical to the PC-IRV mode.

The indications for APRV are similar to those for pressure-
controlled ventilation (PCV) —i.e., ALI and ARDS - though
the mode can be used with milder disease as well. The mode is
capable of providing either partial or full ventilatory support.

The particular advantage of APRYV is that it allows IRV —
and therefore recruitment — in spontaneously breathing
patients. Patients often synchronize well with the machine,
reducing the need for heavy sedation or paralysis. Airway
pressures are, overall, lower.

Since exhalation is abbreviated, the disadvantage, of
course, is that air trapping can occur or worsen in those
patients who have airflow limitation. Tidal volumes can be
inconsistent when respiratory mechanics are unstable, and in
such situations close monitoring is necessary.

4.7.1 Bi-PAP

Bi-PAPis a term used by a specific manufacturer (Respironics)
to describe the noninvasive application of positive airway
pressure (pressure support or pressure control) on top of a
baseline CPAP (noninvasive CPAP and Bi-PAP have been
dealt with in Chap. 13).

4.8 Pressure-Controlled Ventilation

In PCV, the physician only indirectly controls the tidal vol-
ume. A certain pressure limit is set. During a ventilator-
delivered inspiration, as air is driven into the lungs, airway
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pressure rises, rapidly reaching the preset pressure control
level. This pressure is maintained for the duration of inspira-
tion. The pressure limit, the respiratory frequency, and the
inspiratory time are physician-preset.

Within a given inspiratory time, a higher set pressure limit
will allow greater filling of the lungs: more air can enter the
lungs before the airflow begins to slow, and so the tidal volumes
are larger. Thus in a given patient with stable lung mechanics,
the tidal volume increases if the upper pressure limit has been
set high and decreases if it has been set at a low level.

For a given pressure control limit and inspiratory time, the
ventilator will be able to push in a more air if the lungs are
healthy and distensible than if they are stiff and noncompli-
ant. For this reason, tidal volumes in airways obstruction will
be low: airway pressure rises much more quickly when air is
pushed into the narrowed airways — the pressure limit is
reached relatively early during inspiration.

From the point that the pressure limit is reached, inspira-
tory flow slows down progressively so that the set pressure
level is maintained in spite of the distending lungs. Slower
flow within the available inspiratory time will result in smaller
tidal volumes.

The advantage in PCV lies in the guarantee that the peak
pressure will remain at — and never exceed — the set pressure
limit. The risk of barotrauma and of other adverse events related
to high intrathoracic pressures is, thus, minimized. The relative
importance of peak pressure as compared to pause pressure in
the genesis of barotrauma has been discussed in Chapter 10.

The major disadvantage of PCV is that in a patient with
unstable or changing lung mechanics, any significant fluctua-
tion in the lung compliance or airway resistance will directly
affect the delivered tidal volumes. Tidal volumes can vary
substantially with changes in compliance or resistance, pro-
ducing undesirable changes in minute ventilation (Fig. 4.20).

The use of a decelerating waveform during volume-con-
trolled ventilation can, to an extent, mimic the pressure and
flow characteristics of PCV. It should be appreciated that
pressure control ventilation is time-cycled, which means that
the inspiratory breath is terminated after a preset time has
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FIGURE 4.20. Pressure control ventilation.

Volume control

Tidal volumes are
guaranteed, even if
airway pressure
fluctuates. If lung
mechanics are poor,
airway pressure may rise
to unacceptable levels

Pressure control

Airway pressure level is
guaranteed. Tidal
volumes are not, and may
change if lung mechanics
vary

FIGURE 4.21. Goals of the Volume Control mode and the Pressure
Control mode.

elapsed, whereas volume control ventilation is volume-cycled,
meaning that inspiration is completed only when the preset
tidal volume has been delivered; also, the goals of the two
modes are very different (see Fig. 4.21).
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4.8.1 Proportional Assist Ventilation (PAV)

In essence, this mode (available within the Evita 4 ventilator)
is very similar to the proportional pressure support mode.
With this innovative approach, the pressure flow and volume
delivery are dictated by the patient’s efforts. In addition, the
clinician determines how much the ventilator must amplify
these variables in response to the patient’s inspiratory effort
and the prevailing lung mechanics.

The ventilator augments flow (which overcomes the resis-
tive work) and volume (which overcomes the elastic work).
The augmentation of flow and volume is in direct proportion
to the patient’s effort; an intact respiratory drive is, therefore,
essential to the successful deployment of this mode. The ven-
tilator monitors patient’s lung mechanics on a real-time basis,
and shapes the contours of the waveform on a breath to
breath basis (Fig. 4.22).

Ventilator settings are targeted at overcoming a specific
fraction of the elastic and resistive work of breathing. A typi-
cal initial setting of 80% will ensure that the ventilator per-
forms 80% of the work. If respiratory mechanics — and
therefore the work of breathing — then change, the patient
will still perform no more than 20% of the overall work. The
PAV mode is, therefore, most frequently used with the intent
of counterbalancing the patient’s work of breathing. Since it
is the patient who controls the variables (tidal volume,

Triggering Limitation Cycling
® Flow or ® Pressure ® Flow

volume limited (by cycled (by

triggering the the

(patient machine) machine)

does the

triggering)

FIGURE 4.22. Ventilator variables with the proportional assist
mode.*
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inspiratory flow, inspiratory time, and expiratory time), the
mode promotes better patient-ventilator synchrony.

The obvious downside of the mode is that it cannot be
applied in patients with a deficient respiratory drive. On the
other hand, excessive assist (“runaway”) may occur if lung
mechanics suddenly improve. Excessive assist can also occur
when air leaks are present, and autocycling can occur.

4.9 Dual Breath Control

Modern ventilators now incorporate complex computer-
based algorithms, and are capable of simultaneously control-
ling two variables.”

Intrabreath control (dual control within a single breath,
DCWB): During a part of an essentially pressure-targeted
breath, flow is controlled.

Interbreath control (dual control from breath to breath,
DCBB): The configuration of a pressure-targeted breath is
manipulated to deliver a targeted tidal volume.

4.9.1 Intrabreath Control

4.9.1.1 Syn: Dual Control Within a Breath (DCWB)

The clinician sets the minimum tidal volume and backup
breath rate and flow. The breath can be patient-triggered or
machine-triggered. The configuration of the breath depends
upon the adequacy of the patient’s effort. When the patient-
effort is satisfactory, the configuration of the DCWB wave-
form is similar to that of a pressure-supported breath: the
flow is decelerating, and the breath is terminated by flow
cycling. If the patient is breathing unsatisfactorily and the
flow falls to a level below that which is needed —1i.e., when the
set tidal volume is unlikely to be delivered within the assigned
inspiratory time — the machine delivers a controlled breath
that is flow-targeted and volume-cycled, akin to a CMV
breath (Fig. 4.23).
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Intrabreath control
Syn: Dual Control Within a Breath

The clinician sets the minimum tidal volume, backup breath rate and flow.
The breath can be patient-triggered or machine-triggered. The configuration
of the breath depends upon the adequacy of the patient’s effort

Adequate patient effort

With adequate patient-effort,
the configuration of the breath
is similar to that of a pressure-

supported breath: the flow is
decelerating, and the breath is

Inadequate patient effort

If the flow should fall below
that which is required to
deliver the set tidal volume
within the assigned inspiratory
time, the machine delivers a
controlled breath which is flow
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terminated by flow-cycling targeted and volume cycled

FIGURE 4.23. Intrabreath control.

Examples of modes incorporating the intrabreath (DCWB)
control are: volume assured pressure support (VAPS — available
in Bird, Viasys), pressure augmentation (PA — available in
Bird, Viasys), and machine volume (available in Viasys).

4.9.2 Interbreath (DCBB) Control

During intrabreath (DCBB) control, the flow and inspira-
tory time are automatically adjusted to deliver the targeted
tidal volume with the lowest peak inspiratory pressure pos-
sible (Figs. 4.24 and Table 4.1).

4.9.3 Pressure Regulated Volume Control (PRVC)

The PRVC mode is available within the Macquet Servo-300.
Allied modes are available in other ventilators: autoflow (Evita
Drager 4, Savina), adaptive pressure ventilation (Hamilton
Galileo), and variable pressure control (Venturi). In the
Macquet Servo-300, the mode can only be used with CMV. In
the other ventilators it can be used with SIMV as well.
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FIGURE 4.24. Typical algorithm of interbreath (DCBB) control.

A test breath at an inspiratory pressure of 10 cm H,O
above a PEEP (typically of 5 cm H,O) is delivered. On the
basis of the tidal volume generated with this pressure, the
ventilator calculates the system compliance. Each breath is
delivered after calculating the compliance for the preceding
breath. Three further tidal test breaths are delivered sequen-
tially at about 75% of the pressure it would take to achieve
the set tidal volume. The flow and inspiratory time are auto-
matically adjusted to deliver the targeted tidal volume with
the lowest PIP possible.

The algorithm for a PRVC breath is given in Fig. 4.24
above.

The flow is decelerating and the pressure waveform is
square (if it is not, a higher tidal volume should be consid-
ered). The mode therefore should properly be considered a
variant of the Pressure Control mode. Inspiratory flow is
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TaBLE 4.1 Modes with interbreath control®.

Interbreath Manufacturer Trigger variable  Cycle
control mode variable
Volume Macquet, Patient Flow cycled
support Puritan- triggered
Bennet
Minimum Hamilton Patient Flow
mandatory triggered cycled
ventilation
Flow-cycled, Viasys Patient Flow
pressure- triggered cycled
regul
ated volume
control
Pressure- Macquet, Patient or Time cycled
regulated Viasys machine-
volume triggered
control
Adaptive Hamilton Patient or Time cycled
Pressure machine-
Ventilation triggered
Volume control-  Puritan Patient or Time cycled
plus Bennet machine-
triggered
Autoflow Drager Patient or Time cycled
machine-
triggered
Automode Macquet A combination Time cycled,
of: patient flow cycled
or machine
triggered
and patient-
triggered

matched to the patient’s demands and the patient is allowed
to overbreathe the set frequency (Fig. 4.25).

The advantage of the PRVC mode is that it minimizes
PIPs, while at the same time assuring a constant tidal volume
(and therefore a guaranteed minute volume). It therefore has
a potential role in those patients whose management is con-
strained by high airway pressures; those with fluctuating lung
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AT Assisted breaths
breaths
Triggering Triggering
. ’ Pressure or flow triggered
Time triggered (By thelpatiert)
Limitation Limitation
Pressure or volume limited Pressure or volume limited
(by the machine) (by the machine)
Cycling Cycling
Time cycled (by the machine) Time cycled

FIGURE 4.25. Variables with the pressure-regulated volume control
mode.

mechanics; and those patients requiring high inspiratory
flows, variable inspiratory flows, or both.

Disadvantages include variable airway pressures, decrease
in the support offered by the ventilator when respiratory
rates are high, and air trapping.

4.9.4 Automode

The Macquet Servo 300A incorporates the automode, which
allows the patient to switch between a support mode and a
control mode. In the absence of triggering — defined in
adults by a 12-s apnea — the machine functions in a control
mode. When the patient begins to make satisfactory inspira-
tory efforts — as evinced by two consecutive triggered
breaths — the ventilator switches to the support mode. Both
control and support settings must individually be pro-
gramed. A switching of modes is indicated by a blinking light
(Fig. 4.260).

Sometimes, auto-triggering is perceived by the ventilator
as patient-triggering: the ventilator may respond by switching
to the corresponding support mode.
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Volume control
Volume support

Pressure
control

Pressure support

Pressure
regulated volume
control
Volume support

FIGURE 4.26. Automode control modes and their corresponding
support modes.

4.9.5 Mandatory Minute Ventilation (MMYV)

Officially, it is the first mode with servo feedback. In a spon-
taneously breathing patient, backup minute ventilation is set
in the SIMV or PSV mode. As long as the patient’s minute
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ventilation exceeds this level, the ventilator makes no extra
contribution to the airflow, other than the mandatory breaths
(provided the mode used is SIMV). If patient’s minute vol-
ume falls below the backup minute volume, the ventilator will
either deliver additional breaths at a predetermined physi-
cian-preset tidal volume, or to boost the pressure-support of
the spontaneous breaths to enable delivery of the backup
minute volume, depending upon physician preference.

Although much less frequently used today, the MMV
mode can be useful in weaning, or in the ventilation of
patients with unpredictable respiratory drives.

The most palpable drawback of this mode is that a tachyp-
neic patient can make up the minimum minute ventilation by
an increased respiratory rate alone — and therefore, be vul-
nerable to fatigue. On the other hand, an injudiciously high
set minute ventilation may induce the ventilator to do all of
the work of breathing, even though the patient may be capa-
ble of breathing on his own.

4.9.6 Volume Support (VS)

The VS mode is available within the Macquet Servo 300/300A
ventilator. Pressure supported breaths are used. The pres-
sure—support for each breath is calculated from the compli-
ance measured during the previous breath; the inspiratory
pressure is regulated such that the set tidal volume is deliv-
ered. Tidal volumes are guaranteed. This is, therefore, an
example of volume-targeted ventilation within the pressure
support mode.

The classic indication for VS is the postoperative patient who
is recovering from anesthesia. As the recovering patient makes
increasing respiratory efforts, the ventilator gradually backs off
on its pressure support: the set tidal volume will be preserved
even though the participation of the ventilator is progressively
decreasing. The opposite happens if the patient’s inpiratory
demand decreases; if required, the ventilator can boost up the
tidal volume to up to 150% of that which has been set.*
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The volume support plus (VSP) mode is available in the
Puritan Bennet 840 ventilator.

4.9.7 Adaptive Support Ventilation'’ (ASV)

(Syn Adaptive Lung Ventilation)

Considered one of the most sophisticated modes of venti-
lation in use today, the ASV mode is based on the rationale
that optimal breathing patterns depend upon prevailing
respiratory system mechanics. With low respiratory system
compliance, work of breathing can be minimized by a rapid
shallow pattern of breathing, and this is indeed the pattern
adopted by patients with stiff lungs. On the other hand, when
airflow limitation is present, it is a slower, relatively deep pat-
tern of breathing that results in the least work of breathing *’:
patients with COPD breathe this way. The machine plots
respiratory frequency against tidal volume — the curve that is
generated represents the minute ventilation. Against the
measured respiratory system mechanics, optimal tidal vol-
umes in relation to the respiratory rate are delivered to make
up the clinician-preset minute volume.

The clinician keys in the ideal body weight, on the basis
of which the ventilator calculates the approximate dead
space. Two predetermined settings — pediatric and adult — are
configured into the ASV mode. Within the adult setting, a
clinician-set minute ventilation of 100% delivers 100 mL/
min — this can be adjusted upward or downward (a clinician-
preset minute volume of, for instance, 150% will deliver
150 mL/min). At a 100% setting, the pediatric mode corre-
spondingly delivers a minute volume of 20 mL/min, which
again can be altered by keying in the desired percent change
in minute ventilation.

Initial test breaths measure system compliance and resis-
tance, and check for any prevailing auto-PEEP that might be
present. The ventilator then selects appropriate parameters (fre-
quency, upper airway pressure limit, I:E ratio, inspiratory time)
for both the mandatory and spontaneous breaths (Fig. 4.27).
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Mandatory breaths
in the ASV mode

Trigger variable
Time triggered (by the machine)

Assisted breaths in
the ASV mode

Trigger variable

Pressure or flow triggered(by the
patient)

Limit variable
Pressure limited (by the machine)

Limit variable
Pressure limited (by the patient)

Cycle variable
Time cycled (by the machine)

Cycle variable

Flow, Pressure or Time cycled (by
the patient)

FIGURE 4.27. Adaptive support ventilation.

In the absence of spontaneous triggering, the ventilator
delivers machine-triggered time-cycled mandatory breaths.
When inspiratory effort is present, patient-triggered flow-cycled
breaths are delivered: as just pointed out, the machine boosts
spontaneous tidal volumes — by an algorithm which takes into
account alveolar volume and dead space — and the number of

mandatory breaths is then proportionately decreased.
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Chapter 5
Ventilator Settings

5.1 Setting the Tidal Volume

Tidal volume is the volume of air moved in and out of the lungs
with each breath. Tidal volumes are calculated from the height
of the patient. Since in the ICU scenario height can be difficult
to measure, ideal body weight is taken as its surrogate (see
Fig. 5.1).

5.1.1 Volume-Targeted Ventilation

In volume-targeted ventilation, tidal volumes are physician-
preset. Ventilated individuals with normal lungs prefer 2 or
3 times the normal tidal volumes. Therefore, during mechani-
cal ventilation, the tidal volumes traditionally considered
appropriate for adults were in the range of 10-15 mL/kg body

Predicted body weight Predicted body weight
(PBW) in males (PBW) in females

« PBW (kg) =50 + 2.3 « PBW (kg) =455 + 2.3
(Ht in inches -60) (Ht in inches -60)

« PBW (kg) =50 + 2.3 o PBW (kg) =45.5 + 2.3
[(Htin cm - 152) /2.54] [(Htin cm - 152) / 2.54]

FIGURE 5.1. Predicted body weight.
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weight, until it was realized that patients with lung injury do
poorly with of even as little as 10 mL/kg per breath. Although
there is still debate about what constitute safe tidal volumes
in persons with normal lungs, it is generally considered
unnecessary to exceed 10 mL/kg ideal body weight in these
individuals.

It is important that tidal volumes be tailored to the prevail-
ing lung mechanics. For instance, the delivery of high tidal
volumes into stiff lungs can increase airway pressures and lead
to overdistension. Tidal volumes also require to be curtailed in
states of high airway resistance, but for different reasons.
When the airways are narrowed, longer inflation and defla-
tion times are required. When tidal volumes are relatively
large, there may be insufficient time for the lung to empty and
air trapping can result. Intrathoracic pressures will then rise,
sometimes to unacceptable levels (see Chap. ...).

The tidal volume and respiratory frequency together con-
stitute minute ventilation. PaCO, can be lowered-by decreas-
ing the minute ventilation—either by decreasing the tidal
volume or the respiratory rate. As just mentioned, the size of
the tidal volumes is decided upon by factoring in the patient’s
height (ideal body weight) and lung mechanics, so it is the
respiratory rate that is generally manipulated to achieve the
desired change in minute ventilation — unless other issues
(such as a low pulmonary compliance or high airway resis-
tance) are operative. When this is the case, the required min-
ute volume is made up by a judicious mix of respiratory rate
and tidal volume to achieve a balance to optimize gas
exchange on the one hand, and pulmonary mechanics and
hemodynamics on the other.

5.1.2 Pressure-Targeted Ventilation

In pressure-targeted ventilation, the tidal volumes are influ-
enced by the preset pressure levels. Thus, any factor (such as a
change in compliance or resistance of the respiratory system)
that causes the targeted airway pressures to be reached at an
earlier point of time will decrease the tidal volumes.



5.2 Setting the Respiratory Rate 117

5.2 Setting the Respiratory Rate

In the control modes of ventilation (e.g., assist-control mode
and pressure control mode) as also in the intermittent man-
datory ventilation mode, a minimum backup respiratory rate
is set. The patient is allowed to breathe above this rate if he
or she chooses.

In the PSV mode, the patient is allowed to choose his or
her own respiratory rate and control the inspiratory flow as
well as the volume of the tidal breath.

The size of the tidal volumes has a direct bearing on respi-
ratory rate. If the tidal volume is increased, the respiratory
rate must necessarily fall for the minute volume to remain the
same, and vice versa. Factors that determine PaCO, (such as
the body’s metabolic rate and dead-space ventilation), by
directly influencing the required minute volume, can impact
upon the respiratory rate. Hypoxia is also a potent stimulus
of the respiratory drive. With complex inputs from the CNS,
lung parenchyma, muscles of respiration, and the chest wall,
all these factors influence the respiratory frequency.

Most adults who are in a relatively stable clinical state
require 8-12 mandatory breaths/min. Patients with hypox-
emic respiratory failure frequently require twice this or more.
In restrictive lung disease the lung capacity is small, and
much smaller tidal volumes can be accommodated within the
lungs. In such cases a higher respiratory rate is necessary to
compensate for the low tidal volumes in order to achieve the
target minute ventilation: a respiratory rate in excess of 20
breaths/min is frequently required to fulfill the minute vol-
ume requirements of restricted patients.

Each respiratory cycle consists of an inspiration followed
by expiration. Sometimes, a pause is added just after inspira-
tion to hold the lungs open for a little longer and to, thus,
improve oxygenation. When a pause is used, it is considered
as a part of the inspiratory time.

A high respiratory rate will shorten the respiratory cycle
as a whole. Both inspiratory and expiratory times then
decrease. If the inspiratory time is short, diseased alveoli will
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fail to fill properly (see discussion under Sect. 5.5, below).
Also, importantly, if the expiratory time is too short, the
inspired gas may not be exhaled within this time leading to
air trapping within the lung.

5.3 Setting the Flow Rate

The peak inspiratory flow rate, as set by the physician during
volume-targeted ventilation, is an important determinant of
patient comfort. The inspiratory flow rate should be set to
match the patient’s inspiratory demands. When the patient’s
inspiratory flow demands are in excess of the set inspiratory
flow rate, patient-ventilator asynchrony is likely to result.

Generally, the inspiratory flow rate needs to be set in the
range of 40-100 L/min. Lower inspiratory flows are some-
times deliberately set, in order to increase the inspiratory
time (see Fig. 5.2).

Advantages of a slow Advantages of a rapid
inspiratory flow inspiratory flow
The slower, diseased alveoli A rapid flow results in a shorter
are affored more time to fill inspiratory time (T;)

If the respiratory rate unchanged

(i.e, if the respiratory cycle time is

unaltered), a shorter (T;) results in
a longer expiratory time (T,)

A slower inspiratory flow enables
these alveoli to participate
in gas exchangs

The longer T, facilitates lung

Oxygenation improves emptying, reducing air trapping

FiGure 5.2. The physiological advantages of different inspiratory
flow rates.
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Diseased alveoli have longer time constants. This means
that they take longer to fill and to empty. If the inspiratory
time is too short, these alveoli, may not fill properly in the
time available. A slow inspiratory flow rate results in a longer
inspiratory time. The longer inspiratory time enables the
slower alveoli to cope.

When airway resistance is high such as in bronchospasm, the
expiratory time is at a premium and the lungs may not be able
to empty completely during expiration. Air trapping increases
the risk of barotrauma and hypotension. In such cases, increas-
ing the inspiratory flow rate will enable the set tidal volume to
be delivered to the lungs more rapidly, thereby abbreviating
the inspiratory time. Within a given respiratory cycle time, the
shortened inspiratory time will make available a longer time
for expiration; this will facilitate lung emptying.

On the other hand, increasing the inspiratory flow rate will
also increase the peak airway pressure. A higher peak airway
pressure can increase the risk for barotrauma. Care should be
taken to see that the peak airway pressure does not exceed
about 30-35 cm H,O. However, higher inspiratory flows by
faster emptying the lungs will decrease the pause pressures.
Since mean airway pressure (MAP) is probably more impor-
tant in the genesis of barotrauma than the peak airway pres-
sure, the risk of barotrauma may actually decrease (despite a
modest elevation in the peak airway pressure) when the flow
rate is increased (Fig. 5.3).

When ventilation is pressure targeted, the cumulative result
of the interaction of several factors determines inspiratory
flow; for example, the set pressure, airway resistance, and
patient effort.

5.4 Setting the Ratio of Inspiration
to Expiration (I:E Ratio)

The normal ratio of the inspiratory time to the expiratory time
(LE ratio) is 1:1.5-1:2; that is, the expiratory time is almost twice
as long as inspiratory time. The [:E ratio can be manipulated in
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@ h /An high inspiratory flow\
rate results in an decrease
An high inspiratory flow in the pause pressure
rate results in an A high inspiratory flow rate
increase in the peak results in better lung
airway pressure emptying (see text) and
This can increase the so lowers the pause
risk of barotrauma. pressure This can actually
decrease the risk of
barotrauma.
o )

Pause (plateau)
pressures more
strongly correlate with
barotrauma than do peak
pressures. Flow settings
must be made with
this in mind.

FiGure 5.3. Physiological effects of high inspiratory flow rates.

ventilated patients to serve specific goals. A shorter inspiratory
time encourages lung emptying and a longer inspiratory time
improves oxygenation. Thus, adjustments in I:E ratios are goal
oriented. Patients with high inspiratory demands demonstrate
greater comfort levels with high inspiratory flows; high inspira-
tory flows translate into shorter inspiratory times.

As mentioned above, longer inspiratory times are some-
times used with the intention of improving oxygenation.
When the inspiratory time is lengthened so that it is at least
as long as the expiratory time (an I:E ratio of 1:1), the physi-
ological I:E ratio is said to have become inverted.

Inverse ratio ventilation (IRV) appears to increase oxygen-
ation principally by increasing the MAP. Recall that MAP is the
area under the pressure-time scalar(see section 4.4) - MAP will
rise if inspiratory time is prolonged. IRV appears to improve
V/Q matching, decrease shunting, and reduce dead-space — pre-
sumably by recruiting collapsed alveoli — but that this is the
mechanism by which IRV improves oxygenation is by no means
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clear. Whether these benefits accrue from the prolonged inspira-
tory time used, or are a consequence of the increased end-expi-
ratory alveolar pressure, is also uncertain. Indeed, similar benefits
have been achieved without IRV by the application of an equiv-
alent level of positive end-expiratory pressure (PEEP) alone.

When inverse ratios (e.g., I:E ratios of 1:1, 2:1, 3:1, and so
forth) are used, the pattern of breathing is in discordance with
the physiological respiratory pattern, and can be extremely
uncomfortable for the patient. Patients will generally need
deep sedation or pharmacological paralysis.

By shortening the expiratory time, IRV is likely to result in
air trapping, especially when the patient is being ventilated
with high minute volumes: a raised intrathoracic pressure can
lead to barotrauma. In fact, however, IRV is seen to be better
tolerated hemodynamically than one would expect (Fig. 5.4).

In pressure-controlled ventilation (see section 4.8 modes),
the inspiratory time is one of the determinants of the tidal
volume. The area under the inspiratory flow-time scalar repre-
sents the inspiratory tidal volume (Fig. 5.4 Chap. Waveforms).
As a result of a relatively short inspiratory time (panel A
Fig. 5.4), flow is seen to cease at a point well above the base-
line. As the preset inspiratory time is lengthened, flow is seen
to extend all the way up the baseline (panel B Fig. 5.4),increas-
ing tidal volume (the area under the curve). Further increasing

Effect of increasing I-time in pressure targeted ventilation

A further increase in the set

With this particular o ’ f
inspiratory time will not result

inspiratory time When the inspiratory in any significant increase in
setting the flow is time is increased, it th t}(; Ig | but wil
seen to end well allows more tidal © tidatvolume, but wi
above the baseline volume to be result in lengthening of the

pause which now appears

/ delivered
/ /

FiGure 5.4. Effect of prolonging inspiratory time in pressure control
ventilation.
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the inspiratory time beyond this point will have a trivial effect
on the tidal volume: with increasing inspiratory time, a pause
will be seen to appear and lengthen (Panel C Fig. 5.4).

5.5 Setting the Flow Profile

Flow is defined as volume per unit time. For a given tidal
volume and L:E ratio, the inspiratory flow can be profiled dif-
ferently to realize different clinical goals.

5.5.1 The Square Waveform

When the inspiratory flow is constant and unvarying through
the delivery of the entire tidal volume, the flow pattern is
referred to as a square wave pattern (syn, rectilinear wave-
form). In the rectilinear wave pattern, the inspiratory flow
rises rapidly to the preset peak inspiratory flow level and
then remains constant until the preset tidal volume has been
delivered; at this point, inspiration abruptly ceases (Fig. 5.5).

Because of its similarity to that distinctive British headgear,
the square wave flow pattern has also been described as the top-
hat waveform. Although this waveform should theoretically
ensure a constant flow throughout inspiration, the inspiratory
flow rate often tends to decline somewhat toward the end, owing
to the increasing impedance offered by the distending lungs.

Constant flow Sine-wave Accelererating (ramp) Decelererating
(square) waveform flow flow waveform (reverse-ramp) flow
waveform waveform

A A Iy
o

FiGURE 5.5. Types of flow waveforms.
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5.5.2 The Decelerating Waveform

In the decelerating pattern of flow (also called the reverse-
ramp pattern), the inspiratory flow rate exponentially decreases
with time (Fig. 5.5). This flow pattern has the advantage of
reducing the steep rise in airway pressures that occur as the
lung is progressively inflated during a tidal breath.

5.5.3 The Accelerating Waveform

In the accelerating flow waveform (“the ramp”), there is a
progressive increase in the rate of airflow with time. At a
predetermined pressure limit, the airflow plateaus to a recti-
linear pattern, and constancy in the flow rate is maintained
till the end of inspiration.

5.5.4 The Sine Waveform

In the sine waveform, the inspiratory flow increases smoothly
to a peak, and then decreases again toward the culmination
of the tidal breath (Fig 5.5).

Only volume-targeted modes of ventilation offer a choice
in terms of flow wave patterns. In pressure-targeted ventila-
tion, to maintain the constancy of pressure, the inspiratory
waveform is necessarily decelerating.

5.6 Setting the Trigger Sensitivity

Trigger sensitivity is the negative airway pressure that the
patient must generate before ventilator delivers a tidal breath.
Contemporary ventilator technology uses either flow or pres-
sure transducers within its circuitry to detect patient effort.
Setting the trigger sensitivity is essentially determining
how much of a negative change must occur in flow or pres-
sure within the circuit before the ventilator delivers a tidal
breath. The ventilator senses any significant flow or pressure
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change within the circuit as the patient attempts to inhale and
thereupon promptly delivers a breath. The purpose of trigger
sensitivity is to coordinate the delivery of the inspiratory
breath with patient’s own inspiratory effort.

Ideally, the trigger sensitivity should be low so that mini-
mal energy is spent by the patient in triggering the ventilator,
but not so low as to cause spontaneous triggering of the ven-
tilator by miniscule changes in airway conditions that are not
in fact the patient’s efforts at inspiration.

In the conventional pressure trigger systems, appropriate
trigger sensitivity in most situations is 0.5 to —1.5 cm H,O;
the newer (and possibly more efficient) flow cycling systems
should also be set to a maximum sensitivity.

5.7 Setting PEEP

The application of a small amount of PEEP has been consid-
ered physiological. It is generally thought that a PEEP level
of 3-5 cm of H,O reproduces the “back pressures” generated
by a normal glottis in nonintubated subjects. This level of
“physiological” PEEP can theoretically prevent the airway
closure that might be anticipated in a situation where a func-
tioning glottis is absent — as in the intubated patient. In actual
fact, a low level of PEEP has not been shown to prevent post-
surgical atelectasis in the setting of cardiac surgery.

The application of PEEP can serve several clinical ends
(Fig. 5.6)

5.7.1 Improvement in Oxygenation

PEEP serves as a splint for unstable alveoli, preventing their
collapse. By opening and holding open diseased alveoli, PEEP
recruits these lung units into the population of alveoli partici-
pating in gas exchange, especially in lower lung zones, and as
a result of this, oxygenation improves. Once all the potentially
salvageable alveolar units are opened up, any further increase
in PEEP beyond this point is likely to be deleterious.
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Decreased likelihood

Improved oxygenatlon] [ Improved compliance ] [ of atelectrauma

Diseased alveoli are Forces required to
surfactant depleted repeate(ﬂy open and
Peep internally splints and collapse at end- close diseased
alveoli and prevents expiration alveoli generate shear
them from collapsing stresses at the interface

at end-expiration between populations of
normal and compliant

alveoli

Re-expansion of collapsed
alveoli requires very high
distending pressures

By reducing the pressure  PEEP recruits alveoli and
With larger numbers of  required to acheive a given prevents their collapse

functioning alveoli, volume change, PEEP and so protects against
oxygenation improves makes the lung more atelectrauma
compliant

FiGURE 5.6. Physiological effects of positive end-expiratory pressure
(PEEP).

Recruitment of alveoli also increases the functional resid-
ual capacity of the lung. Normal alveoli do not close com-
pletely even at the very end of expiration. This is principally
on account of their surfactant content (see section17.1). When
alveoli are diseased, they are depleted of surfactant and
become unstable. Unstable alveoli tend to collapse at the end
of expiration when the lung volume is low and the distending
pressure minimal. Reexpansion of collapsed alveoli requires
amuch greater distending pressure than the pressure required
to inflate patent healthy alveoli. When a high pressure is
required to bring about a given degree of lung inflation, it
means that the compliance is low (compliance is change in
pressure over change in volume) and the lung is stiff.

5.7.2 Protection Against Barotrauma
and Lung Injury

PEEP protects against atelectrauma, a form of barotrauma.
When diseased alveoli repeatedly open and close, shear
stresses are generated at their interface with normal and
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compliant alveoli; because of the large forces required to open
unhealthy alveoli, these shear stresses can produce rupture at
the interface between these two disparate alveolar popula-
tions. Air may, thus, dissect into the interstitium and make its
way into the mediastinum resulting in mediastinal emphysema;
alternatively, it may rupture into the pleura resulting in a pneu-
mothorax or may track into the subcutaneous tissues of the
neck and adjacent areas producing subcutaneous emphysema.

Atelectrauma can be minimized by using PEEP to prevent
the cyclical collapse of unstable diseased air units during tidal
breathing. In evolving ARDS it is believed that early use of
PEEP prevents cyclical atelectasis and protects against the
progression of lung injury.

5.7.3 Overcoming Auto-PEEP

The benefits of PEEP have been proven in dynamic
hyperinflation.

Airflow across a tube is dependent on the pressure gradi-
ent between its ends. Air will flow, from a region of higher
pressure to the region of lower pressure. At end-expiration,
normally, the pressure at the mouth should equate with
alveolar pressure since a state of no-flow is present.

If, due to dynamic hyperinflation, auto-PEEP is present, the
alveolar pressure at end-expiration will be higher than the
pressure at the mouth. For air to flow toward the alveoli during
inspiration, the pressure in the central airway would require
to be higher than the alveolar pressure. Therefore, to create a
pressure gradient for airflow during inspiration, the pressure
in proximal airway would need to exceed auto-PEEP.

The spontaneously breathing subject would now have to
generate a negative intrathoracic pressure in excess of the
auto-PEEP for air to flow into the alveoli. The extra respira-
tory effort required to do this can severely challenge the
patient with a poor respiratory reserve, and this can hasten
the onset of respiratory failure.

Employing a small amount of external PEEP in this setting
can help. The gradient now would be reduced to the equivalent
of the auto-PEEP minus the applied PEEP; the reduced
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gradient will considerably unload the respiratory muscles and
reduce the work of breathing. It has been shown that an applied
PEEP of at least 50% of the auto-PEEP is required to obtain
clinical benefit. The magnitude of applied PEEP should there-
fore be two-thirds to three-fourths of the measured auto-PEEP.
Excessive applied PEEP can actually increase air trapping and
worsen dynamic hyperinflation. An applied PEEP that exceeds
85% of the auto-PEEP can be expected to increase intratho-
racic pressure (with consequent adverse impact on circulation).

5.8 Indications for PEEP

PEEP is indicated for lung diseases like ARDS or cardio-
genic pulmonary edema where the pattern of the lung injury
is more or less uniform. In ARDS, PEEP increases the func-
tional residual capacity by opening up closed alveoli. It also
increases ventilation in those poorly ventilated areas which
have an intact perfusion, thereby decreasing the shunt frac-
tion. It thereby enables lower levels of FIO, to be given,
thereby minimizing the risk of O, toxicity.

5.9 Forms of PEEP

In the mid-1970s, the term “best PEEP” was used by Suter to
describe the level of PEEP at which the O, content of arterial
blood (CaO,) was maximized; at this level of PEEP, it was
shown that lung compliance had the highest value. The term
“Optimal PEEP” was used by Kirby to describe the value of
PEEP that achieved the greatest reduction in the shunt frac-
tion without compromising cardiac output.

5.10 Titrating PEEP

The top and the bottom parts of the pressure—volume curve
are flat. On these sections, for a given amount of applied pres-
sure there is a relatively small change in volume. In other
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words, on these sections of the pressure-volume curve, the
lung is stiff and noncompliant. The goal therefore is to apply
enough PEEP to make the lung operate on the steep middle
part of the pressure-volume curve where lung compliance is
good and the mechanics favorable.

The region at which the upper steep portion of the
pressure-volume curve merges into the top flat portion of
the curve is called the (upper) deflection point. If the level
of PEEP is set high enough for the system to operate on
the upper flat portion of the pressure—volume curve, alveo-
lar distention occurs and the lung is relatively
noncompliant.

The bottom of the steep vertical section of the pressure—
volume curve, where it merges with the flat lower part, is
called the lower inflection point (P, ); P, is thought to rep-
resent the point where alveolar recruitment occurs. Operating
at a lower level of PEEP just above the P, __intuitively seems
safer than operating at a higher level on the steep portion.
Although this strategy may be safer, alveolar overdistension
is still possible especially in the upper zones of the lung. Thus,
PEEP should be applied carefully, in graded increments and
the compliance calculated after every change. When the com-
pliance begins to improve rapidly after increasing the level of
PEEP, it means that the P, or the inflection point has been
passed and the lung is now operating on the steep part of the
pressure—volume curve. With further increments in PEEP,
compliance will again begin to fall. This means that the upper
deflection point has been reached (Fig. 5.7).

With charting of the upper deflection and the lower inflec-
tion points, it is easier to set the desired level of PEEP between
these two points (preferably closer to the inflection than to
the deflection point) and this would be expected to assure the
most compliant lung possible under the circumstances.

All the alveolar units in the lung do not behave in the
same way, and in patients with ARDS, the P, may vary
between different alveolar populations. At the bedside, pres-
sure—volume curves can be constructed by inflating the chest
of a pharmacologically paralyzed patient with a super syringe,
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FiGure 5.7. Titration of PEEP.

though newer ventilators do offer more convenient ways of
measurement (Fig. 5.8).
Lung compliance can be calculated by the formula:

V, /P, - PEEP,

Estimates of lung compliance made this way are not very
accurate. It also appears that there is a substantial element of
interobserver variability in the determination of P, (this
may be as much as 9-15 cm H,0O).

The mean alveolar pressure (which determines alveolar
volume) is paralleled by the plateau pressure; plateau pres-
sures of less than 30 cm H,O are considered safe, though
these should probably be kept down to less than 25 cm if
possible.
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FiGurE 5.8. Methods of charting the upper inflection and the lower
deflection point.

5.10.1 Other Advantages of PEEP

There are other issues that need to be taken into consideration
when deciding what level of PEEP will best serve the patient.
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Patients with diffuse lung disease often have serious deficiencies
in their capacity to oxygenate the blood. The high levels of sup-
plementary oxygen that are used in an attempt to avert hypox-
emia may in themselves be detrimental. If a fraction of inspired
oxygen (FIO,) of >0.6 is used for protracted periods, lung injury
may be worsened. PEEP is made use of to improve the patient’s
oxygenation, and thus, to accomplish a reduction in FIO, to the
lowest possible level — or at the very least, to avoid the adminis-
tration of an FIO, of >0.6 for prolonged intervals of time.

5.10.2 Disadvantages of PEEP

PEEP itself is not without harmful effects. A level of PEEP that
will near-saturate the hemoglobin may sometimes impair the
circulation significantly. Thus, what is gained in terms of arterial
oxygenation may be lost in terms of the decrease in cardiac
output; the latter by itself can reduce O, delivery to the tissues.

5.11 Optimizing Ventilator Settings
for Better Oxygenation

Hypoxemia can either result from a low alveolar tension of
oxygen, or from the processes limiting the transport of O, from
the air to the blood. The two fundamental approaches exist
by which the alveolar tension of oxygen can be theoritically
increased:

1. Increasing the fraction of inspired oxygen.
2. Increasing the alveolar ventilation (VA).

5.11.1 Increasing the FIO,

Manipulation of the fraction of inspired oxygen (FIO,) has the
most direct effect on the arterial oxygen tension (PaO,). The
relationship between FIO, and PaO, is linear, and provided
other mechanisms of hypoxemia (e.g., a raised shunt fraction)
are not operative, the effect of increasing the fraction of inspired
oxygen has a salutary effect on arterial oxygen tensions.
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5.11.2 Increasing the Alveolar Ventilation

A smaller increase in PaO, can be achieved by increasing the
VA. However, this method is not used for increasing PaO, for
two reasons. First, the relationship between the VA and PaO,
is curvilinear; progressively greater changes in VA achieve
correspondingly lower changes in PaO,. Second, changes in
VA have a profound effect on CO,, and so changes in VA
designed primarily at influencing PaO, produce extremely
large and unwanted changes in PaCO,.

While administering high concentrations of O,, the possi-
bility of oxygen toxicity must always be kept in mind (see
Chap. 9).

The other techniques directed at increasing PaO, are
aimed at reversing the pathological processes involving gas
exchange mechanisms at the alveolar level (see below).

5.12 PEEP

The various mechanisms that produce hypoxemia through
mismatching of ventilation and perfusion have been dealt
with in Chap. 6. Where there is low-V/Q mismatch - i.e.,
where ventilation is reduced relative to perfusion — strategies
directed at opening (and holding open) closed alveoli can
help in reducing the hypoxemia.

The techniques commonly used to this end are PEEP and
continuous positive airway pressure (CPAP). When unstable
alveolar units are kept from collapsing, this better exposes
the capillary bed to the ventilated air, thereby improving the
oxygenation.

5.12.1 Flow Waveforms

Oxygenation can also be improved by manipulating the
“shape” of the inspired breath. When a high inspiratory flow
rate is set, alveoli fill up rapidly. Although rapid inspiratory
flows are generally more comfortable, diseased alveoli (which
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are slower to cycle) will not be ventilated adequately in the
available time. A decelerating waveform, by providing a
gradually slowing flow during lung inflation, may have some
advantage in this respect.

5.12.2 Inspiratory Time

A prolonged inspiratory time has a similar splinting effect to
that of PEEP. This stabilizing effect on alveoli lasts for the
duration of inspiration, as long as the pressures in the airway
are sustained. A long inspiratory time keeps such vulnerable
alveoli open for a longer period than does a short inspiratory
time. Within a given respiratory cycle time (inspiratory
time + expiratory time), increasing the inspiratory time cor-
respondingly shortens the expiratory time. A short expiratory
time, as discussed earlier, will often results in incomplete
emptying of the lungs, especially when the administered min-
ute volume is relatively large: dynamic hyperinflation and
intrinsic PEEP can result.

As long as the intrinsic PEEP level is not too high, it may
actually have a favorable impact on oxygenation by acting in
much the same manner as does applied PEEP. When high,
intrinsic PEEP can have a detrimental effect upon the
circulation.

5.12.3 Inverse Ratio Ventilation

IRV entails the employment of an inspiratory time that is at
least as long as the expiratory time. Although the use of IRV
appears rational in situations of severe hypoxemia, it has not
yet been shown to improve outcomes or to reduce complica-
tions when compared to PEEP. The “inverted” pattern of
breathing can be extremely uncomfortable for the patient,
and may require considerable sedation and pharmacological
paralysis.
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5.12.4 Prone Ventilation

Prone ventilation, in which positional changes of the patient
are used to an advantage in improving oxygenation, has been
discussed in Chap. 8.

5.12.5 Reducing Oxygen Consumption

Oxygen demands can be very high in febrile or agitated
patients, or when patient-ventilator asynchrony occurs. Judi-
cious regulation of ventilatory parameters can reduce the
asynchrony, but patients may on occasion require sedation or
paralysis to ensure a smoother pattern of breathing so as to
decrease oxygen consumption.

5.12.6 Increasing Oxygen Carrying Capacity

The delivery of oxygen to the tissues depends not merely on
the saturation of hemoglobin by oxygen, but also upon the
hemoglobin level of the blood itself and upon the cardiac
output. These factors can be summarized in the equation:

DO, =Hb x Saturation of Hb with O, x Cardiac output.

In the equation above, dissolved O, which is not a major fac-
tor at atmospheric pressures has not been taken into consid-
eration.

Since hemoglobin concentration and cardiac output are
crucial to oxygen delivery to the tissues, a deficiency of either
will seriously impair oxygen delivery, no matter how effective
the other measures to improve PaO, may be. Efforts there-
fore must be as much directed toward correcting anemia or
a poor cardiac output as in trying to improve blood
oxygenation.
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5.12.7 Footnote

Whenever ventilator settings are changed, it is useful to keep a
couple of generalizations in mind. The effect of a change in set-
tings designed to serve a specific purpose may influence a dif-
ferent ventilatory parameter. The change made may achieve its
purpose in part or full: unfortunately, the degree of response of
an individual patient to a specific manipulation can be difficult
to predict.

Box 5.1 The Open Lung Concept

The pressures required to open collapsed alveoli can be
considerable.

Lung involvement is almost always inhomogeneous.
Healthy and compliant alveoli lie interspersed with diseased
units. The high airway pressures required to ventilate a dis-
eased lung may overdistend and injure these normal alveoli.
When a large force is required to distend a lung (that is com-
posed of a relatively large number of diseased units), it means
that the lung is poorly compliant (higher pressures are
required to achieve a given change in volume).

The application of PEEP (or CPAP) helps in splinting
the alveoli, preventing their collapse during expiration. The
restoration and maintenance of alveolar patency improve
lung compliance. A pliant and yielding lung can now be eas-
ily inflated by smaller inflation pressures, leading to a
decrease in work of breathing and a decline in the oxygen
consumption.

The lower inflation pressures also diminish the risk of
barotrauma by minimizing shear stresses at the interface
between normal and diseased alveoli (see Chap. 10).
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Chapter 6

Ventilator Alarms

Sophisticated alarms built into modern ventilators ensure that
the physician is alerted whenever there is a significant change
in specific parameters. If the patient or the ventilator oper-
ates outside the limits considered appropriate by the physi-
cian, or if any malfunction develops in the ventilator, gas
source, or ventilator tubing and circuitry, in-built alarms will
warn the physician to the problem at hand and help forestall
the development of complications.

6.1 Low Expired Minute Volume Alarm

This alarm is activated when the expired minute volume falls
to a level below the minimum operational minute volume
preset by the physician. A low expired minute volume usually
means that there is a leak in the system. Such a leak can occur
when the ET (or TT) cuff is inadequately inflated or if it has
ruptured. An upward migration of the endotracheal tube out
of the larynx will also result in a leak.

The development of a pneumothorax usually leads to a
concomitant activation of the high pressure alarm, but when
an intercostal drain has been placed, a persistent air leak
from a bronchopleural fistula can occasionally be large
enough to cause the expired minute volume to fall (Fig. 6.1).

When there is an obstruction in the ventilatory circuit such
as a blocked endotracheal tube or a clogged HME, the upper
pressure limit will be exceeded, resulting in the premature
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Pneumothorax with a large

Sbeumothorax bronchopleural fistula

When a chest drain has been placed, a
large bronchopleural fistula can result in a
significant air leak

Accumulation of air within the pleural
cavity will cause lung compression

The increase in intrathoracic pressure will
activate the upper airway pressure alarm.

If the airway pressure exceeds the set If the air leak is large enough, the expired
upper airway pressure limit, the tidal minute volume will fall, and the low
breaths willl be prematurely terminated, minute volume alarm will be activated

and as a result of this the low minute
volume alarm will also be activated

FIGURE 6.1. Airway alarm activation in pneumothorax with and
without a bronchopleural fistula.

termination of the inspiratory breath; the curtailment of tidal
volumes will cause the delivered minute volume to fall (see
Fig. 6.3 & 6.4). A downward migration of endotracheal tube
can lead to the tidal volume intended for both lungs, to be
delivered to only the right lung or even the right middle and
lower lobes. A rise in the airway pressure then prematurely
terminates the inspiration when the upper pressure limit has
been reached, simultaneously activating the lower exhaled
minute volume alarm.

When on spontaneous breathing modes such as the pres-
sure support or CPAP, if the patient is not breathing often
enough or deeply enough, the low exhaled minute volume will
be triggered (Fig.).

Troubleshooting entails a systematic search for all the pos-
sibilities described in Fig. 6.2. The endotracheal/tracheotomy
tube tip position should be verified. Palpation of the pilot bulb
and auscultation over the patient’s larynx may reveal a leak-
ing endotracheal/tracheotomy cuff. The Y-connector, patient
tube, HME, and humidifier circuits should be checked to
exclude any loose connection responsible for the leak. The
adequacy of the patient’s respiratory effort should be assessed
(on a spontaneous mode of ventilation) to rule out insuffi-
ciency of effort as the cause of the low minute volume. Finally,
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Conditions leading to activation Conditions leading to the
of the low expiratory minute activation of the high expiratory
volume alarm minute volume alarm
* Disconnection from the * Pain
ventilator ¢ Anxiety
¢ Leak in connections: * Hypoxemia

Metabolic acidosis
Excessive CO, production

* Y-connector
« HME
¢ Humidifier circuit
* Cuff deflation, leak or rupture

Fever

Hypercatabolic states

¢ Upward migration of (excessive CO, production)
endotracheal tube out of the * Calorie loading (excessive CO,
larynx production)

¢ Hypoventilation (see also * Ventilator malfunction
Box 6.1)

* Large bronchopleural fistula
with chest drain in-situ
* Ventilator malfunction

FiGure 6.2. Conditions that can activate the minute volume alarm.

if the upper airway pressure alarm has been activated as well,
any cause of obstruction within the ventilator tubings or
within the breathing tube, clogging of the HME, or even a
pneumothorax can be anticipated.

6.2 High Expired Minute Volume Alarm

Hyperventilation by the patient due to any reason can trigger
the alarm for high expired minute volume. A variety of causes
such as pain, anxiety, hypoxemia, and a physiologic response
to metabolic acidosis can result in hyperventilation.

Troubleshooting entails clinical assessment to seek out the
cause for hyperventilation. If required, raising the upper air-
way pressure limit to a higher level will allow the patient to
continue breathing at an increased rate without triggering the
alarm. Needless to say, setting the alarm limit at an inappropri-
ately low level in the first place will result in its activation by
a patient who is breathing at a minute volume that is appropri-
ate to his needs.
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When hyperventilation does not appear to be the cause for
alarm activation, a faulty flow transducer may be responsible
for the alarm signal.

6.3 Upper Airway Pressure Limit Alarm

Whenever the airway pressure exceeds the set upper air-
way pressure limit, the alarm is activated. When the alarm
is triggered, the ventilator immediately cycles to expiration,
terminating the inspiration (see Fig. 6.3). The upper airway
pressure limit is typically set at 10-15 cm H,O above the
observed peak inspiratory pressure. Secretions and encrus-
tation within the breathing tube, or its kinking or biting by
the patient, can raise the airway pressure and activate the
alarm. Clogging of the heat-moisture exchanger by expec-
torated secretions can have the same effect. Slipping of
endotracheal tube into the right main bronchus or the inter-
mediate bronchus will lead to the activation of the alarm by
the mechanisms discussed earlier. Patient-related events
such as a coughing or clashing with a ventilator-delivered

Predisposing condition (see Fig. 6.4)
that leads to activation of the upper

airway pressure alarm

AN J

Airway pressure rises to exceed the
set upper airway pressure limit

A& J
e Y
Tidal volumes become pressure
limited
e Y

The low minute volume alarm is

now activated as well
A\ J

Ficure 6.3. Conditions that lead to activation of the upper airway pres-
sure alarm will often activate the low minute volume alarm as well.
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breath can momentarily trigger the alarm, but bronchos-
pasm and pneumothorax will result in a sustained rise in
the airway pressure leading to persistent alarm activation.
A fall in static compliance of the lung due to lobar collapse,
pneumonia, and pulmonary edema is also capable of rais-
ing the airway pressure and triggering the alarm (Figs. 6.3
and 6.4).

Troubleshooting involves the restoration of the patency
of the patient tube by suctioning, or even replacing the
endotracheal or tracheotomy tube when blockage is signifi-
cant, or repositioning a migrated endotracheal tube to its
intended location. Careful auscultation may reveal a differ-
ence in breath entry on the two sides suggesting lobar col-
lapse or a pneumothorax. A symmetric increase in
crepitations bilaterally in a situation against a background
of cardiac insuffiency may suggest pulmonary edema; the

Upper airway pressure alarm Lower airway pressure alarm
¢ Coughing ¢ Disconnection
¢ Endotracheal/tracheostomy tube ¢ Upward migration of ET
obstruction « Circuit leak at connection points
¢ Kinking of endotracheal tube * HME
¢ Biting of endotracheal tube ¢ Humidifier
¢ Increased airway secretions * Water trap
¢ Clogging of HME ¢ Closed suction catheter
* Excessive condensation (“raining * Temperature sensors
out”) into the ventilator circuit ¢ In-line nebulizers
¢ Downward migration of ¢ Exhalation valve
endotracheal tube into a e ET Cuff
mainstem bronchus ¢ Inadequately inflated ET cuff
* Herniation of the endotracheal e ET cuff deliberately under-
tube cuff inflated to provide a “minimal
¢ Bronchospasm leak” (section 10.3.2 & 10.3.2.1)

‘Clashing’ with the ventilator Pilot bulb leakage

Low lung compliance (pulmonary Bronchopleural fistula with chest
edema, pneumothorax, collapse drain in situ

of a lobe or lung, consolidation)

Inspiratory/expiratory valve

malfunction

FiGURE 6.4. Conditions that can lead to activation of the airway
pressure alarms.
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presence of wheeze points to airways obstruction as a cause
of raised airway pressures. A chest film may be valuable in
this setting, helping to confirm the presence or absence of
pneumothorax, lobar or unilateral lung collapse, pulmonary
edema or a worsening pneumonia. Treatment of bronchos-
pasm and regulation of ventilator settings to ensure better
patient-ventilator synchrony may be necessary in the rele-
vant circumstance. When a pneumothorax is responsible for
the problem, it must be tackled urgently, and a chest drain
inserted forthwith.

6.4 Low Airway Pressure Limit Alarm

The low airway pressure limit is typically set at 10-15 cm H,O
below the observed peak inspiratory pressure. The alarm is
activated if the airway pressure falls, such as in leaks or dis-
connections (see Fig. 6.4).

6.5 Oxygen Concentration Alarms

The upper and lower FIO, alarms are meant to monitor the
FIO, being delivered to the patient. When a particular F10O,
is chosen for the patient, the upper and lower FIO, limits are
set approximately 5-10% above and below the chosen FI1O,,
respectively. This allows monitoring the delivered FIO, within
narrow limits.

6.6 Low Oxygen Concentration (FIO,) Alarm

A fallin the F10, as a result of a decrease in the central piped
oxygen supply to the ventilator will result in a lower than
intended FIO, being supplied to the patient, and the alarm
will be triggered.

Resetting the FIO, to a lower level without making a com-
pensatory adjustment in the lower FIO, limit will also cause
the alarm to be activated.
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6.7 Upper Oxygen Concentration (FIO,) Alarm

A drop in the central piped air supply will cause a rise in the
proportion of oxygen in the gas mixture being delivered to
the patient. The FIO, then rises, and if it does so beyond the
upper oxygen concentration limit, this alarm is activated.

Deliberately increasing the F1O, to a higher level (to com-
pensate for a falling PaO,) will also result in alarm activation,
if the new FIO, has exceeded the set upper O, concentration
limit. Corrective action is taken by making an upward adjust-
ment in the upper O, concentration alarm limit such that it
once again exceeds the delivered F10,.

6.8 Power Failure

The power failure alarm is activated when the electrical sup-
ply to the ventilator is interrupted.

6.9 Apnea Alarm

The apnea alarm should be set such that it is activated if the
patient makes no attempt to breathe for at least 15-20 s,on a
spontaneous mode of breathing. Many ventilators automati-
cally switch over to a backup mode that ensures full mechani-
cal support until spontaneous breaths are resumed.

Box 6.1 Lack of Triggering

Drugs (sedatives, paralyzing agents)
CNS injury or disease
Hyperoxic hyperventilation
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6.10 Two-Minute Button

When the 2-min button on the ventilator is pressed in
response to an alarm, the relevant alarm is silenced for a
period of 2 min. Since pressing the 2-min button will silence
the alarm without rectifying the problem responsible for its
activation, efforts should be directed at uncovering the under-
lying derangement rather than merely silencing the alarm.
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Chapter 7

Monitoring Gas Exchange
in the Mechanically
Ventilated Patient

7.1 The Arterial Oxygen Tension

One of the primary goals of mechanical ventilation is to
provide enough oxygen to the tissues for aerobic metabolism.
Constant monitoring of the adequacy of oxygen therapy is
imperative to the ultimate success of mechanical ventilation.

Oxygen is available for inspiration at sea level at a partial
pressure of about 160 mmHg, but the tension of oxygen within
the oxygen-processing unit of the cell (the mitochondrion) is
relatively a tiny fraction of this (see Fig. 7.1). Although the par-
tial pressure at the site of oxygen utilization is not known, the

At sea level, the partial pressure of O, is: 160 mmHg
760 mmHg x 0.21 = 160 mmHg

Oxygen is available for inspiration at sea level at a partial
pressure of about 160 mm Hg

Within the respiratory tract the partial pressure of O, is about
150 mmHg 0.21 x (760—47) x 0.21 = 149 mmHg

As it enters the respiratory system, O, is humidified by the addition of
water vapour (partial pressure 47 mm Hg). Humidification serves to
make the insired air more breathable; it also results in the drop of the
partial pressure of oxygen to about 150 mmHg

FiGURrE 7.1. The oxygen cascade. (Adapted from Hasan?)

A.Hasan, Understanding Mechanical Ventilation, 149
DOI: 10.1007/978-1-84882-869-8_7,
© Springer-Verlag London Limited 2010
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In the alveoli the partial pressure of O, (PAO,) is about 100 mmHg
149-(40/0.8) = 99 mmHg

40 is the normal value of PaCO, in mmHg.

Since CO, is easily diffusible across the alveolocapillary membrane, arterial CO,
(PaCO,) can be assumed to be the same as alveolar CO, (PACO,).

0.8 is the respiratory quotient

In the alveoli, oxygen diffuses into the alveolar capillaries and carbon dioxide is
added to the alveolar air. The result of a complex interaction between three factors
[alveolar ventilation, CO, production (VCO,) and the relative consumption of C,
(VO,)] causes the partial pressure of CO, in the alveolus to drop to 100 mmHg. this
is the pressure of oxygen that equates with the pressure of oxygen in the pulmonary
veins, and therefore, with the pressuire of oxygen in the systemic arteries.

VCO, = 250mL of CO,/min
VO, = 300mL of O,/min

In the systemic arteries the partial pressure of 02 (Pa0O2) is about 95 mmHg

A small amount of deoxygenated blood is added to the systemic arteries (because
of a small physiological shunt that normally exists in the body). This is due to
unoxygenated blood emptied by the bronchial and thesbesian veins back into the
pulmonary veins and the left side of the heart. This “shunt fraction” which
represents about 2-5% of the cardiac output, causes the systemic arterial oxygen
to “fall fractionally” from 100 mmHg, to about 95 mmHg or less.

Thus, in spite of normal gas exchange, the PaO, may be 5-10 mmHg lower

than the PAO,.

In the mitochondrion the partial pressure of O, is unknown

Due to substantial diffusion barriers, the amount of oxygen made available to the
oxygen-processing unit of the cell (the mitochondrion) is a relatively tiny amount.
The mitochondrion appears to continue in its normal state of aerobic metabolism
with minimal oxygen requirements. In hypoxia, a fall in the PaO, within
mitochondria (to possible less than 1 mmHg), is required to shift the energy
producing pathways towards the much less efficient anaerobic metabolism

FIGURE 7.1. (continued)

mitochondrion appears to continue in its normal state of aero-
bic metabolism with minimal oxygen requirements. In hypoxia,
with a fall in the PaO, within mitochondria (to possibly less
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than 1 mmHg), aerobic metabolism is considerably reduced,
and there is a shift in the energy producing pathways toward
the much less efficient anaerobic metabolism (Fig. 7.1).

PaQ,: The measurement of oxygen in the blood serves as
a surrogate for the measurement of oxygen in the tissues,
there being no practical way to reliably assess the state of tis-
sue oxygenation. Several methods exist for the estimation of
the state of oxygenation of the blood, the most direct of these
being the measurement of the arterial oxygen tension (PaO,),
which can readily be done by sampling of the arterial blood
gases (ABGs).

As a rule of the thumb, when the lungs are normal, multi-
plying the fraction of inspired oxygen into 5 gives the approx-
imate expected PaO, for that FIO,. For instance, if the F10, is
21% (which is the case when a person is breathing room air),
the expected PaO, for this FIO, would be 21 x5=105 (this is
an approximation). Similarly, breathing 50% O, (FIO, 0.5)
would result in a PaO, of roughly 50 x 5=250. If the measured
PaO, is significantly lower than the expected PaO,, a problem
with the gas exchange mechanisms of the lungs can be antici-
pated, and a reason for the hypoxemia must be sought.

PaO /FIO, ratio: The PaO,/FIO, ratio is derived from this
line of reasoning. This ratio makes it possible to compare the
arterial oxygenation in patients breathing different fractions
of inspired oxygen. A patient who has a normal PaO, of
approximately 100 mmHg while breathing room air, would
have a PaO,/FIO, of 100/0.21=500. The normal range for the
PaO,/FIO, ratio is 300-500. Values of less than 250 imply a
significant problem in the gas exchange mechanisms of the
lung. In the context of acute lung injury (ALI), values less
than 300 suggest ALI and values less than 200 are diagnostic
of ARDS in the appropriate clinical setting. Though this for-
mula serves well as a rough guide in most situations, it is not
very reliable over the extremes of FIO,.

PaO /PAO,: A better estimate of oxygenation is the PaO,/
PAQ, ratio. The PaO,/PAQ, ratio is the proportion of oxygen
in the alveolus that eventually gains entry into the pulmonary
capillary blood. To employ this formula, the oxygen tension of
the arterial blood (PaO,) as well as the partial pressure of
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/ « If the FIO, is 21% (as when a person is breathing
L . room air) the expected PaO, =21 x 5 = 105
Multiplying FIO, into 5, (approximately)
gives the approximate
expected PaO, for that
FIO, (provided that the
lungs are normal) « If the measured PaO, is significantly below the
expected PaOo, there is a problem with the
\ gas exchange

* Breathing 50% O, (Flo2 0.5) would result in a
PaOy of roghly 50 x 5 = 250

/ . * A normal person breathing room air would have a
The PaO,/FIO, ratio PaO, of approximately 100 mmHg.

This (PF ratio) makes it The PaO,/FIO, would be: 100/0.21 = 500.

possible to compare the |* The normal range for the PaO,/FIO,

arterial oxygenation of LN 5 SU-E0

patients breathing * In the appropriate settingd a P:F ratio of less than
i nt FIO.s. 300 indicates acute lung injury (ALI) while a
\dlﬁere 02 S P:F ratio of less than 200 is diagnostic of ARDS.

The PaO,/PAO; ratio | « The Pa0, is obtained from the ABG

» The PAO, cannot be directly measured at the
. bedside and needs to be clculated from the
oxygenation .than modified alveolar air equation (see later)

the P:F ratio. * Pa0,/PAO, ratio offers better accuracy over a
\ broader range of Flo, than the PF ratio.

A better estimate of

FIGURE 7.2. Assessing arterial oxygenation at the bedside. (Adapted
from Hasan?)

oxygen in the alveoli (PAO,) must be known. Although the
PaO, is easily read out from the ABG, the PAO, cannot be
directly measured at the bedside and needs to be calculated
(see A—a DO, below). The PaO_/PAO, ratio offers better accu-
racy over a broader range of FIO, than the PF ratio. When the
PaO,/PAQ, ratio is very low, it is obvious that high fractions of
inspired oxygen do not translate into improved blood oxygen-
ation: in such situations a high shunt fraction can be expected.

A-a DO,: The alveoloarterial diffusion of oxygen (A-a
DO,) is another way of looking at the ease with which the
administered oxygen diffuses into the blood; it is another mea-
sure of the efficiency of the lungs to oxygenate the blood. The
A-a DO, is the difference between the alveolar O, tension
(PAO,) and the arterial oxygen tension (Pa0O,). Calculation of
both, the A—a DO, as well as the PaO,/PAO, ratio, requires
knowledge of the PAO,. PAQO, is calculated from the simpli-
fied form of the alveolar gas equation (see Fig. 7.3).
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>

/The partial pressure of the O, in the inspired air depends on the fraction
of O, in the inspired air in relation to the barometric pressure at that
altitude, and also upon the water vapour pressure (the upper airways
completely saturate the inhaled air with water).

Where, P10, = FIO, (Pb—Pw)

P10, = Inspired PO,

Pb = Barometric pressure

Pw = Water vapour pressure, 47 mmHg at the normal body temperature
N
- 0
Where,

PAO, = Partial pressure of O, in the alveolus

PaCO,= Partial pressure of CO, in the arterial blood. Because of the
excellent diffusibility of CO, across biological membranes, the value of
PaCOs is taken to be the same as the PACO» (the partial pressure of
COz3 in the alveolus). Multiplying PaCO» by 1.2 is the same as dividing
\PaCOg by 0.8 (0.8 is the respiratory quotient)

/)
4 N\
Substituting the value of PIO, into the above equation,
PAO, = [FIO, (Pb-Pw)] — [1.2 x PaCO,]

PAO, = PIO, - 1.2 (PaCO,)

The above abbreviated form of the equation serves well for clinical use,
in place of the alveolar air equation proper®! which is:

PAO, = PIO, - (PACO,) x [FIO, + [(1-FIO,)/R]

A /

FiGURE 7.3. The modified alveolar air equation. (Adapted from Hasan?)

The simplified formula is much less labor intensive and
easier to apply, but may have a significant margin of error
especially when higher FIO, is used. Another drawback of
this equation is that the respiratory quotient is often assumed
to be 0.8, which may not always be the case in a critically ill
patient with an altered body metabolism and on complex
nutritive supplementation. Furthermore, estimates of FIO,
are often misleading if a patient on conventional oxygen
devices has an irregular pattern of breathing.

The factors determining PAO, and PaO, have been listed
in Fig. 7.4.
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The determinants The determinants
of PAO, are of PaO, are:
¢ The fractional ¢ Lung pathology
concentration of oxygen * Mixed venous O,
in the inhaled air (FIOy) content

* The partial pressure of
CO2in the arterial blood
(PaCOy)

* Barometric pressure
(PB). PB is constant for a
given altitude

FIGURE 7.4. Determinants of PAO, and PaO, (Adapted from Hasan*).

Normally, the A—a DO, ranges from 7 to 14 mmHg on room
air. A—a DO, is less than 70 mmHg while breathing 100% oxy-
gen. Notice that the normal A-a DO, gradient widens with
higher fractions of inspired O,. This A-a difference reaches a
maximum when the PAO, exceeds 350-450 mmHg and then
again decreases at a higher PO,, thus describing a bell shaped
curve. Thus, between the two extremes of inhaled FIO, (0.21
and 1.0), the expected A-a DO, level even in the normal subject
is difficult to predict. There exists no reliable reference value for
the A—a DO, when a patient is on intermediate levels of FIO,.

The A-a DO, normally increases with age. The predicted
value of A-a DO, can be calculated by the following equa-
tion (see also Fig. 7.5):

A—-aDO,= 2.5+(0.25 x Age in years).

The A—a DO, is widened when a V/Q mismatch, right to left
shunt, or diffusion defect is the mechanism producing the
hypoxemia. It is not widened in disorders causing hypoventi-
lation — here, the problem lies with the deficient bulk flow of
air into the lungs and not with the problems concerning
alveoli, the alveolar capillary interface, or the alveolar capil-
lary bed. The A—a DO, is prone to errors in its calculation
(Fig. 7.6) and this must be kept in mind.
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.

Predicted O, (PaO,) = 109 — 0.43 x age in years®5

(at sea level)

(" Pao, in healthy young adults

Average PaO,: 95 mmHg
(range 85—-100 mmHg)

In a healthy 60-year old

Average PaO,: 83mmHg

(at sea level)

J

FIGURE 7.5. Predictive equation for the estimation of PaO, at (sea
level) in different age groups.

4 2\

The respiratory
quotient is not always
0.8 (especially in
critically ill patients with

altered body
metabolism who are on
complex nutritive
supplementation).

A J

Y
The FIO, that the
pateint is receiving
iss often a rough
estimate. Variable
performance
deviceslike nasal
prongs and non-
venturi masks
provide
unreliable FIO,s.

FIO, estimates
are often
misleading on
conventional
oxygen devices if
a patient has an
irregular pattern

of breathing.

Erroneous
results in the
computation
of A-a DO,

(" Water vapour )
pressure is often
assumed to be
47 mmHg. Actually,
the water vapor
pressurevaries
slightly with body

temperature.

The barometric
pressure does
not remain

constant
throughout
the day.

FIGURE 7.6. Sources of error in the A-aDO, calculation. (Adapted

from Hasan?)

The relationship between FIO,, PAO,, PaO,, and SpO,
(the oxygen saturation of the blood) has been summarized in

Fig. 7.7.
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The FIO, (the fraction of inspired O,) determines the PAO,
(the partial pressure of O, in the alveolus)

PAO, is also determined by PB and PCO.,.

t The PAO, determines the PAO, (partial pressure

of O, in the pulmonary capillaries)

O, molecules diffuse across the alveolus-capillary membrane into the
pulmonary cappillaries, and equilibriate with the O, in the arterial blood.
Thus, PAO, determines the PaO, (or how much O,
is dissolved in the plasma)

/Spoz (O, saturation of the arterial blood) is determined by the PaOz\

The O, molecules in the arterial blood pass across the RBC membrane
and bind to hemoglobin(Hb). SpO, is the percentage of the heme sites
that are bound to O, molecules. SpO, therefore is determined by the
PaO, (or the partial pressure that O exerts in the blood). Generally.
the higher the PaO,, the higher the SpO,. However this

relationship is not linear )

( CaO0, (the O, content of arterial blood) is determined by the SpO, h
and the Hb concentration

SpO, along with the amount of Hb available in the blood determines the
CaO, (or the content of O, in the arterial blood)

Ca0, =[1.34 x Hb (in gm/dl)* x SpO,] + [PaO, x 0.003 m L O,/mmHg]
(*1.34 mL of oxygen combine with each gram of Hb
0.003 mL is the solubility of O, in each dl of blood per mmHg)

The maximum amount of O, that can combine with the available Hb
is termed the oxygen capacity. For a normal Hb of 15 gm/dL,
the O, capacity is = 1.34x15 = 20 mL/dL

A J

FIGURE 7.7. The relationship between FIO,, PAO,, PaO,, and SpO,.
(Adapted from Hasan?)

7.2 Pulse Oximetry

Hemoglobin possesses a unique structure (Fig. 7.8).

The function of hemoglobin, of course, is to carry oxygen,
to which its structure is wonderfully adapted (Fig. 7.9).
Hemoglobin also helps in the carriage of CO,. Only about
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0O, delivery (DO,)

O, content of the blood (Ca0O,) along
with the cardiac output
determines the DO,

T
[ 1

0O, delivery (Ca0,)

Cardiac
output (CO) SpO, and amount of Hb in the

blood together determine the CaO,
(O, content)

SpOz
Hb% in the PaO, and factors influencing
blood ODC determine SpO,

1
Factors that . PaO?
change PaO, is determln_ec_j by
the position of PAO, and the efficiency of

the ODC gas exchange mechanisms
within the lungs

——————————

Efficiency of gas

exchange PAO,

mechanisms within
the lungs

FiGgure 7.8. The relationship between PAO,, PaO,, SpO,, CaO,, and
DO,. (Adapted from Hasan*)

5% of all the CO, transported in the blood is in the form of
carbamino compounds (viz., bound to hemoglobin), but car-
bamino compounds account for 30% of the CO, that evolves
in the lungs, from the red blood cells circulating within the
pulmonary capillaries (About 5% of CO, that is carried is
dissolved in plasma. The bulk of the CO, is carried in the
form of bicarbonate).

Hemoglobin also serves indirectly, as a regulator of vaso-
motor tone. Nitric oxide (NO) is capable of reacting with the
cysteine residue at position 93 of the B-chain of hemoglobin.
The resulting nitrosothiol, S-nitrosylated hemoglobin is a
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a The structure of hemoglobin N

The special ability of hemoglobin to imbibe O, from the pulmonary
capillaries and release it to the tissues derives from its unique
quartenary structure. X

Globin
The Hb molecule consists of four globin chains ( two alpha chains each
of 141 amino acids, and two beta chains each of 146 amino acids)

(N /

4 Heme N\
One heme group binds each globin chain.

\_ Each heme group consists of: Y

4 One ferrous ion (Fet+) One protoporphyrin IX ring B

In order to carry O,, it is necessary || This protoporphyrin ring is
for heme’s ferrous iron to remain in || covalently bound to the ferrous ion.
\the ferrous state. Y,

FIGURE 7.9. The structure of Hemoglobin (Adapted from Hasan?)

e Deoxygenated hemoglobin N
Deoxygenated hemoglobin exists in a tense (taut) configuration because
of electrostatic bonds between its beta globin chains. The hemoglobin
molecule has helical twists. In the nonhelical sections the polypeptide
chain folds upon itself, creating clefts within which the four heme groups
Qe at equidistant intervals Y,

4 The attachment of the first O, molecule N

In its taut state, deoxygenated hemoglobin has little affinity for O,.
The attachment of the first O, molecule to one of the globin chains
generates chemical and mechanical stresses resulting in the severing of
electrostatic bonds. This allows the hemoglobinmolecule to unfold slightly

C The attachment of the second O, molecule N

As the hemoglobin molecule relaxes and unfolds it exposes the other O,
binding sites within its clefts; this facilitates the addition of another
\molecule of O, to the hemoglobin, more rapidly than the first

p

)
The attachment of the third and fourth O, molecules h
The binding of the second molecule of O, results in further relaxation

of the coils of the hemoglobing molecule, accelerating the uptake of the
\third and the fourth O, molecules Y,

FiGure 7.10. Cooperativity. (Adapted from Hasan?)
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vasodilator. The unique and recently recognized vasodilator
property of hemoglobin is dependent on its complex and ill
understood reactions with NO.>

Although the direct measurement of arterial O, tension by
ABG sampling is a very accurate way of assessing oxygen-
ation, it has its disadvantages. Intermittent sampling of ABGs
is likely to be inconvenient and painful for the patient, and has
the potential for bleeding, infection, arterial thrombosis, and
even gangrene in an extremity. Continuous ABG sampling by
means of an indwelling arterial cannula obviates the need for
frequent arterial punctures and is generally used in unstable
clinical situations. Real-time monitoring of ABGs enables the
clinician to carefully monitor the patient’s condition. However,
continuous sampling is also associated with significant com-
plications, for which the patient needs to be closely watched.

Pulse oximetry is a convenient way of continuously moni-
toring the oxygen status of the blood. Cyanosis is the clinical
hallmark of hemoglobin desaturation, but is not always easy to
assess at the bedside and may be notoriously difficult to appre-
ciate in an anemic patient. Frank cyanosis is not usually appar-
ent until the deoxygenated hemoglobin falls to 5 g/dL. In
severe anemia, enough hemoglobin may not be available for
cyanosis to be apparent, even when severe hypoxemia exists.

The invention of nonpulsatile oximetry by Carl Matthes in
1935, and its later modification to the present pulsatile form
by Takuo Aoyagi in 1974, provided a vital tool for the assess-
ment of the oxygen saturation of hemoglobin.* Such is the
dependency on pulse oximetry in modern critical care units
that it has often been described as the fifth vital sign in clini-
cal medicine.

Two types of pulse oximeters are in contemporary use:
transmission pulse oximeters and reflectance pulse oximeters.

Transmission pulse oximeters, which are extensively used,
involve a pair of light emitting diodes (LEDs) with a photo-
detector placed on opposite sides of the interposed tissue,
typically a finger (usually the index finger), or a toe (usually
the great toe), or the earlobe; the foot of a neonate and the
adult nose bridge have also on occasion been used.
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Reflectance pulse oximeters, not so popular, involve a
technique in which photowaves from LEDs are bounced off
an appropriate surface (e.g., the skull bone). The reflected
beam of light passes back through the tissue (e.g., the skin of
the forehead) to reach a photodetector placed adjacent to the
LEDs.

7.2.1 Principle of Pulse Oximetry

For the analysis of oxyhemoglobin and deoxyhemoglobin
percentages in the blood, the principle of spectrophotometry
is applied. This principle relies on the Beer—-Lambert law,
which states that the concentration of light-absorbing species
within a sample is a logarithmic function of the amount of
light absorbed by that sample. In the case of oximetry, the
light-absorbing species are oxyhemoglobin and deoxyhemo-
globin (see Fig. 7.11).

Light at two different wavelengths is passed through an
interposed part of the body, and the absorbance of light at these
two wavelengths is measured by a photodetector placed at the
opposite side.*”? Since hemoglobin and deoxygenated hemoglo-
bin absorb light at different wavelengths, two separate diodes
—one emitting light at a wavelength of 660 nm (in the red band
of the spectrum) and the other at a wavelength of 940 nm (in
the infrared band of the spectrum) — are used. The shorter
wavelength is better absorbed by the saturated (oxygenated)
hemoglobin; the longer wavelength of the two is preferentially
absorbed by the reduced (deoxygenated) hemoglobin.

The photodiodes emit the light physically at several hun-
dred times per second. This technical innovation is designed
to differentiate the light absorbance of the arterial blood
from that of the venous blood and the surrounding tissue.*

Additionally, the principle of optical plethysmography is
made use of to display the amplitude of pulse and the heart
rate. During ventricular systole and diastole, there is a phasic
increase and decrease respectively, of blood volume in the
perfused organs. Transmission of light across the sampling
site decreases during systole, since the light has to travel a
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/ \ / Nonoxygenated Hb \

Oxygenated Hb (syn:

Oxy-Hb) (The percentage of heme
groups that are not

bound to O, molecules)

( Each Hb molecule has four \
heme sites to each of which Dexoxy-Hb
an O, molecule can bind. (syn: reduced) Hb
The percentage of O, binding
heme site that are bound to
O, is the Op saturation (SpO,)
of the blood. In other words
SpO;, is the number of heme

~N

Percentage of heme groups
that are not bound to O,.
Reduced Hb% = 100%—

([SpO; + MetHb + COHb] % )

sites occupied by O, of p ~
\__every 100 heme sites Carboxy-Hb
Percentage of heme groups
Ve ™\ in the form of Carboxy-Hb

The SpO, (as read out on the
pulse oximeter) is the MetHb
Oxy-Hb

Percentage of heme groups
in the form of Met-Hb

[ AN )
- AN /

Ficure7.11. Oxygenated and non-oxygenated hemoglobin (Adapted
from Hasan?)

longer distance through the distended finger or ear lobe. On
the other hand, light transmission through the sampling site
increases during diastole. A phasic signal is presented to the
sensor, which calculates the pulse amplitude according to the
relative absorbencies during systole and diastole (Figs. 7.12).

One of the principal limitations of oximetry is in the fact
that it monitors oxygen saturation (SpO,) and not the actual
oxygen tension in the blood. The top part of the oxygen dis-
sociation curve being relatively flat, it is possible for major
changes in the PaO, to occur on this segment without percep-
tible changes in the SpO,. Thus, a falling PaO, in the initial
stages of respiratory failure gives no inkling of a worsening
hypoxemia (when SpO, is used to monitor oxygenation) as
long as the PaO, continues to lie on the flat segment of the
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Absorption by pulsatile arterial blood

/

FiGURE 7.12. Light absorbance during pulse oximetry.

oxygen dissociation curve. Once the PaO, drops to a point
where it lies on the steep part of the oxygen dissociation
curve, the saturation begins to drop sharply. Valuable time
may be lost due to the failure to appreciate an increasing
hypoxemia at an early stage. Thus, a patient on supplementary
oxygen who has a PaO, of say,200 mmHg, would have to drop
his PaO, by 140 mmHg (to a PaO, of 60 mmHg) before hav-
ing an oximetrically detectable fall in the SpO, (Fig. 7.14).
The assessment of O, saturation can be unreliable in
severe hypoxemia. An SpO, value of 80% has been proposed
as a threshold value, below which the reliability of O, mea-
surement by oximetry is undependable.'”” On the other
hand, it has been argued that the accuracy falls by just 1%
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FiGURE 7.13. The oxyhemoglobin dissociation curve.

when saturations between 50 and 70% are encountered, com-
pared to the accuracy measured when saturations are above
70%.

The other obvious disadvantage of oximetry (compared to
ABG analysis) is that oximetry does not measure PaCO,: as a
result, assessment of the adequacy of ventilation is not possible.
Although PaO, monitoring may be considered to be advanta-
geous over SpO, monitoring (inasmuch as it measures the
exact level of oxygen in the arterial blood), it must be realized
that while the SpO, is a direct measure of the oxyhemoglobin
saturation in the blood, the PaO, (as exhibited on the ABG
sample) measures the tension of the O, dissolved in the
plasma. The latter has only an indirect correlation with the
oxyhemoglobin, with which it is in equilibrium.
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Below a PaO, of
20 mm Hg the Oxy-
hemoglobin
dissociation curve is
almost flat; until the
PaO, reaches
20 mmHg, any
increase in PaO,
that occurs on this
segment does not
translate into an
\_increase in Spo,. ) )

Above a PaO, of
60 mmHg, the oxy-
hemoglobin
dissociation curve is
against flat, and the
Spo, is in the high
90s; from here on any
further rise in Spo,
will result in little
further rise in Spo,.

AS J

Once the PaO, rises
to about 20mmHg
(at a PaO, of
between20 mmHg
and 60 mmHg), a
relatively small
increase in increase in
PaO, results in a
dramaticrise in Spo,.

FiGURE 7.14. Hypoxemia and the oxyhemoglobin dissociation curve.
(Adapted from Hasan?)

When the oxyhemoglobin dissociation curve is shifted either
to the right or to the left, PaO, measurement can result in
underestimation or overestimation respectively, of the SpO,.

The rightward shift of the oxyhemoglobin dissociation
curve as in acidemia or fever facilitates O, release to the tis-
sues; in the right-shifted curve, the hemoglobin is less saturated
relative to the PaO,. In this situation, reliance on the PaO, to
estimate the SpO, would be liable to result in an overestima-
tion of the hemoglobin saturation. Conversely, conditions such
as alkalemia or hypothermia, which cause a leftward shift of
the oxyhemoglobin dissociation curve, result in high oxyhemo-
globin saturation relative to the PaO,; here the PaO, would
be liable to underestimate the SpO, (Figs. 7.15 and 7.16).

A time lag between a change in O, saturation and its detec-
tion by the oximeter can occur because signal averaging by the
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oximeter can take several seconds. This “response time” may
be a source of potential problems in a rapidly changing clinical
situation (e.g., in the case of a patient who has just been intu-
bated). In general, the response time is shorter when the
probe is placed on the earlobe rather than on the finger; the

ODC shift to left ODC shift to right
e (The Pa0, is high relative )
i i to the SpO,
The PaO, is low relative ) )
to the SpO, The right shifted ODC
facilities oxygen delivery to

\_ \__the peripheral tissues )
( SpO, overestimates the (" SpO, underestimates )

oxygenation (i.e, PaOy,) the Pa0,

With a left-shifted ODC the
SpO, may be falsely
reassuring, and the PaO,
\may be lower than expected

For a given SpO,, the
PaO, is higher when the
ODC is right-shifted
A J

FIGURE 7.15. Overestimation or underestimation of PaO, (Adapted
from Hasan?)

Leftward shift of the ODC Rightward shift of the ODC
occurs in the following cccurs in the following
conditions: conditions:

* Alkalemia * Acidemia
* Hypothermia * Fever
* Abnormal hemoglobins, eg., * Abnormal hemoglobins, eg.,
* Carboxy-hemoglobin * Hb kansas
* Met-hemoglobin
* Fetal hemoglobin * Thyrotoxicosis
* Myxedema * Raised inorganic phosphate
* Low inorganic phosphates ¢ Anemia

* Steroid therapy

Ficurk 7.16. Conditions that can shift the oxyhemoglobin dissocia-
tion curve. (Adapted from Hasan?)
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response time is the longest when the probe is placed on a toe.
With modern pulse oximeters, once the probe is clipped on,
output stabilization takes less than 1 min to occur. Subsequent
changes in oxygen saturations take less than 10 s to register.

It is also possible for artefactual errors to produce inac-
curacies in the SpO, displayed. Interference by ambient light
impinging on the photodetector can be a source of error,
especially if the probe is improperly placed, or if the probe is
too large for the interposed part (the small finger of a child
may allow the light from the photodiode to reach the photo-
detector without passing through the interposed digit).*

The accuracy of pulse oximetry is also very much depen-
dent on the adequacy of arterial perfusion of the part to which
the probe has been applied. Vasoconstriction, hypotension, or
inflation of a sphygmomanometer cuff placed on the same
extremity can decrease the peripheral perfusion and interfere
with the SpO, reading. An edematous sensor site may also
compromise the pickup of the pulse. When the pulse is weak,
the pulse oximeter endeavors to search for it and boost its
amplitude, but in doing so, may amplify the background noise.
A low signal-to-noise ratio can then lead to errors, but most
current devices in vogue have an inbuilt program that warns
the clinician of weak pulse strength. In such situations, the
oximeter may simply not display the saturation.

One way to verify the accuracy of the SpO, in this setting
is to check the amplitude of the pulse waveform. In the pres-
ence of a satisfactory waveform, the oximetric readings are
likely to be correct. Another way is to compare the pulse rate
on the display of the oximeter with a manually counted pulse
rate. A discrepancy between the two suggests an inaccurate
oximetric reading.

Besides this, motion artifact can give misleading results.
Shivering, convulsions, or movement of the patient can lead
to a poor signal'®3!; proximity to MRI scanners, cellular
phones, electrocautery equipment, or other sources of elec-
tromagnetic radiation can also cause interference. Fluorescent,
infrared, and xenon lamps may interfere with the photodetec-
tor and cause false values to be displayed (Fig. 7.17).
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FIGURE 7.17. Sources of error with pulse oximetry. (Adapted from
Hasan?)
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Abnormal forms hemoglobins can have different absorption spectra and
so lead to erroneous oximetric readings.

4 Carboxyhemoglobin N (0 )

(CO-Hb) Methemoglobin (Met- Hemoglobin-S in Sickle-
Hb) cell anemia:
EO-H? EBE st|m|la|; Met-Hb absorbs light at Can lead to spuriously
. :’n spelct:_um ° two wavelengths high or low SpO, values
\_ oxyhemoglobin ) )
. 4 D\
Normal saturations are Because of this property,
often displayed in the T b
presence of severe o S50
i 2
\ hypoxia JAS
4 CO-oximetry: N A

CO-oximetry independently
displays carbon monoxide
saturations, and helps

reliably monitorn CO-Hb.

SpO, tends to drift towards
85%.

A AN J

FiGURE7.18. Absorption spectra of abnormal hemoglobins. (Adapted
from Hasan?)

Certain abnormal hemoglobins can have absorption prop-
erties that are similar to those of oxyhemoglobin or deoxyhe-
moglobin (Fig. 7.18). This can lead to erroneous oximetric
readings. In particular, carboxyhemoglobin (CO), which has
the same absorption spectrum as oxyhemoglobin, can result
in normal saturations being displayed despite the presence of
life-threatening hypoxia and severe arterial hypoxemia.
Cooximetry, which independently displays carbon monoxide
saturations, is appropriate when CO poisoning is suspected.
Methemoglobinemia has a slightly more complex effect on
saturations due to its property of absorbing light at two wave-
lengths. Patients who are receiving sodium nitroprusside (e.g.,
for accelerated hypertension), or those who are on drugs such
as dapsone, may have methemoglobin (Met-Hb) levels that
are high enough to interfere with the SpO, readings. Due to
the special ability of Met-Hb to absorb light at two wave-
lengths, the SpO, tends to drift toward 85%.°' Exceptionally,
the abnormal hemoglobin in sickle cell anemia may lead to
spuriously high or low readings.
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The use of nail polish can lead to falsely low SpO, readings;
it has been theorized that this occurs by shunting of the light
across the periphery of the finger. Although a recent study
vindicates red nail polish as a cause of error, the same is prob-
ably not true for other shades which may produce a spurious
fall in the hemoglobin saturations by as much as 3-6%.%
Placing the probe sideways over the lateral aspect of the fin-
ger has been recommended to circumvent this problem.

Skin pigmentation appears to have a small but inconsistent
effect on SpO,. The pigmentation caused by hyperbilirubine-
mia appears to have a negligible effect on SpO, readings,*
but racial pigmentation has been shown to cause as much as
4% difference in the measured oxygen saturation.*

In general, anemia has no impact on the SpO, until the
hemoglobin falls to a very low level (<5 g/dL)*; the effect of
severe anemia on oxyhemoglobin saturation appears to occur
only at an SpO, below 80%.

When venous congestion is present, the engorged veins
can lead to venous pulsations in the peripheries. These venous
pulsations may be misread by the probe as arterial.

7.3 Transcutaneous Blood Gas Monitoring

Cellular animals respire exclusively through their membranes
and humans have inherited to some extent the ability to
breathe through their skins. In 1851, Gierlach described the
property of transdermal gas exchange. In the 1960s, it was
noticed that the transcutaneous partial pressures of CO, and
O, reliably reflected the partial pressures of these gases in the
arterial blood.'>#

Transcutaneous (TCO)) blood gas measurement involves
the placement of heated electrodes directly in contact with an
appropriate skin site. The application of heat at about 42°C to
the skin surface in contact with the electrode causes the der-
mal capillaries to dilate and suffuse the dermis with arterial-
ized blood. This increases the oxygen supply to the epidermis.
The heat also causes partial dissolution of the lipid content of
the epidermal stratum corneum, enhancing the epidermal
permeability to blood gases.
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The O, and the CO, electrodes differ in composition. Both
the electrodes are covered by relatively impermeable mem-
branes (polyethylene or polypropylene in the case of the O,
electrode and teflon or silastic in the case of the CO, elec-
trode). The membranes are necessary to maintain the required
electrolyte levels in the local milieu. The electrodes are
placed over a flat part of the skin (which should be devoid of
hair) and secured to the chosen site by a double-sided adhe-
sive ring over a small drop of contact solution, the purpose of
which is to increase conductivity. Attention is paid to the
optimization of contact between the skin and the electrode,
since even a small amount of trapped air can interfere with
the accuracy of readings.

Data can be analyzed after allowing the electrodes to
equilibrate with the blood, a process which requires approxi-
mately 15 min. Recalibration and rotation of the site is
required every 3—4 h, and failure to rotate the electrode site
as frequently as this can produce burns on the part of the skin
in contact with the electrode (Fig. 7.19).

Owing to the better permeability of CO, as compared to O,,
the CO, electrode has been shown to be reliable at all ages. The
accuracy of the O, electrode is hampered in adults, since the
adult dermal layer is much thicker than that of the neonate. The

Advantages of transcutaneous

L Advantages of pulse oximetry
0O, monitoring

* Decreased susceptibility to * Uncomplicated caliberation
artefactual errors during * Rapid availability of data
motion ¢ Lack of need to replace

* Ability to detect fluctuation membranes
in oxygenation over higher * No risk of thermal injury

ranges of oxygenation
* Accurate estimation of PaO,
in neonates

FIGURE 7.19. Relative advantages of transcutaneous O, and pulse
oximetry. (Adapted from Hasan?)
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measured transcutaneous O, values may be lower than the arte-
rial PaO, values.”” Even in neonates, the usefulness of transcuta-
neous oxygen measurement may be confined to a small subgroup
with arterial oxygen tensions below 80 mmHg. Although the
heated electrodes facilitate gas diffusion across the skin by
inducing capillary dilation as described earlier, they also increase
the metabolic activity of the dermal cells, leading to an increase
in O, consumption as well as CO, production, and this can lead
to inaccuracies in the measurement of these gases. For these
reasons, the pulse oximeter has become the preferred noninva-
sive monitoring device in all age-groups (Fig. 7.19).

7.4 Monitoring Tissue Oxygenation

The respiratory, and the cardiovascular system, have one
common objective — to transport oxygen from the ambient air
to the tissues, where the latter is used by mitochondria for the
manufacture of adenosine triphosphate (ATP). ATP serves as
an energy storage depot for the diverse functions of the body.
Since the utilization of the O, occurs within the tissues, it is
relevant to assess the adequacy of oxygenation at the tissue
level rather than in the blood. Unfortunately, this is not
easy — for several reasons. The first and the foremost reason
is the lack of knowledge as to what constitutes the normal
tissue PaO,. Due to this, the level of O, that defines tissue
hypoxia cannot be determined. It is well known, however,
that the oxygen-deprived tissues change their metabolic
pathways from aerobic to anaerobic. There being no reliable
bedside test to measure tissue hypoxia, the markers of anaer-
obic metabolism serve as surrogates for tissue hypoxia.
Although the direct measurement of intracellular oxygen
by special polarographic electrodes, and measurements of
regional blood flow yield information about the state of
the tissue oxygenation, these methods cannot be practi-
cally applied at the bedside™ Sophisticated techniques such
as nuclear magnetic resonance spectroscopy and position
emission tomography (PET) for the assessment of cellular
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metabolism are as yet imperfectly developed.®?” Infrared
spectrometry which quantifies the redox state of hemoglobin,
myoglobin, or cytochrome-aa, is as yet a research tool,® and
luminescent oxygen probes, which measure the redox state of
the mitochondrion, are still in a nascent stage.

Tissue hypoxia often manifests with signs of organ dysfunc-
tion. When signs of organ dysfunction such as an altered senso-
rium or decreasing urine output are present, the presence of
tissue hypoxia should be suspected. When hypoxic tissues shift
from aerobic to anaerobic metabolism, they produce lactate.
The consequence of this is a fall in pH, resulting in a high anion
gap metabolic acidosis. The blood lactate itself can be measured
directly, providing objective data about the presence and sever-
ity of the lactic acidosis. Whether an elevated lactate level in the
setting of sepsis reflects tissue hypoxia or is a consequence of
alternative metabolic pathways, is as yet uncertain.!’ >

Much attention has been focused on the effects of hypoxia
on the gastrointestinal mucosa, which seems to be especially
susceptible to the effects of decreased perfusion. Deprivation of
O, causes the gastric mucosal milieu to become acidic with a
rise in intracellular CO,. Hypoperfusion of the gastric mucosa is
thought to be, but one manifestation of generalized tissue
hypoperfusion. Although practical difficulties exist in the imple-
mentation of gastric tonometry, it is anticipated that future
developments may lead to easier ways of its measurement.

7.4.1 Oxygen Extraction Ratio and DO, .
As mentioned earlier, the amount of oxygen carried by the
arterial blood depends upon the oxygen saturation of hemo-
globin and the amount of hemoglobin in the blood itself (since
most of the oxygen is carried in the form of oxyhemoglobin).
A much smaller quantity of oxygen is carried dissolved in the
plasma. Delivery of oxygen to the tissues depends on the oxy-
gen content of the blood (CaO,) along with an intact transport
mechanism, specifically the cardiac output (Fig. 7.20).
Arteriovenous oxygen difference: The difference between
the arterial and venous content of oxygen is a measure of the
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These relationships can be summarized by the formula, h
DO, = [(1.34 x Hb x SpO,, ) + (0.0031 x Pa0,)] x CO,
where
DO2 = Oxygen delivery to the tissues
Hb = Hemoglobin concentration in the blood
SpO2 = Percentage of hemoglobin saturation with oxygen
PaO2 = Partial pressure of oxygen in the arterial blood
(arterial blood oxygen tension)
CcoO = Cardiac output
- J

FIGURE 7.20. Oxygen delivery (DO,).

oxygen extracted by the tissues. The oxygen content of the
arterial blood (Ca0,), is approximately 20 mL of O,/dL of
arterial blood, whereas the oxygen content of the venous
blood, CvO,, is approximately 15 mL of O,/dL of venous
blood. VO,, or oxygen consumption, can be directly measured
in mechanically ventilated patients.'® The accuracy of this
method is questionable at FIO, in excess of 0.8."%%%

The tissue oxygen consumption can also be calculated
from the Fick equation, a discussion on which is beyond the
scope of this book.

Oxygen extraction ratio: Another way of looking at the O,
consumed by tissues is the oxygen extraction ratio:

0,ER = (Ca0,- Cv0,)/Ca0,.

Any increase in the metabolic activity results in an increase
in O, consumption (VO,) by the tissues. Increased tissue
oxygen consumption in metabolic stress is paralleled by
an increase in the cardiac output, resulting in increased O,
delivery to the tissues (DO,). Since the increase in O, delivery
is of a smaller magnitude than the increase in O, consumption
(VO,) by the tissues, the demand exceeds the supply. As a
result, the difference in the arteriovenous O, content increases
and the O, extraction ratio is consequently higher.
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When DO, decreases for some reason such as a decreased
cardiac output, for a given VO,, the OER increases.’ In other
words, there is an increase in the tissue extraction of oxygen
relative to the O, delivery. This relationship does not seem to
hold at all levels of O, delivery. Below a certain limit called
the critical delivery of oxygen (DO, . ), the oxygen consump-
tion by the tissues actually decreases even as the O, delivery
falls. The DO, . is seen to occur at relatively high levels of
oxygen delivery in patients with sepsis or ARDS. Several
theories have been proposed to explain this pathological
dependence of VO, on DO,,” not the least of which is a pro-
posed decrease in the oxygen extraction or utilization pro-
cess.” The methodology of many of the studies establishing
the pathological dependence of VO, on DO, has been called
into question'? and it has been proposed that the link between
VO, and DO, may be artifactual.* If there is indeed a patho-
logical dependence of VO, on DO,, the implication of this
pathological dependency, translated into clinical terms, raises
the question as to whether supernormal levels of O, delivery
would have a favorable impact, for which at least at the pres-
ent time, there seems to be no supporting evidence.

FIGURE 7.21. Parts of the capnographic waveform. (Adapted from
Hasan®)
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FIGURE 7.21. (continued)

7.5 Capnography

As discussed in some detail in Chap. 3, section 3.6, the ade-
quacy of alveolar ventilation can be judged by the analysis of
arterial CO, tension (PaCO,). ABG analysis involves arterial
puncture which is painful, inconvenient, and capable of caus-
ing complications. Alveolar ventilation can also be monitored
by analyzing the exhaled air for CO,. Carbon dioxide, being
more easily diffusible through tissues than oxygen, passes



176 Chapter 7. Monitoring Gas Exchange

PetCO, in health: PetCO, in disease:

* The value of PetCO, is close to ¢ In disease, physiological dead-
the value of PACO,; and space is often increased
therefore to that of PaCO.. because of patent but under-
PaCO, and PACO, differ by perfused alveoli. Due to the
such a small amount (generally lack of an effective pulmonary
< 5mm) such as usually circulation CO, cannot effectively
makes no clinical difference. diffuse into alveoli. Under such
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OV IENES I [FEI2H @ 65al substantially exceed PetCO,

match the trends in PaCO,
¢ In spite of this, in the absence
of major changes in dead-
space ventilation, the PetCO,
trends still match those of PaCO,

FIGURE 7.22. PetCO, in health and disease. (Adapted from Hasan*)

quickly across biological membranes including the alveolo-
capillary membrane, and the level of CO, in the exhaled air
(P.CO,) therefore closely reflects the CO, in the arterial
blood (PaCO,). Capnometry is based upon the principle of
infrared spectroscopy. Molecules that contain more than one
element possess characteristic absorption spectra. Carbon
dioxide absorbs infrared light maximally at a wavelength of
426 pm, and its concentration within a given sample is
directly proportional to the degree of absorbance for infrared
light that the sample possesses.

The terms capnography and capnometry are often used
interchangeably, but semantically speaking, the term capnom-
etry should be applied to the process of displaying the value
of the CO, in the breath as a partial pressure or percentage
while capnography is the analysis of the rise and fall of CO,
over time, with continuously displayed data or waveforms.
Capnography provides information about specific clinical
conditions (Fig. 7.23), determines the adequacy of gas sam-
pling, and is capable of detecting leaks in machine tubings.

Analysis of CO, from the end-tidal breath is accomplished by
systems that sample the exhaled air either at the airway (main-
stream analyzers) or draw the gas away to a sampler situated at
some distance from the airway itself (sidestream analyzers). The
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FIGURE 7.23. Changes in PetCO,. (Adapted from Shankar*)
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end-tidal CO, (P,CO,) is measured and displayed on a breath-
to-breath basis and the capnogram shows the changing CO,
tension in the respired air throughout the respiratory cycle.
Since CQO, is an easily diffusible gas with respect to biological
membranes, the drop in the end-tidal CO, tension relative to
arterial CO, is only about 2-5 mmHg.*** However, this is at
best a rough approximation, and in disease, the end-tidal CO,
may be prone to substantial variation. Discrepancy between the
PaCO, and the P CO, can occur when there is an increase in
the dead space, or if a significant V/Q mismatch occurs.”* The
impact of pulmonary disease on P_CO, is unpredictable and
widening of the gradient often occurs. On rare occasions, when
large tidal volumes are used to inflate the lungs with low-V/Q
ratios, the P, CO, may actually exceed the PaCO,** (Fig.7.23).
When the difference between the PetCO, and PaCO,
increases, this usually means an expansion in dead space. On
rare occasions, a sharp increase in CO, production can widen
the PetCO,-PaCO, difference (A-aCO,) (see Fig. 7.24).
High concentrations of either oxygen or nitrous oxide may
cause variations in the capnogram as both these gases have simi-
lar infrared spectra to CO,” and correction factors should be
applied when mixtures of these gases are breathed.® Sidestream
analyzers have a significant time lag before the sampled gas
values are reported. High respiratory rates can be problematic,
since the response time of the instrument can be rather slow.
When metered dose inhalers are used, the introduction of aero-
sols into the respired air can falsely elevate the P, CO, (when
end-tidal CO, analyzers that use mass spectrometry are
employed). This is not the case with end-tidal CO, analyzers that
operate on the principle of infrared spectrometry' (Fig. 7.25).
Sidestream analyzers are prone to blockages in the tubing
system and contamination of the sampling chambers by
secretions or condensate. In addition, poor gas sampling by an
overly long sampling tube or an extremely high sampling rate
may decrease the accuracy of the P CO,. These problems can
be surmounted by the use of shorter tubing, in-circuit traps,
and periodic purging of the sample tubing. Sidestream analyz-
ers can be used in the absence of an artificial airway, whereas
mainstream analyzers cannot (Fig. 7.26).
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FIGURE 7.24. Increased PetCO,-PaCO, gradient. (Adapted from

Hasan?)
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MAINSTREAM

The main unit incorporating a CO2
sensor is itself directly attached to a
T- adapter interposed between the
ET and the patient-circuit.

SIDE STREAM

A relatively long sampling tube
connected to the piece draws

away the gas sample to a CO2
sensor located in a central unit.

The sampling flow rate can be as
high as 150 ml/ min.This can
result in substantial deformation
of the waveform when low tidal
volumes are used as in neonates
and infants.

There is no sampling tube. Sensor
windows are prone to clogging by
secretions, aerosols or water
droplets.

Sampling tube prone to becoming
obstructed: secretion can be
sucked in by the rapid aspiration
rate.

Difficult to use in patients
undergoing prone ventilation.

Relatively easy to connect in
prone position

Unaffected by changes in water
vapour pressure.The temperature
within the mainstream sensors is
maintained at around 39°C to
prevent condensation.

Affected by changes in water
vapour pressure.

No time lag.

Time lag in display, owing to the
relatively long distance that the
sensor is placed from the patient’s
airway.

Cannot be used in the absence of an
artificial airway.

Can be used even in the absence of
an artificial airway.

Sterilization is difficult

Easy to sterilize

Bulky — newer models less so. Can
increase circuit dead-space & so
elevate PaCO2

Side stream capnometers using
micro-stream technology have

been developed.These use sampling
flow rates of as low as 50 ml/min.
The emitted wavelength is within

a narrower IR band (4.2 -4.35

hm) and this more closely matches
the absorption spectrum for CO2.

FIGURE 7.26. Mainstream and sidestream sensors.
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Being closer to the airway, mainstream analyzers have a
quicker response time, but the proximity also makes them
prone to contamination by airway secretions. Also, a large
sampling window can lead to the introduction of a substantial
dead space into the ventilator circuit, itself producing a rise in
the arterial CO, tension. The earlier models of mainstream
analyzers were bulky and tended to drag on the artificial air-
way. The newer mainstream analyzers are smaller and lighter.

As is apparent in the discussion above, trends in arterial O,
can be matched by the P, CO, when the lungs are healthy. But
in cases of pulmonary disease, especially in a situation where
there is unstable or evolving lung pathology, the end-tidal
CO, will neither reflect nor parallel changes in PaCO,, and
this must be kept in mind.

Capnographic tracings in various conditions are shown in
Fig. 7.27.

Capnography can also help differentiate between asphyxic
from primary cardiac arrest: in asphyxic cardiac arrest, PetCO,
is extremely high, whereas in primary cardiac arrest the rise
tends to be more moderate.”” can prove a valuable guide to the
effectiveness and outcome of cardiopulmonary resuscitation
(CPR).%'> 242 A rise in PetCO, is often the earliest indicator
of the revival of the hemodynamics during CPR. Baseline
PetCQO, is transiently raised with the return of spontaneous
circulation following successful resuscitation. This reflects the
elimination of the CO,-buildup in tissues. Conversely, a drop in
PetCO, in a patient who has just been successfully resuscitated
may indicate the need for resumption of CPR A drop in
PetCO, in such a patient should prompt a recheck of the pulse.
In a patient with pulseless electrical activity, the PetCO, mea-
sured at 20 min after the commencement of CPR can prove a
valuable guide to outcome. A PetCO, of <10 mmHg after
20 min CPR usually means that further continuation of CPR is
unlikely to be fruitful, whereas PetCO, >18 mmHg usually
heralds a successful outcome to the CPR. As such, no specific
number can be used as a cut off value in distinguishing survi-
vors from nonsurvivors. It is believed that the chances for sur-
vival increase by 16% for every 1 mmHg the etCO, rises.”
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Hypoventilation:
Slow respiratory rate (low frequency)
High CO, levels (tall waves)

Hyperventilation:
Rapid respiratory rate (high frequency)
Low CO, levels (stunted waves)

Fall in cardiac output: the EtCO, can
decrease beacuse of:

A low venous return, resulting in lower CO,, delivery to the
lungs Decreased pulmonary perfusion, which increase deadspace

Successful CPR

A rise in PetCO, is often the earliest indicator of improvement in the
hemodynamics. Conversely, a drop in PetCO, in a patient who has
just been successfully resuscitated may indicate the need for
resumption of CPR.

CCF
In CCF the waveform is more upright

Bronchospasm
Upsloping plateau gives a “shark fin” appearance to the waveform

Esophageal intubation
Esophageal “air” is devoid of CO,: a flat line is seen

Self extubation or disconnection
A flat line is seen

EBESSSAE

FiGURE 7.27. Capnographs in different medical conditions (Adapted
from Hasan?)

It is possible to distinguish congestive cardiac failure from
bronchospasm on the basis of capnography (Fig. 7.27). The
capnographic tracing in bronchospasm shows a slow rise,
often likened to a shark’s fin. Because of bronchospasm, the
CO, from the peripheral airspaces arrives late at the CO,
sensor.
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The capnograpic tracing can be valuable in verifying the

position of the endotracheal tube after a difficult intubation.
Since the source of CO, is the lung, any detectable CO, on
the tracing can only mean that the endotracheal tube resides
within the tracheobronchial tree (Fig. 7.27). In contrast, CO,
will be undetectable if the endotracheal tube has been inad-
vertently placed within the esophagus.
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Chapter 8

Monitoring Lung Mechanics
in the Mechanically
Ventilated Patient

A discussion on lung compliance and airway resistance can
be found in Chap. 3.

8.1 Ventilator Waveforms

Ventilator waveforms are the graphical depictions of patient-
ventilator interactions.

Ventilators are technologically limited as generators of
volume, pressure, or flow. No ventilator can deliver an ideal
breath: the precise waveform desired by the clinician cannot
be fashioned by the machine. Because of the multiplicity of
ways that the patient can interact with the ventilator, the
shapes of these waveforms can be subject to considerable
variation.

The graphs to follow are presented as idealized wave-
forms; in “real life,” recordings are invariably altered by the
noise that the vibration and turbulence of air flow inevitably
produce. The diagrams are illustrative, and not drawn to
scale.

Waveforms are classified as scalars and loops. Scalars are
real-time displays of volume, pressure, and flow (they are the
measurements of volume, pressure, and flow that are graphed
against time). Loops are the tracings of volume plotted
against pressure or of flow against volume.

A.Hasan, Understanding Mechanical Ventilation, 189
DOI:10.1007/978-1-84882-869-8_8,
© Springer-Verlag London Limited 2010
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8.2 Scalars

8.2.1 The Pressure—Time scalar

8.2.1.1 Airway Pressures

Before examining the pressure-time scalar, the pressure
changes that occur within the airway during a respiratory cycle
will be briefly introduced here (see also sections 3.3 & 3.4).

Peak Airway Pressures

During a ventilator-driven tidal breath, the airway pressure rises
rapidly to a peak. This is the peak airway pressure (peak infla-
tion pressure, Pk, PIP) - the maximum pressure recorded
within the airway during a ventilator-delivered breath. The peak
airway pressure is influenced both by airway resistance and
compliance; therefore, the peak airway pressure can be high
either on account of narrowed airways or stiff lung (Fig. 8.1).

Plateau Pressures

At the end of inspiration, the airway pressure falls to a pla-
teau as the air diffuses out to the periphery of the

High airway resistance Low static compliance

Obstruction or kinking of
the endotracheal tube
Excessive airway secretion

(stiff lung)
Pneumonic consolidation
ARDS

Bronchospasm Pulmonary edema
Clogged heat-moisture Pleural effusions
exchangers. Abdominal distension

Raised
Peak
Airway

Pressure

Raised
Plateau
Pressure

FiGure 8.1. Causes of raised peak airway pressure.
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tracheobronchial tree. The pressure within the airway during
this period of no airflow is called the pause pressure or the
plateau pressure, p . The pause pressure is a reflection of the
static compliance (Section 3.1), and so, any condition that
stiffens the lung will increase the pause pressure.

Mean Airway Pressure

From the hemodynamic angle, both the magnitude of the air-
way pressure and the time for which it is sustained are impor-
tant. The level of airway pressure and the duration for which it
is raised above the baseline are both factored into the mean
airway pressure, which is in essence the area under the pres-
sure—time curve. When the inspiratory flow rate is reduced, the
peak airway pressure is lower; but since inspiration is now pro-
longed, the airway pressure is likely to remain positive for a
longer duration of time. As a result, the area under the curve is
not greatly reduced: manipulation of the inspiratory flow will
not serve to alter the mean airway pressure to any great extent.
For the same reason, when an inspiratory-hold is used at the end
of inflation — with the intent of improving the oxygenation — the
airway pressure will remain positive for a longer period of time,
and this will elevate the mean airway pressure (Fig. 8.2).

When hemodynamic compromise occurs on account of
raised airway pressures, it is the mean airway pressure that
shows the closest relationship with the effect of positive pres-
sure breathing upon the circulation.

The progress of airway pressures during a volume-targeted
breath is set out in Fig. 8.3

At any given point (P) on the pressure-time curve, the
pressure it takes to expand the lung (P, ) is the sum of the
alveolar pressure (P, ) and the flow-resistive pressure (P,).
The P is measured as the peak airway pressure (syn peak
inspiratory pressure, PIP) at the end of the breath; the P can
be measured during an applied pause (the pause pressure).

Lung Compliance

The pause pressure tends to be raised in conditions that
stiffen the lung (i.e., in conditions where static compliance is
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Airway
Pressure

Time

Ficure 8.2. Effect of flow rate on airway pressures. Three separate
respiratory cycles are shown, represented by curves A, B, and C. The
mean airway pressure for each breath is the area under its curve.
Compared to the breath A, inspiratory flow has been deliberately
lowered in breath B, and further reduced in breath C. As a conse-
quence, a lower peak airway pressure is obtained; but it now takes
longer for the breath to be completed, and the airway pressures
remain elevated above the baseline for a longer time. Compared to
A, although the peak airway pressure is lower, the area under curve
B remains undiminished. In other words, a reduced flow rate results
in a lower peak airway pressure but not necessarily a lower mean
airway pressure.

reduced); conditions that increase airway resistance do not
produce an appreciable rise in pause pressure. Therefore, if
the peak and pause pressures are both high, the lung is likely
to be stiff (noncompliant); whereas if the peak pressure is
raised and the pause pressure is not, airway obstruction is
likely to be present (Fig. 8.4).

The calculation of dynamic compliance is based upon peak
airway pressure: a fall in dynamic compliance will parallel
any rise in peak airway pressure. Similarly, calculations for
static compliance take pause pressure into account: any rise
in pause pressure will be accompanied by a fall in the static
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Pressure
F Trans-alveolar pressure (P, )
-- identical with ‘B’ (the
pressure required to overcome
E Peak the flow resistive pressure)
inspiratory
pressure
D Airway (PIP) GIPtause pressure
opening (pla ea:(u ;l)reslsure,
pressure peare :S‘l’ﬁg)ar
(Pao) P
C Elastic
resistance H Exhalation
B Flow Time
resistive

pressure Start here and
move clockwise

A The beginning of
inspiration

A. The beginning of inspiration. The presence of a negative deflection here would mean that the
breath is patient-triggered. Its absence means that the ventilator is responsible for triggering
the breath.

B. The initial rise in airway pressure is on account of the resistance offered by the ETT and
ventilator circuit. This pressure is called the flow resistive pressure or the
trans-airway pressure (Pta) represented by the vertical print line.

C. As the lung begins to distend, pressure is required to overcome its resistive and elastic
components. The pressure it takes to overcome elastic forces is the peak alveolar
pressure (Palv); it is represented on the figure by the blue line that lies below and
parallel to the Pao tracing red line.

D. When a constant flow is applied—the square waveform—there is a gradual but uniform rate of
rise in the airway opening pressure until the entire tidal volume has been delivered.

E. The peak inspiratory pressure is reached at the end of inspiration.

The difference between the airway opening pressure (PAO) and the alveolar pressure (PA)
is the flow-resistive pressure (also called the trans-airway pressure), that is, the pressure
due to the airflow through the ventilator circuit. The flow resistive pressure rises in parallel
to the alveolar pressure. The alveolar pressure is the pressure due to the elastic recoil of
the airways and alveoli.

m

jol

End inspiratory pause. This is represents the plateau pressure.

T

Exhalation

FiGURE 8.3. Pressure-time scalar of a volume-targeted breath.
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Normal Increased airways resistance Decreased compliance
PIP is PIP is
elevated / elevated
Peak Trans-alveolar Ptais . — Ptais
< inspiratory pressure (Pta) increased normal
@ | pressure Pause since PIP is Palv is
g (PIP) Plateau elevated in elevated
o pressure the presence
(Alveolar of normal Palv
pressure, W\ Palvis
Palv) normal

Time

FIGURE 8.4. Pressure—time scalar: increased airway resistance and
decreased compliance.

TaBLE 8.1. Static and dynamic compliances in various lung conditions
Static compliance

Lung condition Dynamic compliance

Cardiogenic Decreased Decreased
pulmonary
edema
ARDS Decreased Decreased
Bronchospasm Decreased Unchanged
without dynamic
hyperinflation
Bronchospasm Decreased Decreased
with dynamic
hyperinflation
Atelectasis Decreased Decreased
Pneumonia Decreased Decreased
Pneumothorax Decreased Decreased
Tube obstruction Decreased Unchanged
Pulmonary embolism Unchanged Unchanged

compliance. Conditions that stiffen the lung, therefore, will
decrease both dynamic and static compliance, whereas, condi-
tions that produce airway narrowing will produce a fall in
dynamic compliance without affecting the static compliance
much (Table 8.4). These concepts have been further devel-
oped in (Chap. 3).

Ventilator graphics can be very useful in determining
whether a rise in peak pressure is due to a stiff lung or an
obstructed airway.



8.2 Scalars 195

TaBLE 8.2. Information derived from the pressure—time scalar

Information obtained from the
pressure—time scalar

Waveform characteristic

Volume-targeted breath
Pressure-targeted breath

Triggering

I:E ratio

Peak airway pressure

Plateau pressure

Mean airway pressure

Set PEEP

AutoPEEP/air trapping

Airway obstruction

Bronchodilator response

Has a peaked configuration
(fig. 4.8)

Has a squared configuration
(fig. 4.20)

Indicated by the presence of a
negative deflection immediately
preceding inspiration

Calculated from the relative lengths
of inspiration and expiration on
the x-axis (the x-axis represents
time)

The highest point in the pressure
tracing. Measured off the y-axis
(fig. 8.3)

The “shoulder” in the pressure
tracing that lies just beyond and
below the peak airway pressure.
Measured off the y-axis (fig. 8.3)

The area under the entire
inspiratory curve; includes the
area under PEEP line

Estimated from the distance above
the baseline from where the
inspiratory tracing begins

The expiratory tracing ends well
above the set PEEP level (that
is, above the baseline)

A disproportionate rise in peak
airway pressure relative to the
pause pressure

Decrease in peak airway pressure
following administration of
bronchodilators

The information that can be obtained from the pressure—
time scalar is summarized in Table 8.2

This insight may not be afforded by some modes. For
instance, the intent of the pressure control mode is to main-
tain a constant pressure throughout inspiration, and obvious
as it sounds, a pause cannot be set within this mode (Fig. 8.5).
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V

Time

FiGURE 8.5. Pressure-time scalar during a pressure-targeted breath.
Note that the second of the two breaths shown is patient-triggered.

Constant flow Sine-wave Accelererating (ramp) Decelererating
(square) waveform flow flow waveform (reverse-ramp) flow
waveform waveform

1A I
oV

FiGURre 8.6. Flow waveforms.

8.2.2 Flow-Time Scalar

Four types of flow waveforms were introduced in Chap. 5;
they are summarized in Fig. 8.6. In pressure-targeted ventila-
tion, because the constancy of pressure within the inflating
lungs has to be maintained, the flow waveform is necessarily
decelerating (descending ramp flow waveform).

During volume-targeted ventilation, the most commonly
used flow waveform is the square flow waveform (constant
flow waveform). The events during a constant flow breath are
illustrated in Fig. 8.7.

In theory, a relatively slow rise to the peak inspiratory
flow — as is provided within the ascending-ramp and the sinu-
soidal waveforms — provides more time for gas distribution
within the lungs, and thereby improves oxygenation. Slow
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C. Flow is sustained
at a constant

B. Flow rises level until the
rapidly to tidal volume has
a peak been delivered
D. From this
\ ] / point, the flow
drops rapidly

to zero

1 E. End-inspiratory
pause F. The beginning

s
\

H. Exponential decay of
expiratory flow during

\ exhalation

G. Peak expiratory
flow

Flow

/

A.The beginning
of inspiration

Time

A. The beginning of inspiration
B. Inspiratory flow rapidly rises to a peak. In practice, inertial forces cause the ascent to be less
steep than shown.

C. Thereafter, flow is sustained at a constant level (the square waveform has been applied) until
the entire preset tidal volume has been delivered.
D. From this point, the flow declines sharply to zero. Again, in practice, the descent is never as
steep as this.
E. During the end-inspiratory pause, the breath is briefly held within the lungs for the duration
of the applied pause.
Commencement of exhalation
. The peak expiratory flow is rapidly reached.
. Exhalation is passive, and so there is an exponential decay in the inspiratory flow down to the
baseline as the lung progressively empties.

Iom

FiGure 8.7. Events during a constant flow breath.

flows can be uncomfortable for the patient. The constant flow
waveform and the descending ramp flow waveform (the lat-
ter delivers high initial flows) are superior at preventing
“flow starvation.”

The information that can be obtained from the flow-time
tracing is summarized in Table 8.3.
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TaBLE 8.3. Information derived from the flow-time scalar

Information obtained from the flow-time scalar

Volume-targeted breath

Pressure-targeted breath

Magnitude of the
inspiratory flow

Rise time

Auto-PEEP

Airway obstruction

Bronchodilator response

Active exhalation

Air leak
Patient-ventilator
asynchrony

Identified by a square-wave flow
pattern

Identified by a decelerating flow pattern

Measured off the y-axis (fig. 8.7)

Can be visually estimated

Failure of the expiratory flow tracing to
return to the baseline (fig. 8.9)

Expiratory flow tracing is deeply curved
and takes longer to return to the
baseline. PEF is relatively low
(fig. 8.9)

Partial or complete reversal of the
airflow obstruction pattern after
aerosolized bronchodilator

Terminal part of tracing shows an upward
deflection (fig... p. 56 on incoord)

Decreased peak expiratory flow

Irregularities in the inspiratory or
expiratory pressure tracing (fig. 8.56)

Mathematically, flow is volume divided by time; inspira-
tory flow is tidal volume divided by the inspiratory time.

Flow = Tidal volume / Inspiratory time.

Rearranging:

Tidal volume =Flow x Inspiratory time.

Therefore, when flow is graphed against inspiratory time, the
area under the curve will represent tidal volume. Barring
some exceptions (such as air leaks), exhaled tidal volumes
will be identical to inhaled tidal volumes, and so the area
under the inspiratory (I) and expiratory (E) flow tracings
should be the same.

The relationship holds good, provided the flow is constant,
such as during constant flow waveform in volume-targeted
ventilation. A normal looking flow-time scalar is set out
below (Fig. 8.8). Note the absence of a pause.
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Flow

Time

FiGure 8.8. Flow-time scalar.

Flow

\ Typical concave-

downwards shape

N

Low peak
expiratory flow
Time

FiGure 8.9. Flow-time scalar in obstructive airways disease.

In airflow obstruction (Fig. 8.9), a part of the tidal volume
is “lost” and never delivered to the lungs owing to high ven-
tilating pressures. The lower PEF (arrowed) illustrates the
loss of volume. The expiratory flow tracing adopts a deeply
curved contour (concavity downward), and takes much
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Flow

—

Loss of peak

Time

FiGurE 8.10. Flow-time scalar in emphysema.

longer to return to the baseline. In the presence of auto-
PEEP, the expiratory tracing may still be well below the
baseline by the time the next breath is triggered (Fig. 8.9).

Emphysema is a common cause of airflow limitation, but
here, the waveform is slightly different. Because of the exten-
sive loss of lung parenchyma and the resultant loss of elastic
recoil, the usual peaked configuration of the PEF is replaced
by a more relaxed, rounded contour (Fig. 8.10).

On the other hand, when lung compliance is low, the
greater elastic recoil leads to a higher PEF; expiratory time is
shortened, and the lung empties more quickly (Fig. 8.11).

8.2.3 Volume-Time Scalar

The volume-time scalar in constant flow, volume-targeted
ventilation is shown below (Fig. 8.12). Flow being constant,
the volume rise is linear. Because expiration is passive, the
expiratory flow falls exponentially.
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Shortened expiratory Time
Flow >
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flow

Time

FiGure 8.11. Flow-time scalar: low compliance.

Information derived from
the volume-time scalar

Tidal volume Indicated on the y-axis

AutoPEEP Expiratory part of the tracing fails to
return to the baseline before the
commencement of the next breath

Active exhalation Tracing continues beyond the baseline
Air leak Tracing fails to return to baseline
(fig. 8.13)

Patient-ventilator asynchrony (See text)
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With a constant During expiration,
flow pattern, the the flow falls Applied
volume rise is exponentially. pause
linear Accordingly, the
volume tracing /
takes a curvilinear
shape
Volume
Time

FIGURE 8.12. Volume-time scalar in constant flow, volume-targeted
ventilation.

The length of the inspiratory limb of the tracing should
normally be roughly the same as that of the expiratory limb.
When the latter fails to reach the baseline, some of the gas
provided by the ventilator to the patient has not returned to
the machine — a part of the inspired tidal volume has been
lost. A leak in the ventilator circuit or a bronchopleural fis-
tula can produce such a tracing. A similar graphic can be
produced during dynamic hyperinflation when air trapping
permits only the partial exhalation of the tidal volumes that
have been inhaled (Fig. 8.13).

In the absence When there is
of volume volume loss (eg.
loss, the an air leak) the

volume-time tracing fails to

Volume tracing returns return to the
to the baseline
baseline

/

// \l/

Lost Volume Time

FiGURE 8.13. Volume-time scalar: incomplete exhalation.
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FiGURE 8.14. The pressure—volume loop.

8.3 The Loops

8.3.1 Pressure—Volume Loop

Volume graphed against pressure yields the compliance
curve. If the forces of surface tension could be eliminated — as
they can in a saline-filled experimental lung preparation —
this “curve” would actually be a straight line (see Fig. 8.14).
The PV tracing moves up this diagonal line with inspiration
(red arrow) and down the same line with expiration (green
arrow). In intact animals, air—fluid interfaces within the lung
generate forces of surface tension, and the inspiratory and
expiratory tracings follow different paths — tracing out not a
curve, but a loop. The pressure-volume loop normally tends
to be slightly warped: it does not appear symmetrical (as a
biconvex lens would when viewed side on), but bulges to the
left in its upper half, and to the right in its lower.
Spontaneous breath: During spontaneous breathing —
without any form of support such as CPAP or PSV - the PV
loop assumes the characteristic shape just described. The spon-
taneous breath is traced clockwise (in contrast to the assisted
breath —see later — which is traced anticlockwise). With inspira-
tion, as the intrapleural pressure becomes negative, the tracing
moves to the left of the y-axis, and air is drawn into the lungs.
With increasing tidal volume, the lungs fill up with air and the
negativity of the intrapleural pressure decreases: the tracing
returns to the zero pressure line (the y-axis) (Fig. 8.15).
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Tidal
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Inspiration Expiration

0
Pressure

FiGuUre 8.15. The pressure—volume loop during spontaneous breathing.

Machine breath: With a ventilator-delivered breath, the
tracing begins in the lower left hand corner of the graph and
moves counterclockwise (in opposite direction to that during
a spontaneous breath); at end expiration, it has returnes to
the point where it originally began. The highest point of the
PV loop read off on the y-axis represents the tidal volume.
The same point read against the x-axis represents the PIP.

With exhalation, the tracing follows the expiratory curve
downward, culminating at the point representing zero tidal
volume and zero PEEP (note the absence of set PEEP).

Volume change in relation to pressure change naturally
defines compliance, and so, the PV loop is a useful way of
monitoring the compliance of the respiratory system. Since
the loops are plotted during airflow, the PV loop also pro-
vides useful information about airway resistance (Fig. 8.27).

Airway pressures: With the movement of the tidal breath
into the lungs, the airway pressure tracing follows the inspira-
tory curve (red) upward to the point at the extreme right: the
peak airway pressure (Fig. 8.17), also known as the PIP (PIP
and P ).
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Volume during
deflation

Volume during
inflation

Pressure (P’)

FiGure 8.16. The pressure—volume loop: lung volume during infla-
tion and deflation.

Note: That at a given pressure (P’), the volume is greater during
deflation than during inflation.

Plateau pressure

600 1 Alveolar pressure / Peak airway pressure

Airway opening
pressure
Volume (mL) Pta

Airway pressure (cm H,0)

FiGURE 8.17. The pressure—volume loop: airway pressures.
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When a pause is set, the tidal volume is briefly held within the
lungs. With the dissemination of gas into the periphery of the
lungs, the tracing shifts a little to the left — to say that the PIP
drops slightly — to its new level, the plateau pressure or the pause
pressure (Pps). Up to this point, there is as yet no discernible fall
in the tidal volume: the tracing has not yet begun to lose height.

The transalveolar pressure gradient: The gradient between
alveolar pressure (P, ) and intrapleural pressure (P ) is the
transpulmonary pressure (P, ), also known as the flow-resistive
pressure. P_ is the difference between the peak alveolar pres-
sure (P, ) and the airway opening pressure (P, ) —represented at
end-inspiration as the difference between the peak airway
pressure (P, ) and the pause pressure (P ). In the upright indi-
vidual, P_is greater at the lung apices than at the lung bases.

At a given transpulmonary pressure, lung volume is higher
during deflation than during inflation (Fig. 8.16). Most diagrams
show only the deflation limb of the pressure — volume loop.
The P gradient is smaller in the saline-filled lung (it takes a
smaller pressure to inflate the saline-filled lung) because now
only the elastic resistance needs to be overcome.

With the square wave (constant flow) pattern, once the
peak flow is reached, the P (red) and the P (blue) parallel
each other (Fig. 8.18). In other words, once the peak inspira-
tory flow has been attained, the transairway pressure (P —
the difference between the P and the P ) will remain
constant for the rest of the inspiration.

Triggering: In panel b of Fig. 8.19, a patient-triggered
breath is shown. The loop seen to the left of the y-axis repre-
sents the patient’s efforts at triggering. The ventilator senses
the negative pressure (or flow), and is triggered into deliver-
ing a breath. With the initiation of a machine-driven positive-
pressure breath, the tracing shifts to the right hand side of the
y-axis. The magnitude of the triggering effort by the patient is
reflected in the size of the loop produced by the patient’s
effort. A relatively large sized “tail” such as this indicates an
inordinately high patient-effort due to inadequate machine
settings (trigger settings not sensitive enough).

PEEP: Fig. 8.20 shows the effect of applied PEEP on the
pressure—volume loop. In the panel on the left, the tracing
starts adjacent to the y-axis, at a pressure of zero, which
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Peak

Palv

PIP

Ficure 8.18. The pressure—volume loop: transairway pressure.
Machine-triggered and patient-triggered breaths.

Volume /

/ @
\ A
A. Machine triggered B. Patient-triggered breath.The
breath. Note the absence drop in airway pressure prior to
of a negative deflection the positive pressure breath
denotes the patient’s triggering
effort

FiGure 8.19. The pressure—volume loop: triggering.
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Volume

t The shaded zone represents

Zero PEEP the applied PEEP level

FiGure 8.20. The pressure-volume loop: ZEEP and PEEP.

means that there is no set PEEP. On the panel to the right, the
loop begins further to the right of the y-axis, and the shaded
zone represents the magnitude of the set PEEP.

Compliance: In Fig. 8.21, B represents the pressure—volume
axis of a lung with normal compliance. Conventionally, the PV
loop representing a lung with normal compliance is repre-
sented at an angle of approximately 45° to the horizontal (B).
The more upright line (A) represents a lung with increased
compliance (as in emphysema), whereas the relatively right-
ward-tilted line (C) represents a stiffened lung. Note that the
pressure required to move a given volume of air into the lung
(V) would be the least for A and the most for C. In other
words, lung (A) has the best compliance and C the worst.

Shown in Fig. 8.22 are two pressure—volume loops gener-
ated during volume-controlled ventilation. The tidal volume
is the same for both the breaths (horizontal red line), since
every breath is volume limited. The green loop to the left is
representative of a lung with relatively good compliance: note
its upright position and the relatively low pressure change
(P,) it takes to produce the given change in volume (V). The
blue loop on the right represents a relatively noncompliant
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Ficure 8.21. Effect of decreased compliance on the pressure—
volume loop.

Volume

Vt
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Pressure

FiGure 8.22. Effect of decreased compliance on the PV loop during
volume-targeted ventilation.
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FiGure 8.23. Effect of decreased compliance on the PV loop with
pressure-targeted ventilation.

lung. The loop sits less upright because it takes a much higher
pressure (P,) to produce the same change in volume (V).

Shown in Fig. 8.23 are two pressure—volume loops that
have been obtained with pressure-limited ventilation. The
upright blue loop at the left represents a lung with relatively
normal compliance. With the deterioration in lung compli-
ance, the loop tilts downward and to the right (pink loop). In
the pressure control mode, as compliance worsens, it is the
tidal volume that falls. The pressure is controlled at the preset
value (vertical gray line).

If the pressure limit in the pressure control mode is delib-
erately lowered, the point that represents the PIP retreats
leftward. Smaller tidal volumes can now be administered
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FIGURE 8.24. Pressure—volume loop: overdistension of the lung.

within the lowered pressure limit, and so the height of the
loop becomes reduced as well.

When overdistended, the lung is noncompliant and less
accommodative of tidal volumes. As it fills up, it increasingly
stiffens, and so there is less volume change for a given applied
pressure toward the end of the breath, than there is at the
beginning of the breath. The flattening of the terminal part of
the inspiratory curve gives a characteristic beaked shape to
the pressure-volume loop (Fig. 8.24).

In contrast to the rightward-tilted PV loop of the noncom-
pliant lung, the loop of the highly compliant — for instance,
emphysematous — lung is more vertical (Fig. 8.25).

Elastic work and resistive work: The area shaded in green
(Fig. 8.260) represents the elastic work of breathing. As can be
envisaged, a rightward shift of the pressure-volume loop
(when the static compliance is decreased) will cause its area
to expand (in other words, the elastic work of breathing will
increase).
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Volume

Pressure

FIGURE 8.25. Pressure—volume loop of a highly compliant lung.

Volume

Pressure
Ficure 8.26. The elastic work of breathing.
In Fig. 8.27, the panel on the left shows a relatively normal

pressure—volume loop. The area shaded yellow represents the
flow-resistive pressure of the system (flow-resistive pressures
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Volume

Pressure

FIGURE 8.27. Pressure-volume loop: increased flow-resistive work
during volume-targeted ventilation.

have been dealt with earlier in this chapter). In panel B,
increased flow-resistive work has resulted in the change in
inspiratory volume lagging behind the change in pressure.
The noticeable sag in the inspiratory curve has resulted in
expansion of the area that represents the flow-resistive work
(shaded pink).

In the volume-targeted mode, an increase in airflow resis-
tance will cause the PIPs to increase. The tidal volumes being
preset, are naturally unchanged. As a matter of fact, the tidal
volume can also get limited if the airway pressure exceeds the
set upper airway pressure limit (see chap. 6).

Note that the peak pressure in the second loop (P2) is
slightly higher than that in the first (P1), reflecting a decrease
in the dynamic compliance. Sometimes, the loop is tilted
downward, indicating a decrease in static compliance as well.

In the pressure-control ventilation (PCV) mode, increased
airway resistance will cause tidal volumes to drop slightly
(Fig. 8.28, right-sided panel). Since in PCV the PIP is preset,
it can be seen to be unchanged in both panels; but note the
altered shape of the loop with increasing resistance.

Volume loss: The height of the inspiratory curve (red line)
above the baseline represents the inspiratory volume — the
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FiGure 8.28. Pressure-volume loop: increased flow-resistive work
during pressure-targeted ventilation.

volume of the machine-delivered tidal inspiration (Fig. 8.29).
The height of the expiratory curve (green line) above the base-
line represents the exhaled volume, i.e., the volume returning to
the machine. The difference between the inhaled and the
exhaled tidal volume (arrowed) is the volume that has been lost
(see earlier in this chapter for causes of incomplete exhalation).

Expiratory Tidal Volume
Volume

Inspiratory Tidal Volume

)

Lost Tidal Volume l

Pressure

FIGURE 8.29. Pressure—volume loop: incomplete exhalation (volume
loss).
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8.3.2 The Flow—Volume Loop

The flow—volume loop is another useful way of looking at
data. Flow (y-axis) is graphed against volume (x-axis). The
loop differs in some respects from the flow—volume loop
obtained on the office spirometer. Most ventilators display
the inspiratory curve above, and the expiratory curve below
the x-axis: this orientation is the reverse of that which is
familiar to physicians from office spirometry reports.The
usual loop obtained in the PFT lab is generated from a maxi-
mal expiratory effort that follows a deep inspiration; on the
ventilator, the inspiratory flow rate is set by the clinician/
therapist, and expiration is passive. The nadir of the expira-
tory loop represents the peak expiratory flow (PEF).

On the ventilator, a spontaneous breath is recognizable by
the slightly irregular contour of its inspiratory portion
(Fig. 8.30), especially if the peak flow is relatively low.
Volume-targeted ventilation: With the sine-wave flow pattern

Inspiration

Flow

Expiration

Volume

FiGure 8.30. Flow—volume loop: spontaneous breath.
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of volume-targeted (volume control) ventilation (Fig. 8.31,
panel A), the inspiratory flow rises gradually to a crescendo
and then decreases. The inspiratory tracing describes a curve.
With a constant flow pattern, the flow waveform is predict-
ably square (panel B).

In (Fig. 8.32), the effect of varying the set inspiratory flow
rate during square-wave ventilation is shown.

Pressure-control ventilation: During PCV, the peak flow is
attained early during inspiration, and the waveform shows a
decelerating flow that is a defining characteristic of any
pressure-targeted mode (e.g., pressure control mode, pres-
sure support mode, etc.). The waveform retains its typical
morphology at all the three levels of the pressure level repre-
sented. As the pressure level is increased from A-C, the peak
flow is seen to increase (Fig. 8.33).

Pressure support ventilation (PSV): the pressure support
mode is one of the pressure-targeted modes of ventilation. One
of the hallmarks of pressure supported ventilation is the rather
abrupt decline in flow (arrowed) toward the end of inspiration

Flow m

Volume

FiGure 8.31. Flow-volume loop during volume controlled ventila-
tion. (a) Sine-wave flow pattern. (b) Square-wave flow pattern.
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FIGURE 8.32. Flow—volume loop: the effect of varying the set inspira-
tory flow rate during square-wave volume-targeted ventilation.

(Fig. 8.34). This feature is produced by the cycling off of the
ventilator as the flow-threshold is reached (see section 4.8).

Increased airway resistance: In Fig. 8.35, a flow—volume
loop obtained with PCV is represented — note the decelerat-
ing waveform. With increased airway resistance, tidal vol-
umes become constrained by the set airway pressures (the
inspiratory time is unchanged). Since flow is volume divided
by time, a decrease in flow will translate into lower tidal vol-
umes if the inspiratory time is unchanged.

In Fig. 8.36, two flow—volume loops obtained with square-
wave volume control ventilation are depicted. A normal look-
ing flow—volume loop is represented on the left panel. The
panel on the right shows a flow—volume loop under conditions
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Flow

Volume

FiGure 8.33. Flow-volume loop: the effect of varying the set airway
pressure during a pressure-targeted ventilation. Shown in purple is
a flow—volume loop obtained during pressure-targeted ventilation
at a relatively low pressure setting. The effect of progressively
increasing the airway pressure is shown in the tracings in blue and
black, respectively.

Note: The decelerating flow that is characteristic of pressure tar-

geted ventilation.

of increased inspiratory and expiratory resistance. With a mild
to moderate increase in airways resistance, there should be no
great difference in the morphology of the inspiratory limbs,
since most ventilators are capable of driving airflows that
overcome the additional resistive load. A subtle clue, however,
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Flow
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FiGUre 8.34. Flow-volume loop in pressure support ventilation.
Note the abrupt decline in flow toward the end of ventilation as the
ventilator cycles from inspiration to expiration (red arrow).

is a slight blunting of the initial part of the inspiratory wave-
form as the machine begins coping with the increased resis-
tance. The PEF is decreased, indicating a large airways
component to the airflow obstruction. The slightly scalloped
expiratory limb of the loop suggests that there is a small air-
way component to the expiratory obstruction as well.

Auto PEEP: Fig. 8.37 shows a constant flow—volume-tar-
geted breath in dynamic hyperinflation. The expiratory flow
tracing fails to return to the baseline at the end of exhalation
(green line). The normal terminal part of the expiratory trac-
ing is shown in blue.
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FiGure 8.35. Flow—volume loop: effect of increased airway resis-
tance on flow and volume. Shown in the panel on the left is a normal
looking flow—volume loop obtained during pressure-targeted venti-
lation. The effect of increased airway resistance is shown in the
panel on the right. Both flow and volume have decreased.
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FiGure 8.36. Flow—volume loop: effect of increased inspiratory and

expiratory resistance.
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Flow

Volume

FiGURrE 8.37. Flow—volume loop: dynamic hyperinflation (see text).

Decreased compliance: The effects of reduced compliance
on a flow-volume loop are relatively subtle compared to
those on a pressure—volume loop. Because of the increased
elastic recoil in a stiff lung, the lung deflates rapidly; this
becomes noticeable as a PEFR which is high relative to the
tidal volume (Fig. 8.38).

Volume loss: The expiratory tracing stops well short of the
y-axis — this can happen when there is air leakage (circuit or
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FiGure 8.38. Flow—volume loop: effect of a decrease in compliance.

ET cuff leak; or a bronchopleural fistula), and a part of the
inhaled volume fails to return to the expiratory sensor. The
difference between the inhaled and the exhaled tidal volume
can be quantified.

Tubing compressibility: The expiratory limb of the flow—vol-
ume loop (Fig. 8.40) is similar in appearance to the flow—volume
loop of the airflow obstruction shown (compare with Fig. 8.36B).
That there is no airway obstruction is indicated by the absence
of scalloping on the expiratory waveform (double green arrow).
The prominent spike at the commencement of expiration (red
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Flow
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FiGure 8.39. Flow—volume loop: lost tidal volume.

arrow) represents the expiratory “rebound” of air that has dis-
tended the circuit during inspiration. The ventilator tubing can
often be seen to contract visibly at the onset of expiration.

Airway secretions: Secretions within the proximal airway
or the endotracheal (or tracheostomy) tube can impart a saw-
toothed appearance to the tracing " (Fig. 8.41).

8.4 Patient-Ventilator Asynchrony

8.4.1 Level of Ventilator Support
and Work of Breathing

One of the goals of mechanical ventilation is to fully unload
the respiratory muscles when they are fatigued and to allow
them to participate in the work of breathing when they have
recovered, such that disuse atrophy is prevented.
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FiGURE 8.40. Flow—volume loop: effect of tubing compressibility.

Volume

8.4.2 Complete Support
The completely supported patient theoretically spends energy

only during triggering the ventilator. The work of breathing dur-
ing the reminder of inspiration is performed by the machine.

8.4.3 Partial Support

During partial support, the work of breathing is shared
between the patient and the ventilator.
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FiGure 8.41. Flow—volume loop: effect of airway secretions.
8.4.4 Patient-Ventilator Asynchrony

Patient-ventilator asynchrony can have widespread ramifica-
tions. The work of breathing can increase oxygen consumption,
impair myocardial performance, cause considerable discom-
fort to the patient and even impact upon the weaning process.
Graphics provide vital insight into the cause of asynchrony,
and thereby enable optimization of ventilator settings.

4 N\
Box 8.1 Causes of Patient-Ventilator
Asynchrony

Tidal volumes too low

Inspiratory flow too slow

Inspiratory time too long

Trigger sensitivity too negative

Increased resistance of patient-tube or respiratory circuit
(e.g., blocked endotracheal tube, clogged HME, “water” in
circuit)

Auto-PEEP

Change in patient’s lung mechanics

Pain, discomfort, and agitation
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8.4.5 Triggering Asynchrony

8.4.5.1 Response Time

During spontaneous breathing, because of the distance the neu-
ral signal needs to travel — from the respiratory center in the
medulla oblongata to the diaphragm — there is necessarily a
time delay between the onset of neural inspiration and the
respiratory muscle response. To this, the mechanical ventilator
adds another dimension. The time taken by the machine to
respond to the patient’s effort once the trigger sensitivity level
has been reached is termed as the response time. Response time
is a function of the intensity of the patient’s respiratory effort,
the trigger sensitivity, the set peak flow level, and the response
time of the inspiratory valve itself. A degree of insensitivity is
deliberately incorporated into the sensors that detect a patient’s
inspiratory effort, in order to prevent autotriggering (see sec-
tion 5.6). However, asynchrony can occur because of the delays
in signal processing and the inherent mechanical inertia of the
demand valves — which may take up to 100 ms to open.

Respiratory muscles have been shown to contract isomet-
rically before flow is actually initiated and this can substan-
tially increase the work of breathing (Fig. 8.42).

When the respiratory drive is high, it helps if the trigger is
reset to a higher sensitivity — for instance, to —0.5 cm H,0
rather than the usual -2.0 cm H,O — especially if a higher
peak flow has been set. On the other hand, lowering the

Respiratory \, Phrenic T Ventilator | ventilator
centre nerve I’ezzlc;nse response
y

* Origin of e Transmission e Contraction e Trigger dealy ¢ Breath
the neural  of the neural of muscle delivery
signal signal fibres

* Response time

Ficure 8.42. Time delay between the commencement of neural
inspiration and breath delivery.
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trigger sensitivity even slightly (say, to 4 or 5 cm H,O) can
substantially increase the work of breathing."”

8.4.5.2 Type of Trigger

There may also be some advantages of flow triggering over
pressure-triggering. With an applied pressure, the trigger gas
does not flow into the lungs until the end of the response time.
If the ventilator manometer underestimates the negative pres-
sures generated by the inhaling patient, the work done during
triggering can be considerable. With flow triggering, on the
other hand - this can be shown mathematically — the energy
expended in triggering the ventilator is zero; so at least in the-
ory , the flow trigger should be superior to the pressure trig-
ger.”! With the newer generation of ventilators, however, such
an obvious difference in benefit has not been demonstrated."

8.4.5.3 Ineffective Triggering

Trigger asynchrony is common with the pressure support mode,
but no more so with other conventional modes such as the assist
control.” Trigger delays, as discussed above, may be inherent to
the system: although some modern ventilators provide a breath
within 40 ms of the patient-effort, older versions took as long as
400 ms,”? and could cause considerable asynchrony. Ineffective
triggering (“wasted efforts”) appears to be, by far, the most
common type of asynchrony during pressure support ventila-
tion, and commonly occur in the setting of dynamic hyperinfla-
tion (see section 9.5 COPD). Inadvertent oversupport is
another common but less appreciated reason for ineffective
triggering during pressure support ventilation.”

8.4.6 Flow Asynchrony

When the patient’s flow demands are not matched by suit-
ably high set tidal volumes or flows, asynchrony occurs. The
flow-starved patient’s attempts to breathe deeply leads to a
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drop in airway pressures, and this can show up as an inward
buckling on the initial part of the ascending limb of the pres-
sure waveform (Fig. 8.43).

On the other hand, with volume starvation, the initial part
of the ascending limb of the pressure-time graph is fairly
normal looking: the flow demands of the patient are met, at
least during the initial phase. Rather, there is sagging of its
terminal portion (Fig. 8.44).

Flow starvation

The initial

Pressure
part of
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pressure
waveform
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inwards
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Ficure 8.43. Constant flow—volume-targeted ventilation: flow
starvation.
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FIGURE 8.44. Constant flow—volume-targeted ventilation: volume
starvation.
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The appropriate action will be to titrate the tidal volume
upward. Increasing the peak flow may also help to sate the
patient’s air hunger by delivering tidal volumes more quickly.

Flow starvation during PSV results in a loss of the usual
peak on the flow-time waveform. During PSV, the normal
flow-time scalar shows an early peak followed by a ramping
decline — the descending ramp pattern of course is one of the
defining features of any pressure-limited mode — followed by
a steeper fall. With flow starvation, the steep descent at the
end of the breath occurs much earlier, to enable the succes-
sive breath to be quickly drawn in. On the pressure—time
scalar, such increased efforts are also evident during the trig-
gering phase, as deep negative deflections that precede the
machine assisted breaths.

Figure 8.45 depicts flow starvation during PSV. When the
patient attempts to inhale during the machine’s expiratory
cycle, there is a transient increase in the rate of decay of the
expiratory flow. Incidentally, the patient’s attempts at exhala-
tion during a machine-delivered inspiration can also be

Loss of

peak
Steep and
early
descent

/

Flow

Time

FiGURE 8.45. Flow-time scalar in pressure support ventilation: flow
starvation.
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seen — as a temporary cessation of flow; the inspiratory trac-
ing is seen to drop briefly to the baseline.

Flow starvation on the pressure-volume loop manifests as
an indentation on the inspiratory segment of the loop
(Figs. 8.46 and 8.47).

Flow asynchrony
during inhalation

Flow

/

Flow asynchrony
during
exhalation

Volume

FIGURE 8.46. Flow-volume loop in pressure support ventilation:
flow starvation.

T~

Volume Flow starvation

Pressure

FIGURE 8.47. Pressure—volume loop: flow starvation.
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8.4.6.1 Expiratory Asynchrony

Expiratory asynchrony can present in two forms: delayed
termination of the ventilator flow, and premature termina-
tion of the ventilator flow.?

Delayed Termination of Ventilator Flow

In the PSV mode, once it is triggered, the machine rapidly
boosts the flow rate until the preset level of pressure support
has been attained. To hold the pressure constant for the rest
of inspiration, flow must necessarily be decelerating. The rate
of decay of the flow is a factor of the patient’s respiratory
time-constant, which is the product of the resistance and
compliance (see p...). With a short time-constant (as in a stiff
lung), decay is fast, and vice versa. In COPD, not only is the
airway resistance high, but also the lung compliance low (due
to emphysema). As a result of this the time-constant is inor-
dinately prolonged, and the patients will have a delayed ter-
mination of their inspiration (Fig. 8.48).

Expiration in PSV is flow cycled (p...). Expiration begins
when the flow falls to a predetermined fraction of the peak
flow rate. This preselected flow (expiratory trigger sensitivity

Airflow limitation in

COPD leads to dynamic 'AI.I'ﬂO'W

hyperinflation and air- Ilgl(t)aFt)lgn

trapping
;'_/
[ ' |

Time-constant is the product Increased R,, and

of airway resistance (R,,) Intrinsic PEEP decreased C, lead
and respiratory compliance (PEEP)) to increase in the

rs) \ ) _time e-constant
Asynchrony occurs in
terms of both, delayed Delay in Delay in Delay in
initiation and delayed initiating terminating terminating
termination of inspiration inspiration inspiration

inspiration

FiGure 8.48. Patient-ventilator asynchrony in COPD.
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or ETS) varies considerably between different ventilator
brands (Drager Evita 4, Macquet Servo 900, and Bird 8400:
ETS is 25% of the peak flow; Macquet 300:5% of the peak
flow). It is no surprise therefore, that a given machine may
not match the special requirements of different individuals
with diverse time-constants. Other ventilators have user-
selectable ETS criteria (Puritan Bennet 840: 1-45% of the
peak flow; Hamilton-Galileo 10-40% of the peak flow). This
innovation, however, introduces perhaps, an undesirable
complexityintoventilatormanagement?(see also Proportional
Assist Ventilation, see section 4.8.1).

Premature Termination of Ventilator Flow

Autotriggering: Autotriggering is a form of expiratory asyn-
chrony due to the premature termination of ventilator flow.
Autotriggering (see section 8.4.6.1) can occur due to system
leaks (e.g., a ruptured endotracheal tube cuff or a connection
leak in the circuitry) or the vibration of fluid in waterlogged
tubing. Autotriggering is the likely cause of new-onset tac-
hypnea, if an obvious triggering deflection at the onset of the
breath is absent.

Multiple triggering: Multiple triggering (e.g.,“double breaths™)
can be the result of autotriggering or overpressurization. With
overpressurization, the rapid decay in flow allows cycling
criteria to be met earlier (several ventilators cycle to expira-
tion when the flow decays to about 25% of the peak flow),
prematurely terminating inspiration. Overpressurization can
also produce air leaks, and the rapid fall off in flow can cause
cycling to expiration.

To prevent autotriggering, most ventilators have built into
their programs, a “trigger block window” which effectively
blocks inspiration for 150-300 ms following cycling to inspira-
tion. If the patient’s neural inspiration time exceeds the
machine inspiration time, the patient’s inspiratory effort will
span across the trigger block window and “double triggering”
will occur.

Early cycling off can also result in multiple triggering. If
the ventilator inspiratory cycle is too short in relation to the
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patient’s inspiration time — that is, if the patient is yet to com-
plete his inspiration while the ventilator has already cycled to
expiration — the patient’s inspiratory demands can result in
multiple triggering; more usually, a negative pressure deflec-
tion is apparent in early expiration.

On the other hand, if the ventilator’s inspiratory cycle out-
lasts the patient’s inspiration time — that is, if the patient has
already begun to exhale while the ventilator is still in the
process of delivering its breath — the pressure scalar at end
expiration remains positive (Figs. 8.49 and 8.50).

Asynchrony Due to Auto-PEEP

In Fig. 8.51, the patient is clearly having difficulty in exhaling.
The expiratory flow falls smoothly to a point indicated by the
green arrow at which point there is a perceptible fall off in
the rate of decay (green arrow). This is followed by a com-
plete cessation in the airflow (blue arrows): the patient has
been trying to inhale before the machine’s exhalation time
has been completed. Following this futile/abortive attempt at
inhalation the patient exhales some more of the trapped gas
(purple arrow), until the ventilator time-cycles into
inspiration.

Expiratory
flow

Volume
asynchrony

Pressure

FIGURE 8.49. Pressure—volume loop: expiratory flow asynchrony.
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FiGure 8.51. Clinical signs of asynchrony.
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Active exhalation on the part of the patient usually indi-
cates air trapping (though such a pattern can also be pro-
duced artifactually by a defective expiratory flow transducer).
Every time the patient makes an attempt to exhale the excess
of gas, the expiratory tidal volume will substantially exceed
the inspiratory tidal volume (Fig.8.52).Shown on the pressure—
volume loop (Fig. 8.53, below) is an active expiratory effort.
At end-exhalation, when all the inspiratory tidal volume has
returned, to the expiratory transducer the machine displays
zero tidal volume at the baseline. With active exhalation, the
intrathoracic pressure continues to remain positive, and so

L iy ——

Flow

100 200 300 400 500

S Vt (e) —_——>

Volume

FIGURE 8.52. Flow—volume loop: active exhalation. Inspiratory tidal
volume (V) is shown by the red arrow, and expiratory tidal volume
V. by the green arrow.
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FiGurE 8.53. Pressure—volume loop: active exhalation.

even though the volume has returned to zero, the pressure
has not: the tracing stays on the positive side of y-axis until
the exhalation has been completed.

In Fig. 8.54 active exhalation is demonstrated on the vol-
ume-time scalar.

Measuring Auto-PEEP

Auto-PEEP as a cause of expiratory cycle asynchrony can
be unmasked by using the expiratory pause option. The
breath is held briefly at end expiration, and the pressure
between the proximal and distal airways then gradually
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Time \,/‘\
Time volume-time curve extends
below the basline as the exhaled
tidal volume exceeds the inhaled
tidal volume

FIGURE 8.54. Volume-time scalar: active exhalation.
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|
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FiGure 8.55 Auto-PEEP.

equalizes. As the ventilator transducers begin to sense the
increased end-expiratory pressure within the distal airways,
the airway pressure tracing gradually rises to reflect the
auto-PEEP.
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FiGure 8.56 Patient-ventilator asynchrony.
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Chapter 9

Mechanical Ventilation
in Specific Disorders

9.1 Myocardial Ischemia

In myocardial ischemia, the goal of mechanical ventilation is
to decrease the work of breathing and thereby the oxygen
demands of the respiratory muscles. When the work of breath-
ing is high, as much as 40% of the cardiac output can be
diverted to the respiratory muscles®: myocardial ischemia will
worsen, and a positive feedback cycle is established (Fig. 9.1).
Ventilating patients with strategies that unload the respiratory
muscles can be expected to improve myocardial perfusion and
break the vicious cycle.

The normal heart is preload dependent and relies on ade-
quate filling to generate a sufficient stroke volume. Positive
pressure ventilatory support will reduce venous return and
frequently aggravate the problem in a hypovolemic patient.
On the other hand, the initiation of positive pressure ventila-
tory support in heart failure (where an increased preload is a
problem) can improve cardiac function by decreasing the
preload. Positive pressure breathing can also lower the after-
load by reducing the transmural aortic pressure and thereby
result in a better stroke volume (see Fig. 9.2).

As the myocardial function improves, so does the perfusion
of other organs. Moreover, by opening up the lung, positive
pressure ventilation can improve systemic oxygenation.

Inappropriate ventilator settings, such as an unduly high
PEEP, can increase the work of breathing. Myocardial

A. Hasan, Understanding Mechanical Ventilation, 241
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FiGure 9.1. The effect of increased work of breathing and myocardial
perfusion.

ischemia might then occur and reduce the LV compliance.
Since the complex interplay of events never guarantees the
effect of mechanical ventilation on the heart one way or
another, the patient should be carefully monitored to ensure
that positive pressure breathing does not increase oxygen-
ation at the cost of the cardiac output, poor tissue perfusion
due to a falling cardiac output will negate the benefit of an
increased oxygen content of the blood.

Arrythmias are common in the ventilated patient on
account of primary illness, cardiac injury, dyselectrolytemias,
hypoxemia, and beta-adrenergic drugs — and also directly due
to the effects of positive pressure breathing.'*® The size of
tidal volumes can influence the autonomic control of the
heart? (see Fig. 9.3).

Both hypocapnia and hypercapnia have a bearing on auto-
nomic control. Acute hypocapnia can increase both myocar-
dial contractility and systemic vascular resistance, and thereby
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FiGuUrE 9.2. Potential effects of PEEP on cardiac function.
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Ficure 9.3. Effect of tidal volume on heart rate.

increase the myocardial oxygen demand. This is the reason
for episodes of variant angina being more common in the set-
ting of hypocapnia. It also appears that hypocapnia, by
promoting platelet aggregation, might be thrombogenic.



244  Chapter 9. Mechanical Ventilation in Specific Disorders

Arrhythmias are common during hypocapnic episodes, but
whether the arrhythmias are a direct result of the hypocapnia
or are an offshoot of the myocardial ischemia that the
hypocapnia produces, is less certain.

On the other hand, acute hypercapnia — by the sympa-
thetic nervous system discharge it elicits — can also promote
myocardial excitability by increasing plasma catecholamines.
Hypercarbia can variably affect myocardial contractility and
is capable of depressing myocardial function.

Therefore, while ventilating patients with myocardial com-
promise, it appears prudent to aim for a PaCO, that is as close
to normal as possible.

Despite the obvious benefits of positive pressure breathing,
the mortality in patients with myocardial infarction who do
require mechanical ventilation can be disturbingly high.** An
inordinately high PEEP can reduce coronary blood flow"
and doubtless, exacerbate myocardial injury. To confound
matters, right ventricular injury due to the increased pulmo-
nary vascular resistance that occurs in respiratory failure can
falsely elevate Troponin-I levels.”” Elevated Troponin-I levels
nevertheless appear to be a marker for increased mortality in
such patients."”

9.2 Hypovolemic Shock

In hypovolemic shock, the blood flow to the diaphragm is
likely to suffer, as is the blood flow to all the organs. Usually,
severe hypovolemia (amounting to an approximate loss of
more than 40% of circulating blood volume) is necessary to
produce a significant reduction in diaphragmatic perfusion.
With poor diaphragmatic perfusion, diaphragmatic dysfunc-
tion can occur. Also, the decrease in cardiac output will
decrease the pulmonary blood flow, thereby decreasing the
perfusion of patent alveoli. With supranormal tidal volumes,
an inflation-vasodilation response can occur and LV contrac-
tility can decline on account of this as well.'®

In well ventilated but ill-perfused alveoli, the dead space
will expand, and this can increase the minute ventilation



9.3 Neurological Injury 245

requirement. With an already compromised diaphragm, any
increase in the work of breathing can unfavorably impact the
failing heart. In this setting, positive pressure breathing can,
by increasing the intrathoracic pressure, further diminish pre-
load, unless the body fluids are adequately replenished.

If large amounts of crystalloid are required for the replen-
ishment of circulatory volume, fluid sometimes spills out into
the lung tissues. Pulmonary edema will not only impair gas
exchange, but also increase the work of breathing by reducing
lung compliance. Nevertheless, rapid volume resuscitation —
and not mechanical ventilation — should be the priority in
such situations. Intubation and ventilation should be carried
out when cardiopulmonary arrest is impending, or when spe-
cific issues such as pulmonary edema or contusion, cervical
cord injury, head, or maxillofacial injuries require better con-
trol of the situation.

Spontaneous modes of ventilation produce relatively modest
elevations in mean airway pressure, and so do not depress the
circulation as much as the other modes. In view of its propensity
to depress the circulation in hypovolemia, PEEP is better kept
at a minimum until the circulatory dynamics are improved.

9.3 Neurological Injury

The lungs of patients with head injury can be compromised
for a variety of reasons. A vulnerable airway predisposes
patients to aspiration, acid pneumonitis and aspiration pneu-
monia. Neurogenic pulmonary edema, which is thought to be
mediated by sympathetic reflexes, can cause alveolar filling
and further worsen gas exchange.'*!"

Cerebral autoregulation normally protects the cerebral
circulation from major swings in systemic arterial pressure. A
preserved gradient between arterial pressure and cerebral
venous pressure are critical to cerebral blood flow. The cere-
bral perfusion pressure (CPP) is the difference between the
mean arterial pressure (MAP) and the ICP. It is generally
agreed that CPP needs to exceed 60 mmHg to sustain cere-
bral perfusion.*!”!
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When cerebral autoregulation fails, any rise in intracranial
pressure narrows the difference between the MAP and mean
intracranial pressure. Consequently, there is a decrease in the
CPP and cerebral blood flow.”” By reducing the venous
return from the head, positive pressure ventilation is capable
of increasing the intracranial pressure and decreasing the
CPP further. Positive pressure breathing — and PEEP in
particular — will often reduce the cardiac output by several
mechanisms (see sections 3.8 and 9.1), and the MAP and
CPP can decrease on account of this.”

Patients in whom intracranial pressure is already raised —
such as those with closed head injuries and cerebral tumors, as
well as postneurosurgical patients — seem to be more vulner-
able to develop cerebral hypoperfusion as a result of positive
pressure breathing. By contrast, patients with normal intracra-
nial dynamics do not seem to develop raised intracranial pres-
sure with the application of positive pressure ventilation.

The brain, its blood vessels, and the interstitium are con-
tained within the rigid confines of the cranium: strategies
directed at shrinking the vascular compartment will often
help reduce ICP.* Since the relationship between the cere-
bral blood flow and the PaCO, is roughly linear, lowering the
PaCO, will produce cerebral vasoconstriction and bring
about a parallel reduction in the cerebral blood flow.”®

Unless the degree of injury is extremely severe, brainstem
reflexes are generally intact, and the respiratory drive is
therefore preserved. In spite of this, the degree of hyperven-
tilation that occurs as a physiological response to the raised
intracranial pressure may not be enough to lower the PaCO,
to a level that is required for cerebral vasoconstriction.

ICP, normally around 10 mmHg, will require intervention
for its control if it rises above 20 mmHg. Occasionally, ICP
can be much higher, and pressures above 40 mmHg can lead
to herniation of the brain.'”

A brief spell of hypocapnic ventilation a— deliberate hyper-
ventilation — can prove to be lifesaving by the dramatic physi-
ological changes it evokes. Lowering the PaCO, to the mid or
low 20 s often brings about a rapid fall in intracranial pressure.
A decrease of cerebral blood flow by about 4% can be
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anticipated for every 1 mmHg of acute reduction in PaCO,. It
is rather less certain that hypocapnic ventilation will be benefi-
cial when used for prolonged periods in critically ill patients.

The cerebral vasoconstriction that hypocapnia induces can
worsen cerebral ischemia and produce cerebral lactic acidosis.”!
Hypocapnia results in alkalosis, and the leftward shift of the
oxyhemoglobin dissociation curve that occurs as a consequence
of this impairs oxygen release from the hemoglobin to the cere-
bral tissues. Compensatory mechanisms then gradually restore
the pH in the local milieu toward normal over the next few
hours; cerebral blood flow also slowly normalizes. If at a subse-
quent point of time an attempt is made to normalize the sys-
temic PaCO, by reducing the level of hyperventilation, a
rebound increase in intracranial pressure can occur; cerebral
hyperemia can result in reperfusion injury or cerebral hemor-
rhage in previously ischemic regions of the brain. Most authors
therefore do not recommend the use of hypocapnic ventilation
within the first 24 h, when the cerebral blood flow is generally
low,"107188 and then only where monitoring of ICP is available.”

Since the compensation for hypocapnic cerebral vasocon-
striction occurs fairly quickly, deliberate hyperventilation can
at best be considered a temporizing measure for the urgent
control of intracranial hyperventilation until more definitive
measures for the control of the latter are taken.

In cases of neurological injury with normal intracranial
pressure, prophylactic hyperventilation is certainly not desir-
able.'®® Hyperventilating the patient whose intracranial pres-
sures are normal might reduce the option of hyperventilation
at a later stage, should the intracranial pressure subsequently
rise. Furthermore, the large minute volumes required — for
the degree of hyperventilation that would be required to
drop the CO, to a new low — could by themselves increase the
intrathoracic pressure.

In the setting of high ICP, the role of PEEP has predictably
come under scrutiny. A PEEP level of up to 12 cm H,O does not
seem to dangerously increase ICP™ Higher levels of PEEP —
around 15 cm H,O - are tolerated when the lung is noncompli-
ant,”>* since a stiff lung will not transmit airway pressures to the
vasculature as well as a compliant lung (see section 9.4 below).
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9.4 Acute Respiratory Distress
Syndrome (ARDS)

The first descriptions of ARDS appear in Rene Laennec’s
account of idiopathic anasarca of the lungs, published in 1821.
Since then, ARDS has been described in medical literature
under various appellations — principally due to a general failure
to realize that this syndrome could be encountered under widely
disparate circumstances. During World War I and in the years
that followed, descriptions of ARDS surfaced under different
names. Thus, posttraumatic massive pulmonary collapse, white
lung, shock lung, and Da Nang lung were frequently witnessed
on battlefields. The occurrence of ARDS in diverse scenarios led
to the coinage of terms representative of those situations, such
as adult hyaline membrane disease, respirator lung, pump lung,
hemorrhagic lung syndrome, and congestive atelectasis.

It took Ashbaug and colleagues to recognize in 1967 that
the above descriptions were all of a single entity. In 1994, the
American-European Consensus Conference defined ARDS
in tangible and unambiguous terms, proposing four criteria
for its characterization:

1. Acute onset

2. Diffuse, bilateral radiological involvement

3. Severe hypoxemia

4. The absence of a raised pulmonary artery occlusion pres-
sure (PAOP)

Fulfillment of all four criteria in a compatible clinical setting
defines ARDS.

Hypoxemia has been quantified by the PaO,/FIO, ratio
(the ratio of the pulmonary arterial oxygen tension to the
fraction of inspired oxygen concentration). A value of less
than 200 (regardless of the level of applied PEEP) in the
presence of the other criteria defines ARDS; a value between
200 and 300 (regardless of the applied PEEP level) defines
acute lung injury (ALI). The difference between ARDS and
ALI lies in the severity of the pathological process. The SpO,/
FIO, ratio — the calculation of which does not require arterial
puncture — has been proposed as a surrogate for the PaO,/
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FIO, ratio. A PaO,/FIO, ratio of 235 has been shown to
equate with a PaO,/FIO, ratio of 200, and a PaO,/FIO, ratio
of 315 with a PaO /FIO, ratio of 200."*

Since cardiogenic pulmonary edema and the pulmonary
edema of fluid overload closely mimic ARDS, it is necessary to
exclude them by applying the fourth criterion: the absence of
raised pulmonary artery occlusion pressure (PAOP>18 mmHg).
In the absence of the means to measure PAOP, lack of evidence
of congestive cardiac failure or fluid overload are sometimes
used as rough surrogates for a normal (or at least, not elevated)
PAOP. It must be borne in mind that an elevated PAOP does
not decisively rule out ARDS; since left ventricular dysfunction
can complicate about 20% of all patients with ARDS.'*

9.4.1 Primary and Secondary ARDS

More than 60 causes of ARDS are now listed. The etiological
processes leading to ARDS or ALI have traditionally been
classified as primary and secondary. Processes such as pneu-
monia, aspiration, inhalation, or near-drowning have been
classified as primary because they are direct inciting causes of
lung injury. Events such as major trauma, pancreatitis, burns,
or multiple blood transfusions are thought to injure the lung
as a consequence of the systemic inflammatory response that
they produce, and have therefore been classified as second-
ary (extrapulmonary) causes of ARDS/ALI

The division of ARDS into the two syndromes may have
merit. The dominant pattern of injury in the primary form
(“pulmonary ARDS?”) is airspace consolidation, with a dense
exudate of neutrophils and hyaline membranes within the air
spaces. There is a widespread alveolar epithelial cell injury,'*
with relative sparing of the pulmonary endothelium. In con-
trast, in the secondary (“extrapulmonary”) form, the alveolar
epithelial cells are preserved, and the distribution of pulmonary
edema is mainly into the interstitium rather than into the air-
spaces. The two syndromes also differ slightly in their patterns
of radiological involvement, respiratory mechanics, and in their
response to treatment modalities such as PEEP and proning.
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9.4.2 Pathophysiology

Fluid dynamics within the lung are governed by the Starling
equation (see Box 9.1). The movement of fluid between the
interstitium and the pulmonary capillaries is determined by the
resultant of two opposing forces, that is, the hydrostatic pressure
and the fluid oncotic pressure. The latter is mainly on account
of small protein molecules in the fluid, principally albumin.

Since the forces that encourage transudation of fluid from
the capillaries into the interstitium exceed the forces that
oppose this effect, there is normally a net outflow of small
quantities of fluid from the pulmonary capillaries into the
interstitum. If this fluid were to leak into the alveoli, this could
seriously compromise gas exchange. In health, alveolar flood-
ing does not occur because the fluid that transudes into the
interstitium is promptly removed by the interstitial lymphat-
ics.'™> Also, the alveolar epithelium is rendered leakproof by
intercellular “tight junctions,” preventing oozing of fluid into
the alveoli. Furthermore, the fluid oncotic pressure within the
capillaries exerts a moderating influence on fluid migration
out of the vasculature.

e N
Box 9.1 The Starling Equation

According to the Starling equation, the net flow of fluid
across the capillaries (Q) can be summarized by the following
equation:

Q=K(R-F-o(rn-m),

where

O =net flow of fluid across the pulmonary capillaries

P_=pulmonary capillary hydrostatic pressure

P =interstitial fluid hydrostatic pressure

7=pulmonary capillary oncotic pressure

m,=interstitial fluid oncotic pressure

K=permeability coefficient, which basically represents
the endothelial leakiness for the transuding fluid

o=reflectance, which is a property of the fluid molecules

A )
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In ARDS, due to the loss of the integrity of the alveolocap-
illary membrane, protein-rich fluid escapes from the vascula-
ture. The presence of protein-rich fluid in the interstitium
diminishes the oncotic pressure gradient, and one of the
mechanisms that protects against excessive fluid accumula-
tion in the interstitum is thereby lost.>* When this occurs, the
pulmonary interstitium becomes waterlogged and the lym-
phatics are no longer able to cope with the excess of fluid that
they are presented with. Proteinaceous fluid, debris, and hya-
line membranes fill up the airspaces, severely compromising
gas exchange. A shift in the normal fibrinolytic state of the
lung to a procoagulant one leads to the formation of hyaline
membranes — mostly composed of fibrin and the detritus of
Type 1 alveolar epithelial cells.!®

Large areas of lung tissue become atelectatic and poorly
ventilated. Because atelectatic lung units resist expansion, the
overall lung compliance falls.”® The shutting off of large num-
bers of lung units means that fewer alveoli are now available
for gas exchange, in effect offering a smaller lung for ventila-
tion (tiny tidal volumes ought to be used while ventilating
these so called “baby lungs,”* lest airway pressures rise dan-
gerously or alveolar overdistension occurs)'”’ — see discussion
later on.

Presumably, on account of the hypoxia as well as direct
vascular compression by the raised intrathoracic pressure
that mechanical ventilation produces, pulmonary artery
hypertension (PAH) frequently occurs.'"”! It is uncertain as
to what role PAH actually plays in this complex interplay of
events: because hypoxic vasoconstriction actually improves
V/Q matching by closing down the blood supply to atelectatic
air units, PAH may rather be a compensatory response directed
at reducing hypoxemia.

The histologic hallmark of ARDS is diffuse alveolar dam-
age (DAD). However, there is less than perfect correlation
between the clinical syndrome — as defined by the AECC
criteria — and DAD'?; since this association appears closer
for extrapulmonary ARDS than pulmonary ARDS* it
could be that these two pathologies represent distinct
syndromes.'?
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9.4.3 Ventilatory Strategies

9.4.3.1 Modes of Ventilation

Due to the volatility and uncertainty of the clinical situation
that often prevails, some form of a control mode of ventila-
tion is required, at least initially. Both volume-and pressure-
limited modes are acceptable.

Because the control of airway pressure often presents a
challenge in ARDS-ventilation, pressure-limited modes are
preferred by many clinicians (see Pressure-Controlled
Ventilation in Chap. 4). As the lung mechanics do not usually
change rapidly in ARDS patients, either volume control ven-
tilation or pressure control ventilation may be equally appro-
priate. It has been proposed that the choice between these
two modes should be dictated by physician-familiarity with a
particular mode rather than the relative merits of the modes
themselves.'* It is, however, important to distinguish the dif-
ferent objectives of these two modes. While the goal of vol-
ume control mode is to tightly control the tidal volumes while
monitoring airway pressures, that of the pressure control

In the presence of severe patient-ventilator
dyssynchrony, tidal volumes may be
increased to 7-8 mL/Kg so long as plateau
pressures remains below 30 cm H,0.

In the presence of severe hypoxemia or
acidosis, the plateau pressures may be
allowed temporarily to rise beyond 30 cm H,O.

High FIO, levels are capable of
exacerbating lung injury,and high

PEEP levels can produce barotraum

and hemodynamic instability. Therefore, if
the improvements in the hypoxemia have
been secured at the cost of a very high
FIO, and PEEP, an attempt must be
made to lower these settings, even if it
does mean accepting a mild degree

of hypoxemia.

FiGURE 9.4. Compromises in ventilator settings in ARDS.
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mode is to tightly control airway pressures while monitoring
the tidal volumes.

Airway pressure release ventilation and high frequency oscil-
lation have been discussed in Chaps. 4 & 17 respectively.

9.4.3.2 Tidal Volumes

The lungs are functionally small in ARDS, and low tidal vol-
umes are used in order to avoid alveolar overdistension,
barotrauma, and hypotension.’

Mechanical ventilation per se can be considered to be proin-
flammatory, and it is now well recognized that even physiologic
tidal volumes are capable of causing or perpetuating lung
injury in ARDS. Ventilation with relatively high tidal volumes
(e.g., upward of 10 mL/kg) results in alveolar overdistension,
and the lung operates above the upper deflection point on the
pressure-volume curve. Above the deflection point, any
increase in the distending pressures will fail to achieve a com-
mensurate increase in lung expansion in lung volume: this is
typical of a stiff and overdistended lung (see Fig. 5.7 Chap. 5).

Of all the ventilation strategies currently in vogue for ALI/
ARDS the employment of a low tidal volume ventilation
strategy is the one shown to have the most powerful mitigat-
ing effect on ARDS mortality.'"*" Tidal volumes have been
considered safest below 10 mL/kg (probably to the order of
around 7-8 mL/kg), and ventilation with even smaller tidal
volumes may sometimes become necessary. With these tiny
tidal volumes, the minute volume requirements may not be
satisfied even at relatively high respiratory frequencies, and
some amount of hypercarbia may need to be accepted: the
PaCO, accordingly needs to be allowed to rise in a controlled
manner® (see Sect. 9.5.3.10 below).

9.4.3.3 Airway Pressures

Wherever possible, the plateau pressure should be kept below
30 em H,O, even if this entails ventilating the patient with
extremely small tidal volumes. In fact, there is no plateau
pressure level that can be regarded as absolutely safe: ventilation
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with a relatively low plateau pressure can still injure the lung, and
a goal of 28 cm H,O has been suggested."”” In view of this fact, it
appears sensible to ventilate patients with the low tidal volume
strategy even if the plateau pressures are not overly raised.”

9.4.3.4 Respiratory Rate

The respiratory rate is frequently high in the spontaneously
breathing ARDS patient; this is in response to the need to
preserve the minute ventilation in the face of the restricted
tidal volumes afforded by a stiffening lung. With the adoption
of a low tidal volumes strategy in the ventilated patient, the

respiratory rate must necessarily be set high enough to avoid
a buildup in the PaCO,.

9.4.3.5 Flow Waveforms

Increasing the respiratory rate decreases the respiratory cycle
time. The expiratory time becomes proportionately short-
ened as well, resulting in insufficient time being available for
expiration. This can lead to auto-PEEP.*

Increasing the inspiratory flow rate will allow delivery
of the set tidal volumes within a shorter inspiratory time —
leaving more time for expiration. Although this strategy can
be expected to decrease the airway pressures to some extent,
it is often seen that notwithstanding these manipulations, air-
way pressures still continue to be perilously high. This is
because given a stiff lung rather than an obstructed lung,
manipulation of inspiratory flow (which mostly affects the
resistance) is less likely to be effective than manipulation of
the tidal volume (which mostly affects the compliance).'” The
trade-off here is to decrease the tidal volumes or respiratory
rate (or both) even further, thus bringing down the airway
pressures to as safe a level as possible; but the price to pay
would be the acceptance of a higher PaCO,, since hypoventi-
lation would now become inevitable.

Within volume-controlled ventilation, manipulating the
waveforms can also help in decreasing airway pressures. With
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a decelerating waveform, the inspiratory flow decreases as
inspiration progresses, and rise in airway pressures is of a lesser
magnitude. This may prove to be advantageous when high
airway pressures are the limiting factor for adequate ventila-
tion. However, with the slowing of airflow that the decelerat-
ing wave pattern produces, the inspiratory time lengthens, and
the available expiratory time is encroached upon. The air trap-
ping thus produced can raise the airway pressures by itself.

9.43.6 PEEP

Treatment of ARDS is mainly supportive. Mechanical venti-
lation is the most important supportive modality in evolved
ARDS, and PEEP - the maintenance of a positive pressure in
the airway at the end of expiration — forms a crucial part of
this support strategy.

Normally, expiration is passive, with a few exceptions
(e.g., an obstructed patient who uses his expiratory muscles
to exhale through narrowed airways ). This is true of a
patient who is spontaneously breathing, as well as a patient
on intermittent positive pressure support. Expiration ends
when the alveolar pressure equates with the pressure at the
mouth. In a ventilated patient, by closing the expiratory
valve before the exhalation is quite complete — and while
the airway pressure is yet higher than the pressure at the
mouth — positive end-expiratory pressure is created within
the airways.

The glottis in health maintains a small amount of PEEP to
prevent alveolar collapse. Emphysematous patients augment
their intrinsic PEEP by pursed-lip breathing. Physiological
PEEP is the small amount of PEEP (generally 3 cm H O)
that is applied to a ventilated patient to compensate for the
loss of glottic function that the endotracheal tube causes.

It is as yet unclear whether patients at risk of developing
ARDS benefit from the application of PEEP as a prophylac-
tic measure, and evidence so far has not been supportive of
this fact.*!*” The usage of PEEP in established ARDS, how-
ever, is of proven benefit. PEEP results in improvement in
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tissue oxygenation by several important mechanisms.!>! By
opening up collapsed alveoli, PEEP increases FRC. Alveolar
recruitment decreases the shunt fraction; PEEP also decreases
the blood supply to the collapsed alveoli and thereby shuts
off wasteful perfusion of unventilated alveoli, further improv-
ing V/Q matching. These effects translate into better oxygen-
ation of the blood leaving the pulmonary capillaries. By
increasing the alveolar recruitment and FRC, PEEP makes
the lungs more compliant.

Several large trials have shown no significant difference in
outcome between a high-PEEP (about 15 cm H,O) and a
low-PEEP (about 8 cm H,O) strategy.”'*'** This, however,
should not be taken to mean that a low PEEP strategy is bet-
ter: it has been established that low PEEP levels (<5 cm H,O)
can exacerbate lung injury.® In practice, a level of at least
15 cm H,O PEEP has been shown to optimize the lung
compliance.”

9.4.3.7 Overdistension

Since the inspiratory force that is required to distend the
alveoli that are already open is less than that required to
open up collapsed alveoli, compliance is relatively normal in
the recruited parts of the pulmonary parenchyma. Due to the
relatively high compliance of these regions, most of the tidal
volumes are directed here during inspiration.”® When com-
paratively large tidal volumes are received into portions of
the lung that are already well expanded, regional alveolar
overdistension can occur, with compliance once again falling,
as the upper deflection point on the pressure-volume curve
is exceeded (see below).”’

Even in the normal lung, ventilation is never uniform; the
greater negativity of intrapleural pressures in the upper parts
of the lung causes the alveolar units here to be more dis-
tended at end-expiration. The dimensions of the alveolar
units in the lower portions of the lung are relatively small at
end-expiration, and so these units are capable of a greater
change in volume during inspiration. In ARDS, closed alveoli
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coexist along with normal lung units, making for a heteroge-
neous population within the lung parenchyma. With the addi-
tion of PEEP, a proportion of closed alveoli open up — and
stay open — decreasing the inhomogeneity of ventilation.

For the reasons just mentioned, the nondependent lung
zones by virtue of their position are vulnerable to overdisten-
sion by inappropriately high levels of PEEP, or with high tidal
volumes.”” In the supine position, PEEP mostly recruits
alveoli in the apical and parasternal regions of the lung, but
can derecruit alveoli in the paraspinal and juxtadiaphrag-
matic areas. PEEP seems to be rather more beneficial in
ARDS of nonpulmonary etiologies where the increase in
lung water is by and large confined to the interstitium (at
least in the initial stages), than in ARDS of pulmonary origin
(such as pneumonia) where alveolar filling is the dominant
pathology (Fig. 9.5).

High PEEP may cause difficulties at several levels.'*> An
inappropriately high PEEP can elevate airway pressures,
causing alveolar overdistension and barotrauma. The rise in
intrathoracic pressure produced by PEEP can decrease the
venous return to the heart; hypotension can occur especially

“F10 1 0 PEEP 22
FlO,1.0 PEEP 24

At this point if
Pa0,55 mmHg
(or SpO, < 88%),
increase I:E to 1:1.
Then increase PEEP|
by 2cm H,O
increments until a
PEEP of 34cm H,0
FIO,1.0 | has been reached,

FI0,0.3 FIO,0.6 | PEEP 10 || FIO,0.8 | PEEP 14 || PEEP 18 or PaO, has
PEEP5 || beeps | pEEP 10 || PEEP 10 | PEEP 12 || PEEP 14 gEEg:g z[l)s_l;: improved to
>55mmHg
(or SpO2 >88%)

Fl0,1.0 PEEP 34
If after reaching
PEEP34cm H,0,
no improvement
in seen,
revert PEEP

to 24cm H,0

FIGURE 9.5. Incremental increase in PEEP and FIO2 for optimiza-
tion of oxygenation.”””
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Turn up the FIO, to 1.0 Wait 15-20 min Wait 15-20 min
Wait approximately If the desired results If the desired results
10min have not been have not been
acheived, reapply acheived, reapply
Apply CPAP at30em | "Ceap at 35cm CPAP at 40 cm H,0
2 H,O for 30-40s for 30-40s

FIGURE 9.6. Recruitment by sustained inflation (CPAP) technique.

if the patient is hypovolemic.'58 PEEP can, by elevating the
right atrial pressure, produce intracardiac shunting across a
patent foramen ovale.* To ensure optimization of PEEP, and
to protect against alveolar distension and depression of car-
diac output, PEEP is added at a relatively low level (e.g., at
5 cm H,O) and then gradually boosted in small increments of
3-5 cm H,O at periodic intervals, until the desired level of
oxygenation is achieved (Fig. 9.6).1%

It is worth reemphasizing that the target for oxygenation
of the blood is a PaO, much above 60 mmHg. PaO, much
above this level will not serve to increase the oxygen deliv-
ery to the tissues any further, as at this level, the hemoglo-
bin is almost completely saturated. The aim is to achieve at
least this much PaO, with as low an FI1O, as possible, cer-
tainly of 0.6 or less. It is hoped that this can be managed
with a reasonable level of PEEP, but in ARDS, it is usual for
a PEEP level of at least 15 cm H,O to be needed to bring
this about.”

The construction of pressure—volume curves and the rele-
vance of ventilating the patient at a level between the lower
inflection point and the upper deflection point has been dis-
cussed in 5.10.
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9.4.3.8 Inspiratory Time

Increasing the inspiratory time (7}) can also help in decreasing
the hypoxemia. Because of the heterogeneity of involvement
in ARDS, alveoli with varying time constants are dispersed
throughout the lungs: during inspiration, diseased alveoli take
longer to fill up (see 3.5). With longer inspiratory time set-
tings, diseased units are given the extra time they need to
open up, and as a result, can now participate in ventilation.

The inspiratory time can be increased by reducing the
inspiratory flow rate. Inspiratory time can also be increased
by using a decelerating waveform, wherein the inspiratory
flow slows down progressively as inspiration advances. By
adding an inspiratory pause, the lung can be held open at
end-inspiration for the duration of the applied pause, achiev-
ing the same goal. Increasing the inspiratory time has been
shown to improve blood oxygenation in ARDS.

9.4.3.9 Inverse Ratio Ventilation

A mode of ventilation that has emerged as a logical extension
of the above strategy is the inverse ratio ventilation (IRV)
mode. Normally, inspiratory time occupies about a third of the
respiratory cycle; two thirds of the respiratory cycle is spent in
expiration. IRV is the reversal of this ratio; the inspiratory
time is actually made to equal or exceed the expiratory time
to enable improvement in oxygenation by the mechanisms
just discussed. Controversies still surround the use of IRV.1%3123
(see 5.4 & 5.12.3). It is also unclear whether the better oxy-
genation translates into improved survival.®

Owing to the prolongation of 7, (with the consequent
decrease in expiration time) air trapping is possible, with its
potential to cause barotrauma and hypotension in an already
fragile situation. This problem usually occurs when the I:E
ratio exceeds 2:1.!% Since the pattern of breathing in IRV is
so different from the physiological pattern, patients generally
tend to tolerate it poorly, and frequently require heavy seda-
tion if not actual pharmacological paralysis.



260  Chapter 9. Mechanical Ventilation in Specific Disorders

9.4.3.10 Recruitment Maneuvers

When alveoli are atelectatic, the need for high pressures to
achieve a given change in volume translates into poor lung
compliance. Also, by repeatedly opening and closing during
the respiratory cycle, unstable alveoli generate shear forces at
their interface with relatively normal alveoli, increasing the
probability of injury in these regions (atelectrauma).!%!”3

Lungs ventilated with low tidal volumes are likely to
develop regional atelectasis. Since the dependent regions bear
the weight of the lung above them, it is reasonable to suppose
that some of the airspaces in these regions may be collapsed:
therefore these should theoretically be recruitable (this con-
cept is undoubtedly oversimplistic). Although PEEP is helpful
in keeping the functioning lung units open, it cannot prize open
up collapsed airspaces. Lung recruitment can be performed by
several methods,* but which of these is best, is currently uncer-
tain. The most usually employed of these techniques is the
sustained inflation (or CPAP) method.”'*> The incremental
PEEP technique — used with pressure control ventilation — is
generally used when there is a lack of response to sustained
inflation. Lung recruitment by intermittent sighs (approxi-
mately 150% of tidal volume) may be effective in extrapulmo-
nary ARDS or during prone ventilation (Fig. 9.7).'*

Compared to the secondary (extrapulmonary) form, not
only is the primary ARDS less responsive to recruitment, but
is also more susceptible to hemodynamic compromise during
the maneuver.”

Lung recruitment maneuvers are potentially harmful, and
can cause severe hemodynamic compromise and barotrauma.
They are contraindicated when the patient is hemodynami-
cally unstable, or in the presence of intracranial hypertension,
bronchospasm, lung bullae, or an untreated pneumothorax.
Finally, not all patients respond to lung recruitment®; any
improvements in hypoxemia may be transient.

Still, despite their theoretical potential to overdistend the
lung, recruitment maneuvers appear to be reasonably safe
when used carefully. It should be kept in mind that the
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FIGURE 9.7. Pattern of breathing with dynamic hyperinflation.

pressures used in “cranking” the lung open are far in excess
of those considered safe during tidal ventilation. The exercise
should be aborted if the MAP falls to <60 mmHg (or by
20 mmHg), or should severe tachycardia (HR >140) or bra-
dycardia (HR <60) supervene. For the time being at least,
attractive as the concept may appear, the routine use of
recruitment maneuvers cannot be recommended.

9.4.3.11 Permissive Hypercapnia

The application of low tidal volumes frequently means the
acceptance of a degree of hypercapnia.® Permissive hypercap-
nic ventilation is a strategy where the carbon dioxide is gradu-
ally allowed to rise by limiting minute ventilation in order to
prevent an inordinate elevation in the airway pressures.
Acute elevations in the carbon dioxide tension of blood
can lead to severe acidemia, cardiac arrhythmias, and severe
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neurologic injury. In theory, large fluxes of CO, across cellu-
lar membranes can overwhelm the substantial intracellular
buffering resources. By increasing sympathetic nervous sys-
tem discharge, acute hypercapnia can raise the plasma levels
of catecholamines, thereby increasing myocardial excitability.
The cerebral vasodilation that the acute hypercarbia pro-
duces can result in intracranial hypertension and also reduce
the seizure threshold. Acute hypercarbia can diminish renal
blood flow and can possibly also enhance the chances of a
gastrointestinal bleed.

These problems do not occur when carbon dioxide is
allowed to rise in a slow and controlled manner; the ensuing
acidosis is understandably less. Nonetheless, hypercapnia
retains its potential to cause dysfunction of several organ
systems and is relatively contraindicated in several clinical
circumstances (Box 9.2).

All attempts should be made to reduce all possible external
deadspace, and this may include shortening the ventilator tub-
ing"* and replacing a HME with a heated humidifier."" Tracheal
gas insufflation (TGI) — a technique during which fresh gas is
streamed into the trachea through small channels in the walls of
the endotracheal tube — has been used to flush out the CO,

e N
Box 9.2 Physiological Effects
of Hypercapnia

Pulmonary effects

Bronchodilation

Increased pulmonary vascular resistance
Rightward shift of the oxyhemoglobin dissociation curve
Cardiovascular effects

Tachycardia

Increased stroke volume

Decreased afterload

Cerebral effects

Increased cerebral perfusion

Increased intracranial pressure
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resident in the lower trachea and beyond. Auto-PEEP, mucosal
injury and inspissations of airway secretions are common, and
the technique awaits further refinement.Whether the acidosis
that the hypercarbia produces, should be corrected by bicar-
bonate infusion, remains a moot point. The carbon dioxide
generated from the infused bicarbonate can itself worsen the
acidemia. Bicarbonate as such is relatively inefficient at control-
ling the acidemia, and it often takes large amounts of bicarbon-
ate to change the pH to any significant degree. Large bicarbonate
infusions can involve considerable sodium or fluid loading and
this in itself may have adverse implications. With respect to the
brain, the blood brain barrier is in any case poorly permeable to
bicarbonate, and that bicarbonate loading has a cerebroprotec-
tive effect is by no means certain. It has been the practice to
correct a pH of below 7.2 with bicarbonate.

In spite of its drawbacks, it appears that respiratory acidosis
can actually have a mitigating effect on ventilator-associated
lung injury,” but again, the clinical implications of this are
uncertain.

9.4.3.12 Prone Ventilation

The ability of prone ventilation to improve oxygenation was
first noticed many years ago, but the mechanisms whereby it
achieves these effects are as yet obscure.!* As many as
60-80% of all patients show an appreciable reduction in their
oxygen requirements with prone positioning.'”'’” Yet, to date,
there is no proof that this modality actually improves the
outcome in ARDS.

Several mechanisms appear to operate together in bring-
ing about the improvement in oxygenation. The transpulmo-
nary pressure — the difference between airway pressure and
the pleural pressure — is the net force that governs alveolar
patency. A complex interplay of several factors causes the
transpulmonary pressure to decrease anteroposteriorly in the
supine position, along a gradient determined in part by grav-
ity.” It has been seen that proning the patient decreases this
gradient and ensures better V/Q matching in the erstwhile
dependent zone of the lungs.
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It is also conjectured that in the prone position, the now
dependent heart no longer hinders lung expansion as it might
possibly do, where the patient supine.* Upward diaphrag-
matic displacement seems to be less marked in the prone
than in the supine position, and this may result in less pulmo-
nary compression by the weight of the abdominal contents.'*’
Indeed, it has been shown that proning significantly improves
FRC, and hence oxygenation. However, that improvements
in FRC do actually occur as a result of proning has not been
universally appreciated.>'*” Most of the pulmonary paren-
chyma is located posteriorly: proning allows gravitational
drainage of water out of large areas of the lung. It has also
been proposed that proning the patient results in better
perfusion of the ventral lung. The latter does not necessarily
seem to be the case however, and other explanations need to
be sought for the improvements in oxygenation.'*"

Some advantage might also accrue from the clearance of
airway secretions, and from the redistribution of the edema
fluid occasioned by gravitational shift.

A lack of a clear perception of the mechanisms contribut-
ing to the improvement in oxygenation makes it difficult to
predict who might benefit from prone ventilation. Prone ven-
tilation appears to confer advantages when much of the fluid
is thin — as in ARDS - rather than viscous, possibly because
viscous fluid is more refractory to gravitational shift. Also,
oxygenation tends to show greater improvement when most
of the pathology affects the dependent lung units — again
because in the prone position, there would presumably be a
gravitational shift of fluid from the consolidated dorsal zones
toward the ventral zones.

A short test of proning the patient has been suggested to
select potential responders.® It has been suggested that if oxy-
genation fails to improve by the end of half an hour, subse-
quent improvement in oxygenation will be unlikely to occur.
The reason behind this seems to be that while proning can be
expected to continue improving oxygenation over several
hours, a rapid response seems to be the rule in responders.
Absence of a rapid response is usually predictive of failure of
this strategy. A brief spell of desaturation immediately on
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turning the patient may precede the improvement in blood
gases, and this drop in PaO, can be prevented by adequate
preoxygenation before proning. It is interesting to note that a
large number of patients tend to sustain the improvements that
they have shown on proning even after a return to the supine
position. Conceivably, this could be due to the other strategies
already in place that are aimed at keeping the lung open
(PEEP), and this very likely reflects the fact that “it is easier to
keep an open lung open, than to open up a closed lung.”>->

As of now, it is unclear how long to maintain the prone
position in responders, but proponents of prone ventilation
believe that the prone position may need to be maintained as
long as the oxygenation continues to benefit. In the supine
patient, as long as there is a need to administer high fractions
of inspired concentration — despite usage of other conven-
tional strategies — “proning” should be considered.*

As can be anticipated, nursing prone patients is challeng-
ing to say the least, and every precaution should be taken
while changing the position of the patient in order to prevent
inadvertent extubation or displacement of other cannulas.

Obvious as it may sound, it is impossible to give effective
CPR in the prone position, and patients who have suffered a
cardiac arrest must be immediately placed in a supine posi-
tion for resuscitation. For this reason, dysrrhythmias and
hemodynamic instability constitute contraindications to
prone ventilation.

e N
Box 9.3 Relative Contraindications

to the Use of Permissive Hypercapnia

Cerebrovascular disease

Epilepsy

Patients at risk of developing intracranial hypertension
Coronary artery disease,

Cardiac dysrythmias

Pulmonary artery hypertension

Metabolic acidosis.




266  Chapter 9. Mechanical Ventilation in Specific Disorders

@ D
Excessive respiratory efforts in the face of airway obstruction lead to
major swings in intrathoracic pressure. Labored inspiration can result in
a sharp drop in pressures within all the chambers of the heart
L J
@ D D
Right side of the heart SR BT PR
Decrease in the right intraatrial Decrease in left ventricular pressure.
pressure results in increased (Note that the gradient for LV output
venous return to the right side is the difference between left
of the heart ventricular systolic pressure and
the systemic blood pressure)
& o
@ D D
Overfilling of right ventricle with A decrease in LV pressure reduces
shift of interventricular seprum this gradient, and effectively,
to the left results in an increased afterload
& J U J
@ D [ D
The transcapillary pulmonary
Transient decrease in left pressure increases.
ventricular stroke volume This can cause transudation of fluid
(pulsus paradoxus) into alveoli, sometimes resulting in
pulmonary edema.
& J J

FiGure 9.8. Effect of labored respirations upon the heart.

9.5 Obstructive Lung Disease

Patients with obstructed airways present a special problem in
ventilatory care. In such patients airway resistance is increased,
often to extremely high levels. The narrowed airways impede
airflow so that the time available for expiration is insufficient
for the lungs to empty. This leads to dynamic hyperinflation
and air trapping within the lungs. Dynamic hyperinflation can
itself lead to alveolar distension and barotrauma, and may
hamper the venous return to the heart (Fig. 9.8).

The heart being an intrathoracic structure, is just as vulner-
able to variations in intrathoracic pressure as are the lungs.
With the fall in the intrathoracic pressure at the commence-
ment of spontaneous inspiration, pressures within all the
cardiac chambers (relative to the atmospheric pressure) fall.
Any lowering in right atrial pressure in the face of preserved
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Increased respiratory loading

e Increased resistive load
(decreased diameter
of airway lumen)

¢ Bronchial smooth muscle
hypertrophy and spasm

* Mucosal inflammation
and edema

e Increased airway secretions

e Increased collapsibility of
degenerated bronchial cartilage

¢ Loss of tethering of bronchial
wall to surrounding lung
parenchyma

eIncreased elastic load

Decreased respiratory
muscle effeciency

* Decreased diaphragmatic
curvature: forces of contraction
directed medially rather than
downwards

*Decreased zone of
diaphragmatic apposition
with the chest wall

* Shortened diaphragmatic fibre
length: sub-optimal length-
tension relationships translate
into decreased force of
contraction

e Inflamatory infiltration of
diaphragmatic sarcomeres

* Possibly decreased blood

OIDMIEN IS i RCT 2 supply to diaphragmatic muscle

results in a decrease in
compliance (see 10.2.5.1)

FIGURE 9.9. Respiratory impairment in COPD.

systemic venous pressure will increase the gradient for blood
flow from the periphery to the thorax. The increased venous
return dilates the right ventricle (RV) and in accordance with
Starling’s law, augments the right ventricular output. Although
right ventricular stroke volume increases as a consequence of
this, left ventricular output does not (see Fig. 9.9).

The decrease in left ventricular stroke volume during inspi-
ration is transient and is clinically manifest as a decreased pulse
pressure. This phenomenon (pulsus paradoxus) is exagger-
ated in patients with obstructive lung disease who are making
strenuous attempts to draw air into overfilled lungs. Pulsus
paradoxus is actually a misnomer, for it is in fact an exaggera-
tion (<10 mmHg) of the normal inspiratory drop in arterial
pressure (<5 mmHg). The magnitude of pulsus paradoxus can
be estimated either with a sphygmomanometer or deduced
from the variation in amplitude of the pulse-oximetric tracing.

In obstructed patients, the stroke volume of the left ven-
tricle can be diminished by another mechanism. The arterial
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circuit, into which the LV pumps blood, is surrounded and
influenced by atmospheric pressure and is therefore not sub-
ject to variations in intrathoracic pressure. The gradient for
LV output is the difference between the force developed dur-
ing systole within the left ventricle itself and the systemic
blood pressure. If large decrements in intrathoracic pressure
(such as those that occur during inspiration in obstructed
patients) should decrease the pressure within the LV, the gra-
dient for LV outflow decreases, and the LV pumps against
what is effectively an increased afterload. An increased after-
load increases the pulmonary transcapillary pressure and this
can potentiate the transudation of fluid into alveoli.

Indeed, patients with severe airways obstruction have
been seen to develop acute pulmonary edema, and the
increase in afterload that occurs due to the large inspiratory
effort has been invoked to explain this. Overhydration in a
situation such as this could further promote the spillage of
fluid into the alveoli. Patients with congestive cardiac failure
are fluid overloaded and have a greater circulating blood
volume. It has been proposed that negative swings in intratho-
racic pressure enhance venous return in volume-overloaded
patients and this can worsen the hemodynamics by the mech-
anisms described above.

9.5.1 PaCO,

Patients with acute severe asthma often have to breathe against
extremely high inspiratory loads. This may render them vulner-
able to respiratory muscle exhaustion, one of the earliest signs
of which may be a normalization of a previously low PaCO,,.

In COPD patients, a high PaCO, does not by itself have the
same implications as it does in a patient with status asthmaticus.
The asthmatic patient most usually has a normal premorbid
PaCO, and will wash CO, out from the blood while hyperven-
tilating during the asthmatic attack. Consequently, a low PaCO,
is the rule rather than the exception in acute asthma: a normal
PaCO, in such a patient implies that the PaCO, has begun to
rise with the onset of respiratory muscle fatigue. An asthmatic
with a normal PaCO, level must be closely watched and



9.5 Obstructive Lung Disease 269

intubated as soon as it is clear that respiratory muscle fatigue
has set in, as is evinced by a rising PaCO, and a falling pH.

The mechanisms leading to CO, retention in COPD
patients are complex, and have been discussed 10.4.3.

In acute exacerbations of COPD that progress to respira-
tory failure, the indication for mechanical ventilation is often
respiratory muscle fatigue, or occasionally, depression of the
respiratory center (either due to injudicious sedation, or as a
result of administration of excessive oxygen). In either case,
there is a rise in the PaCO, level with a fall in pH (respiratory
acidosis), which if uncontrolled, can lead to convulsions,
arrhythmias, or respiratory arrest (Fig. 9.9).

The hypercapnia that is manifest at presentation may
respond to appropriate therapy, and does not always presage
the initiation of mechanical ventilatory support. Sometimes,
the COPD patient in exacerbation remains hypoxemic
despite the administration of low flow oxygen. In such cases,
the danger inherent in increasing the level of delivered oxy-
gen is the potential suppression of the respiratory drive.
When a high level of oxygen is mandated in such a patient
and yet cannot be safely given because of the above con-
straints, some form of mechanical ventilation is often the only
rational option. The option of noninvasive ventilation should
now be considered in all COPD patients with severe acute
hypercapnic respiratory failure. NIV is presently considered
a first-line intervention in this setting, and will frequently
obviate the need for invasive mechanical ventilation

(Fig. 9.10).°

9.5.2 Modes of Ventilation in Obstructed Patients

The modes and settings used in obstructed patients are tar-
geted at reducing dynamic hyperinflation.

Due to the impressive impact of bronchial narrowing on
airway resistance, the work done by an obstructed patient can
be considerable. This may not only predispose the patient to
respiratory muscle exhaustion, but also render weaning dif-
ficult. On the other hand, if the patient is completely rested
for a prolonged duration of time, the lack of stimulus to the
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The stimulation of
ergoreceptors (type Il
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alter CNS output hyperinflation
The altered “rapid
Less economical shallow breathibg”
pattern of breathibg pattern although less
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decreased P/P;, ratio) | postpone respiratory
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This involves breathing volumes

at lower tidal volumes

So that the required minute ventilation may be maintained in the
face of decreased tidal volumes, the respiratory rate increases.

“Rapid shallow breathing”

Worsening of dynamic hyperinflation

FIGURrE 9.10. The reason why COPD patients breathe at low tidal
volumes.

respiratory muscles can promote respiratory muscle atrophy.
Although the ideal mode of ventilatory support to an
obstructed patient should balance these two considerations,
at the present time, there seems to be no single mode which
fulfills these requirements.

NIV has emerged as an important mode for the initial
therapy of COPD in exacerbation and is considered in some
detail in chapter 13.
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The mode that is optimal for the initial management of the
patient with obstructive airways disease is as yet unclear,
and clinicians may be justified in using modes that they have
used successfully in this situation.!*® Patient triggered modes
like assist-control mode, intermittent mandatory mode, and
pressure support mode present a stimulus to the respiratory
muscles that is important for the prevention of disuse atro-
phy of the respiratory muscles. The volume cycled assist-
control mode in the initial management of an awake patient
with active bronchospasm will sometimes produce significant
air trapping and dynamic hyperinflation.'*

Contrary to the earlier thinking, the energy expended in
triggering the ventilator may be considerable and might itself
impose a considerable burden on respiratory muscles.''!:!!?
When a significant amount of intrinsic PEEP (PEEP,, auto-
PEEP) exists in the lung, the patient may additionally be
required to overcome the PEEP, before the ventilator is trig-
gered into delivering the tidal volume.'*® Furthermore, if the
flow delivered to the patient does not meet the requirements
of his or her ventilatory drive, the work of breathing can be
substantial.®!-®!

It may seem reasonable that the IMV mode should spare
patient effort in direct proportion to the number of set manda-
tory breaths, but this has not been shown to be the case.!”?
Possibly because of the fact that the respiratory muscles cannot
adapt to the changing burden imposed on them by the alterna-
tion of the spontaneous and mandatory breaths, the work of
breathing (resulting from an excess of input to the respiratory
muscles from the respiratory center) may be quite high.”’

Supporting the inspiratory breaths with the PSV mode gen-
erally helps in reducing the patient’s inspiratory work. However,
the effect of this approach is to a large extent unpredictable in
the individual patient and at high levels of pressure support,
patients may exhibit inordinately high levels of expiratory
muscle activity.” Although in the PSV mode the patient has the
freedom to determine his own respiratory rate and so directly
influence his respiratory cycle time, he may be constrained to
breathe at a higher respiratory frequency (see Fig. 9.11).
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Theoritically, by reducing the number of breaths, the
patient can increase the respiratory cycle time, and
thereby have a greater time available for expiration.

However, the minute ventilation (that is required to
normalize the PaCO,) may not be achievable with a low
respiratory rate, and the patient may be compelled to
breathe at a relatively high respiratory frequency.

A high respiratory frequency significantly shortens the
inspiratory cycle, leaving a relatively short time for
expiration.

Since the time that is now available for expiration is
insufficient, expiratory flow takes a relatively long time to
fall to the threshold level required for cycling the
ventilator to expiration.

Expiratory muscles are recruited to force out the air in the

time available and as a result, expiration becomes active

rather than passive. The work of breathing increases and
this can result in the patient fighting the ventilator.

FIGURE 9.11. Pressure support mode: asynchrony in COPD patients.

9.5.3 Ventilator Settings in Airflow Obstruction

9.5.3.1 Tidal Volume

During the past few years, it has emerged that lower tidal
volumes than that employed previously, should be used while
ventilating patients on volume-assisted modes. Higher tidal
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volumes as used in the past (for instance, 10-15 mL/kg body
weight) are liable to produce alveolar distension and injury.
It has now become usual to ventilate patients with smaller
tidal volumes (in the range of 5-7 mL/kg body weight).

9.5.3.2 Respiratory Rate

The rate is set according to the needs of the patient. Usually,
once stabilized, patients will themselves choose a respiratory
rate that satisfies their demands. In such cases, it is sufficient
to set the backup rate less than the spontaneous rate the
patient chooses to breathe at, by about 4 breaths/min. This
will serve as a safety measure, should the patient hypoventi-
late for any reason.”

Within the IMV or the SIMV mode, the appropriate
frequency of the backup (mandatory) breaths should be
determined not only by the trend in the patient’s PaCO,,
but also by the adequacy of the spontaneous breaths (the
breaths that the patient takes in between the mandatory
breaths), and by patient comfort. Just as in the pressure
support (PSV) mode, if the frequency of the spontaneous
breaths is seen to be rising or the tidal volumes of the spon-
taneous breaths falling, the minute ventilation being deliv-
ered to the patient is clearly inadequate, and either the
level of pressure support must be boosted or the frequency
of the mandatory breaths increased.

Since on the PSV mode the patient chooses his own
respiratory frequency, no rates as such can be “set.” The
pressure support should be adjusted to a level that enables
satisfactory tidal volumes to be delivered. If the tidal vol-
umes being delivered are adequate for the patient’s needs,
this will manifest in the patient comfortably breathing at
relatively low respiratory rates, say 20 breaths/min or even
lower.

9.5.3.3 Inspiratory Flow Rate

Setting an appropriate inspiratory flow can be vital to patient
comfort and can greatly help reduce the work of breathing.
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e N
Box 9.4 The Hyperventilating Patient on

Assist-Control Mode with a Low Backup
Rate Runs the Risk of Over Distending
His Lungs.

With some older ventilators, the inspiratory time is automati-
cally assigned according to the backup rate chosen. For exam-
ple, if an I:E ratio of 1:2 is chosen and a backup rate of 10
breaths/min is set, each respiratory cycle will last for 60 s/10
breaths per min=6s.

Of these 6 s (given an L:E ratio of 1:2),2 s will be spent in
inspiration and 4 s in expiration. This 2 s inspiration will now
be applied to all breaths irrespective of the respiratory rate. If
the patient were now to increase his respiratory rate to 20
breaths/min, each of these breaths would contain a 2 s inspira-
tion despite the shortened respiratory cycle.

New respiratory cycle time =60 s/20 breaths per min=3s.

Of these 3 s,2s would still be spent in inspiration (as the inspi-
ration duration is linked to the backup rate, which is still 10
breaths/min), leaving just 1 s for expiration.

\ /

Most patients demand relatively high flow rates. A high flow
rate achieves the important objective of shortening the
inspiratory time (the same tidal volume is delivered more
quickly with a faster flow rate than with a slower flow) leav-
ing ample time for expiration. The lung consequently has a
better chance of emptying itself.**

A faster flow rate is likely to elevate the peak airway pres-
sure; but the more complete lung emptying results in a lower
plateau pressure. Since it is the plateau pressure which cor-
relates more closely with barotrauma than does the peak
airway pressure, there is merit (at least in theory) in ventilat-
ing obstructed patients using high flow rates.!*

In practice, increasing the inspiratory flow rate is less
effective at shortening the inspiratory time than reducing the
respiratory frequency.
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9.5.3.4 Trigger Sensitivity

As in the case of the flow rate, setting the right trigger sensitiv-
ity plays an important role in preventing patient-ventilator
asynchrony. A trigger sensitivity that has been set too high
results in unnecessary loading of the inspiratory muscles and
predisposes to respiratory muscle fatigue. In the presence of
auto-PEEP greater effort is necessary to trigger the ventilator:
the change in airway pressure required to trigger the machine
must equal the sum of trigger sensitivity and auto-PEEP. This
may prove a daunting task for the COPD patient.'™!

9.5.3.5 External PEEP

Where auto-PEEP is significant, addition of external PEEP
of a level of approximately 50-75% of the auto-PEEP may
succeed in narrowing the gradient, as explained by the anal-
ogy of the cascade or waterfall.'”” With the application of
external PEEP, the patient requires to produce a smaller
change in airway pressure to trigger the ventilator,'**'*” and
this can substantially reduce the work of breathing.** However,
external PEEP should be used with caution, for it has been
shown that when the level of applied PEEP exceeds 80% of
the auto-PEEP, dynamic hyperinflation can actually be wors-
ened.'”” External PEEP does not seem to reduce the inspira-
tory work of breathing in acute exacerbations of asthma as it
does in COPD, but on the contrary, may actually worsen
dynamic hyperinflation.

9.53.6 NIV

Noninvasive positive pressure ventilation (NIPPV, NIV) has
been shown to reduce the rate of intubation for exacerba-
tions of COPD and to shorten ICU stays.”> The patient on
NIV, particularly the severely obstructed patient, must be
closely monitored — for, as many as 26-31% of patients
treated with NIV will worsen and eventually require invasive
mechanical ventilation (see also chapter 13).%
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9.5.3.7 General Principles of Treatment in Asthma
and COPD

The principles of treatment of acute severe attacks of asthma
parallel those of COPD, since the mechanisms of disease are
very similar. Asthmatic patients have more airways inflam-
mation than COPD patients and are therefore likely to have
much more mucosal edema of the airways and mucus hyper-
secretion. For this reason, airway resistance in asthmatic
patients is likely to be greater. COPD patients are much more
tolerant of hypercapnia than asthmatics and, in fact, may
have baseline PaCO, levels that are well in excess of that
considered normal for other subjects.

In general, although baseline CO, levels are higher for
COPD patients than for asthmatics, control of CO, levels in
mechanically ventilated patients present fewer difficulties in
COPD patients than they do in status asthmaticus. When
control of CO, is problematic in intubated COPD patients,
severe bronchospasm, pneumothorax, atelectasis due to
mucus plugging etc., should be looked for.

COPD patients who are habitual retainers of CO, should
have their minute ventilation titrated to the pH and not to
their CO, level.

9.5.3.8 FIO,

The FIO, should be set to achieve an arterial oxygen tension
of above 60 mmHg. At this level of arterial oxygen tension,
the hemoglobin is near-saturated and a higher FIO, does not
confer any further advantage. The fraction of inspired oxygen
being delivered is also important at the time of weaning, when
as low a level of supplemental oxygen as safely possible should
be given, in order to avoid suppression of the hypoxic drive.

9.5.3.9 ET Size

From weaning considerations, it is also necessary to use an
endotracheal tube of as large a bore as possible, in order to
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decrease airway resistance. The benefit of even a small
increase in ET tube caliber is profound, and a change of
endotracheal tube to a higher luminal diameter may accom-
plish successful weaning in a difficult situation.

If despite optimal ventilatory settings, patient-ventilator
asynchrony is still manifest, sedation and paralysis may
become necessary. A pharmacologically aided decrease in the
activity of the patient’s respiratory muscles will translate into
lower intrathoracic pressures during expiration, with less
dynamic collapse of the airways. This is likely to result in bet-
ter lung emptying — despite the absence of active expiratory
effort on the part of the patient — much in the same way as
the slow vital capacity is larger than the forced vital capacity
during spirometry in obstructed patients.

9.5.3.10 Permissive Hypercapnia

When airway pressures are very high despite optimization of
the flow rates and L:E ratio, reducing the tidal volumes and/
or respiratory rate may help to decrease airway pressures.
This may be easier said than done, since reduction in either of
these parameters may decrease the minute volume to a point
where maintenance of a near-normal PaCO, is no longer pos-
sible. Since the primary objective is to normalize the pH and
not the PaCO,, ' it may be necessary to nevertheless
reduce the minute ventilation and allow the PaCQO, to rise in
a controlled fashion (permissive hypercapnia). In certain cen-
ters, it has been the practice to control the resulting respira-
tory acidosis by infusion of bicarbonate, such that the pH
does not drop below 7.2.122 These issues have been discussed
section 9.4.3.11.

9.5.3.11 General Anesthesia

In refractory bronchospasm, it may be necessary to resort to
general anesthesia. The use of helium—oxygen mixtures as a
strategy to reduce airway pressures in obstructive lung dis-
ease has been discussed section 17.9.
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9.5.4 Bronchopleural Fistula

The development of a pneumothorax in patients on positive
pressure ventilation is a medical urgency. Even a small pneu-
mothorax occurring in a mechanically ventilated patient must
be treated as a potential emergency because of its propensity to
evolve into a tension pneumothorax. A chest drain must
promptly be inserted. Most frequently, pneumothoraces in the
setting of mechanical ventilation are due to alveolar overdisten-
sion by inappropriately high tidal volumes, but may also be
predisposed to by the underlying lung pathology like pneumo-
nia or ARDS. Also, mechanically ventilated patients are fre-
quently subjected to numerous interventions like central venous
catheter placement, thoracentesis, and transbronchial biopsies,
all of which have the potential to disrupt the visceral pleura.

Since alveolar overdistension seems to be in large part
responsible for pneumothorax, an attempt must be made to
minimize air trapping by the use of smaller tidal volumes and
low overall minute volumes, and by reduction in PEEP.

Positive pressure breathing is capable of causing large air
leaks through a bronchopleural fistula (BPF), though most leaks
are trivial. A BPF can be quantified from ventilator graphics as
volume that is “lost” — that is, the difference between the inspira-
tory and expiratory tidal volumes Figs. 8.13 & 8.39.

A small BPF will bubble through the water seal only dur-
ing inspiration, whereas a larger leak will bubble during expi-
ration as well. When the inspiratory tidal volume exceeds the
expiratory tidal volume by a significant amount (e.g., about
150 mL), an air leak through the BPF can be anticipated.
Although in theory, a large air leak through the BPF could be
expected to reduce effective alveolar ventilation (because of
the loss of delivered tidal volumes through the chest drain),
in practice, this is not usually the case.'®

In general, a BPF is not expected to produce special
derangements in pulmonary physiology over and above those
produced by the underlying pathology; in fact, the BPF usu-
ally resolves parri passu with improvement in the inciting lung
pathology.'
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For these reasons, specific measures directed at reducing
the leak per se are probably unnecessary, though attempts
must certainly be made to contain the alveolar distension that
might have resulted in the BPF.

The literature is replete with a large number of methods
that have been targeted at reducing the air leaks: high fre-
quency jet ventilation, independent lung ventilation, occlu-
sion of the chest drain during the inspiratory cycle of
ventilator, and the application of PEEP to the chest drain.'*
When identification of the bronchial segment — within which
the BPF exists — has been possible, occlusion of that segment
has been undertaken by a variety of methods such as a bal-
loon of a Fogarty or a Swan—Ganz catheter. Alternatively,
successful attempts to seal off the relevant bronchopulmo-
nary segment by gelfoam, fibrin, or laser coagulation have
been reported.!>165:192

9.6 Neuromuscular Disease

Ventilation is determined by bulk airflow in and out of the
lungs. Oxygenation is determined by bulk flow as well as the
integrity of the lung parenchyma and vasculature.

In neuromuscular disease, ventilatory failure can occur on
account of the processes that impair transmission of neural
input from the respiratory center to the respiratory muscles,
or those that prevent proper contraction of respiratory mus-
cles themselves. Typically, the respiratory center itself is unaf-
fected and so the respiratory drive is intact.'® The common
conditions that cause neuromuscular dysfunction are Guillian—
Barre syndrome, amyotrophic lateral sclerosis, poliomyelitis,
and myasthenia gravis (see Fig 3.16).

Since the lungs are essentially normal, the gas exchange
mechanisms are by and large unaffected. Rather, the situa-
tion is one of type II respiratory failure with the fall in
PaO, being matched by a rise in PaCO,. The A-a DO, gra-
dient is normal unless significant atelectasis occurs (see
section 7.1).
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The principles underlying the ventilation of patients with
spinal injury will be included within this section, in view of
the issues that such patients have in common with neuromus-
cular patients.

The diaphragm is the principal muscle of inspiration; it is
innervated by the phrenic nerve which arises from the third to
fifth cervical roots (C3-C5). A cervical spine injury sustained
above the level of the C3 root results in an immediate cessa-
tion of breathing. Diaphragmatic pacing or chronic ventila-
tory support is necessary, though enough muscular function
might eventually return if the injury is incomplete (Fig. 9.12).

With cord lesions between C3 and CS5, urgent — and prob-
ably chronic — ventilatory support is required as well, because
of complete paralysis of both the phrenic and intercostal
nerves.’! Though ventilatory support is invariably required
initially, a functional descent of the level of neurologic injury
during the healing phase often results in a spontaneous
return of enough respiratory muscle function to permit the
discontinuance of ventilatory support.!**1%

In many cases, a compensatory increase in the neural out-
put to the diaphragm will occur (operational length compen-
sation), and this often suffices for adequate ventilation.
Compensatory mechanisms also operate at the muscular
level. Increased recruitment of the accessory muscles of ven-
tilation will eventually occur, and the gradual transition from
flaccid to spastic paralysis also aids recovery.”” The increased
muscle tonicity can disadvantage the upper airway somewhat
by the spastic contraction of the pharyngeal musculature, but
now the chest does not subside during inspiration, as it would
during the flaccid stage.”* Some patients in this group may
gradually progress much later — with an age-related decline in
pulmonary function — to chronic type II respiratory failure.!!

Between C6 and CS8, patients usually exhibit normal dia-
phragmatic and accessory respiratory muscle function, though
mechanical ventilation can still be required if the injury
extends upward across C5 due to hemorrhage or edema.

Lesions of the thoracic spine are rather less likely to result
in respiratory embarrassment — unless other thoracic injuries
complicate the issue. The preservation of an effective cough
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C3-C5
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FiGURE 9.12. Respiratory compromise correlated with the level of

spinal injury.

ensures better defense of the airways, and lung infections are

unusual.

Most of the complications following spinal cord injury
involve the respiratory system.’*” The mortality and morbid-
ity is higher the more cephalad the injury: such patients are
prone to a greater incidence of pneumonia, atelectasis, and

respiratory failure (Fig. 9.13).
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9.6.1 Lung Function

Acutely, in high lesions, the vital capacity can fall to less than
30%.% With more caudal injury, the impairment in lung func-

tion is less, but significant compromise can nevertheless occur

as a result of atelectasis, ineffectual handling of airway
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secretions, infection, and decreased muscular power.'>* For
reasons that are unclear, patients with low cervical lesions —
especially when these are diffuse or severe — are susceptible
to apneic spells and even respiratory arrest: this can occur as
late as a fortnight after the inciting injury.”

Lesions at the level of the thoracic spine have a lesser
impact on pulmonary mechanics. Presumably due to a
decreased sympathetic output, many patients have smaller®
and more hyperreactive airways.'®’

Quadriplegic patients prefer the supine position. An
upright posture allows the abdominal content to fall off the
diaphragm. The decreased zone of apposition in the upright
patient results in loss of mechanical advantage, since the
shortened diaphragm fibers can no longer develop a satisfac-
tory force of contraction.'”” Also, the decrease in the residual
volume that the supine posture induces, appears to help.* In
contrast, patients with generalized muscular weakness due to
neuromuscular disease (see below) prefer the seated posture
owing to the mechanical advantages that this position affords.
In this group of patients, weakness of the muscles of inspira-
tion limits inspired tidal volumes.

e N
Box 9.5 Respiratory Morbidity

Associated with Chest Trauma

Pneumonia

Atelectasis
Pneumothorax
Hemothorax, chylothorax
Flail chest

Lung contusion
Myocardial contusion
Tracheobronchial [rupture]
Esophageal injury

Injury to the great vessels
Fat embolism

Paralytic ileus
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9.6.2 Inspiratory Muscle Recruitment
in Neuromuscular Disease

To preserve alveolar ventilation, the accessory muscles of
ventilation (the external intercostals, sternocleidomastoids,
scalenes, and trapezii) are increasingly recruited to assist the
principal muscle of inspiration, the diaphragm. The shortfall
in minute volume is made up by an increase in the respira-
tory rate. The low tidal volumes and the ineffectual sighs that
accompany neuromuscular dysfunction frequently produce
microatelectasis, which decreases the compliance; this
increases the work of breathing (Fig. 9.14).

9.6.3 Expiratory Muscle Recruitment
in Neuromuscular Disease

With increasing inspiratory muscle insufficiency, the expira-
tory muscles (rectus abdominis, transverse abdominis, inter-
nal and external obliques, and internal intercostals) are
progressively engaged. Their active contraction pushes the
diaphragms well above the usual resting position. During the

( N N O ™
Decreased Compensatory Effects
inspiratory mechanisms
muscle .
strength Recruitment I Pam.al
of accessory ncreased r.estoratlonof
/ muscles of force of - tidal volumes
inspiration inspiration towards
/ Increase in normal
Low tidal respiratory rate so
volumes that the minute
ventilation may be :
\ maintained Diaphragms are -
P—— forced Diaphragms
N Recruitment of above their recoil downloads
expiratory usual resting during
muscles positions at end subsequent
— exhalation inspiration
A 2N J

FiGure 9.14. Consequences of decreased inspiratory muscle strength.
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e N
Box 9.6 Assessing the Adequacy

of Cough

Maximal expiratory pressure (MEP) is a measure of the
strength of the expiratory muscles. A MEP of less than 60 cm
H,O implies a weak cough'”’; with a MEP less than 40 cm
H, O, clearance of airway secretions is generally poor, and this
often presages infection.”

The cough force can also be gauged by the peak cough
flow (PCF). A PCF less than 160 L/min identifies the patients
with an ineffective cough. Patients with a low PCF are at a
risk for respiratory tract infections, which can further reduce
muscle strength.

- j

succeeding inspiration, the upwardly displaced diaphragms
passively recoil downward, expanding the thoracic cavity —
this aids inspiration.

It now appears that the abdominal muscles — the “cough
muscles” — may play a more important role in respiration
than previously realized, and may be capable of augmenting
minute ventilation, even in normal subjects.”

9.6.4 Bulbar Muscles Involvement
in Neuromuscular Disease

Dysfunction of the bulbar muscle (muscles of the lips, tongue,
palate, pharynx, and larynx) predisposes to aspiration;
aspirational tracheobronchitis and atelectasis can worsen
airway mechanics and gas exchange. Fulminant aspiration
pneumonia can develop as a consequence of the loss of the
cough reflex ®!'%; respiratory infections are common precipi-
tants of acute on chronic respiratory failure. Patients with
spinal injuries can have associated ileus which in itself is a
risk factor for aspiration.®
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Bulbar muscle involvement, by narrowing the upper air-
ways, can also contribute to alveolar hypoventilation during
sleep.

9.6.5 Assessment of Lung Function

Although difficult to measure in the ICU patient, the FVC
can provide a passable estimate of inspiratory muscle strength;
decreased expiratory muscle strength can also diminish the
FVC. Normally, supine FVCs are lower by about 10% than
those obtained when erect: allowance must be made for this.
A normal supine FVC will virtually exclude significant
inspiratory muscle weakness. When the FVC falls below
50% of the predicted value, ventilatory support is generally
required.®

The maximal inspiratory pressure (MIP) is a measure of
the strength of the inspiratory muscles — principally the dia-
phragm. A reduced MIP often heralds alveolar hypoventila-
tion; an MIP value of at least minus 30 cm H,O is usually
required to stave off the need for some form of mechanical
ventilation.” In some neurologic conditions like Guillian—
Barre syndrome, the MIP does not appear to be a reliable
indicator of weaning.

9.6.6 Mechanical Ventilation in Neuromuscular
Disease

About 20% of all patients who require mechanical ventila-
tion do so as a result of neurological dysfunction.*

In spite of the pathological pathways operative in neuro-
muscular disease (Fig. 9.15), pulmonary mechanics can be
considered to be more or less normal. The limitations for using
large tidal volumes do not apply here — as they do, for instance,
in obstructive or restrictive lung diseases. For the same reason,
patients are less likely to develop barotrauma. Because their
ventilatory drive is normal, patients actually show a prefer-
ence for large tidal volumes (12-15 mL/kg body weight) and



Inspiratory muscle
(diaphragm, external
intercostals,
sternocleidomastoids,
scalenes, and trapezii)
dysfunction results in
decreased tidal volumes

¢ To maintain alveolar
ventilation the following
adaptations occur:
¢ Accessory muscles
are recruited.
* Parients adopt an
upright position
to gravitationally
aid diaphragm
Respiratory frequency
increases
* Beyond a point,
falling tidal volumes
result in alveolar
hypoventilation,
and the PCO,,
begins to rise
e Altered compliance
¢ Low tidal volumes, and
the ineffective sighs that
(accompany)
neuromuscular disease
result inbasal atelectasis
Decreased compliance
and increased work of
breathing results in
respiratory musclefatigue
¢ Cough reflex
* Limitation of tidal
volume during the
inspiratory phase of the
cough reflex results in
lower expiratory tidal
volumes and decreases
peak airflow during
cough
* Lower inspiratory tidal
volumes mean
decreased stretching
and lenghthening of the
expiratory muslces (and
therefore decreased
expiratory force)
during coughing

9.6 Neuromuscular Disease

Expiratory muscle

(rectus abdominis, transverse

abdominis, internal and

external obliques, and internal

intercostals) dysfunction

¢ Cough
¢ Decrease in the
strength of cough
¢ Ventilation
* When the inspiratory
muscles are weak, the
expiratory muscles
assist them by pushing
the diaphragms above
their usual resting
position. During the
subsequent inspiration.
The displaced
diaphragms recoil
downwards, expanding
the thoracic cavity and
so aiding inspiration
(see text)
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Bulbar muscle (muscles of
the lips, tongue, palate,
pharynx, and larynx)
dysfunction

* Cough reflex
¢ Glottic dyfunction and
inadequate closure
during compressive
phase of cough reflex
* Aspiration
¢ Poor handling of food
boluses predisposes to
aspiration
* Nocturnal hypoventilation
* Upper airway narrowing
during sleep leads to
worsening alveolar
ventilation

FIGURE 9.15. Pathological pathways in neuromuscular disease by

muscle group.
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high flow rates.'®® When adequate tidal volumes are not dis-
pensed, these patients are prone to develop atelectasis.

Partial or complete mechanical ventilatory support may be
provided as needed. Either positive or negative pressure ven-
tilation can be used — at the present time, it appears that there
is not much to choose between the two. Noninvasive positive
pressure support has been used with success for the long-
term ventilation of patients with neuromuscular injury.

In view of their propensity to aspirate, patients with spinal
injury should be nursed well propped up.'® An obvious con-
cern is that neck hyperextension during intubation can aggra-
vate the cord lesion. Fiberoptic guidance is frequently required;
sometimes even nasotracheal intubation will be needed.

In many cases, prolonged ventilation can be anticipated,
and early conversion to tracheostomy is preferable for the
ease of access to airway secretions it affords, as also for the
need to forestall endotracheal tube-related complications.
Tracheostomy has special advantages when used with nega-
tive pressure ventilation: it circumvents the problematic upper
airway collapse that negative airway pressure can produce.

Pulmonary infection should be treated aggressively.

9.7 Nonhomogenous Lung Disease

When there is a gross discrepancy between the extent of dis-
ease in the two lungs, mechanics are likely to differ consider-
ably on both sides. The healthier and more compliant side is
likely to receive the bulk of the ventilation. If tidal volumes
are not decreased in proportion to the loss of functional lung
volume, alveolar overdistension is likely to occur in the rela-
tively unaffected regions, and barotrauma can occur. What
should constitute the ideal ventilatory strategy in such situa-
tions is presently unclear. Although differential lung ventila-
tion has been adopted on occasion, that it reliably improves
the outcome has not been proven.!**

At the present time therefore, the problem may initially be
approached conservatively, and the patient ventilated in the
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conventional manner, regardless of the presence of unilateral
involvement. If hypoxemia should then prove difficult to man-
age, a change in position of the patient (such as in the decubitus
position, with the affected lung superior), may be attempted.
This would cause preferential perfusion of the relatively healthy
dependent lung, thereby achieving better V/Q matching.

9.8 Mechanical Ventilation in Flail Chest

Flail chest most commonly occurs as a result of blunt trauma
to the chest (usually after falls, road traffic accidents, or fol-
lowing cardiopulmonary resuscitation). Pathologic fractures
as are seen to occur with multiple myeloma can also rarely
result in flail chest. When two or more ribs or the sternum are
fractured in two different places, a flail segment is created;
the segment is uncoupled from the chest wall and passively
collapses inward during inspiration, secondary to the nega-
tive intrathoracic pressure.

The inward buckling of the flail segment causes the vital
capacity to decrease. The deranged chest mechanics necessi-
tate a greater shortening of the inspiratory muscles for a
given tidal volume; also the lung is stiff if any significant
degree of parenchymal contusion is present. This results in
increased work of breathing with consequent predisposition
to respiratory muscle fatigue.

Pulmonary derangements with flail chest may extend for a
prolonged period of time. The reduced FRC may take up to
6 months to return to normal,*” sometimes much longer when
associated pulmonary contusion is present.

Although flail chest per se is capable of producing respira-
tory failure, the gas derangements produced by chest trauma
are more likely to be caused by underlying pulmonary contu-
sion than by the flail segment itself.> The occurrence of flail
chest appears to increase the mortality associated with chest
trauma.™

Mechanical ventilation with PEEP can help by provid-
ing internal splinting to the flail segment. The indication
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for invasive mechanical ventilation in chest trauma is not
the presence of a flail segment itself, but the occurrence of
respiratory failure.'**'8* CPAP stabilizes the chest wall and
improves respiratory system mechanics; it has been shown
to be associated with a better outcome."” Noninvasive ven-
tilation may help in less severe cases.

Selected patients with major chest wall resection following
trauma may be offered negative pressure ventilation with
cuirass,” or external fixation with acrylic frames,’ but it is
unclear as to what extent these help. Occasionally, recourse
has to be taken to surgical stabilization with wires or external
plates, but this is generally rarely required.
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Chapter 10

The Complications of
Mechanical Ventilation

Mechanical ventilation, though potentially lifesaving, is capa-
ble of producing complications, some of which may in them-
selves be life threatening. Several of these complications are
related to endotracheal intubation. Critically ill patients are
often immunosuppressed and are susceptible to nosocomial
pneumonia for a number of reasons. Endotracheal intubation
may predispose these patients to ventilator-associated pneu-
monia (VAP), which is a form of nosocomial pneumonia. A
large number of complications are a direct result of genera-
tion of positive pressure inside the thorax (e.g., barotrauma
and hypotension) and these will be dealt with later in this
chapter.

It is important to realize that complications in ventilated
patients are relatively common, and meticulous monitoring is
vital for their prevention. Prompt corrective action may be
life saving if some of these complications (such as a pneu-
mothorax or sudden blockage of an endotracheal tube)
occur. Complications can not only occur at the time of initiat-
ing mechanical ventilatory support, but also at any time dur-
ing the course of ventilatory support. For purposes of
discussion, these have been organized into as follows:

1. Peri-intubation complications

2. Complications that can occur acutely at any stage during
mechanical ventilation

3. Delayed complications
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10.1 Peri-Intubation Complications

10.1.1 Laryngeal Trauma

Even elective intubation can be associated with problems.
Hurried or difficult intubations in technically demanding
situations have been associated with a variety of compli-
cations.

Left-sided vocal cord injury is more common than right-
sided vocal cord injury, because the endotracheal tube tip is
likely to deviated leftward when introduced from the right
side of the mouth.” Most laryngeal injuries are minor, but
vocal cord lacerations, hematomas,and very rarely, arytenoids
dislocations can occur. Persistent hoarseness after extuba-
tion is a sign of laryngeal injury sustained at the time of
intubation.

10.1.2 Pharyngeal Trauma

Blind nasal intubation or intubation with the stylet project-
ing beyond the tip of the endotracheal tube can produce
pharyngeal injury. As would be expected, the incidence of
pharyngeal trauma is high in difficult intubations (up to
50% of cases),? but this complication has been described
with relatively straightforward intubations as well. Lacer-
ations of the pyriform sinuses have been associated with
pneumomediastinum and bilateral pneumothoraces.”
Trauma to the posterior pharyngeal wall can introduce
infection into the retropharyngeal space with subsequent
mediastinitis. Cardiac arrest can occur with injury to the
pyriform sinuses, posterior pharyngeal wall, or hypo-
pharynx. Endoscopy may be required for diagnosis and
assessment.
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e N
Box 10.1 Complications Related
to Pharyngeal Trauma

Mediastinal emphysema
Subcutaneous emphysema
Pharyngeal hematoma
Upper airway obstruction
Pharyngeal abscess
Mediastinitis
Pneumomediastinum
Pneumothorax

S /

10.1.3 Tracheal or Bronchial Rupture

Though rare, this complication can occur when the membra-
nous posterior part of the trachea is transgressed by the tip of
the endotracheal tube during vigorous or repeated attempts
at intubation. A stylet protruding beyond the tip of the endo-
tracheal tube can increase the chances of this, and patients at
extremes of age may be especially prone.'” The occurrence
of subcutaneous or mediastinal emphysema or of gastric dis-
tension should prompt.*** Chest imaging and endoscopy
for diagnosis, surgical repair may be necessary.

10.1.4 Epistaxis

Epistaxis is more frequently seen with nasal rather than
oral intubation. Although usually minor and self-limiting, it
can on occasion be significant. Relatively large bleeds can
occur if areas on the anterior nasal septum or the posterior
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pharyngeal wall are traumatized. Nasal intubation is rela-
tively contraindicated in uncontrolled hypertension, blood
dyscrasias, anticoagulation or aspirin use, or in severe
hepatic derangement where the risk of hemorrhage is high.
The risk of a bleed can be minimized by prior visualization
of the nasal cavity to rule out the presence of nasal polyps,
a deviated nasal septum, or other causes of intranasal
obstruction, and by lubricating the endotracheal tube well.
Instilling nasal decongestants prior to nasal intubation may
also help prevent epistaxis. Although minor nasal bleeds
are mostly self-limiting, direct nasal pressure and topical
vasoconstrictors may help. Occasionally, nasal packing will
be necessary.

10.1.5 Tooth Trauma

An approximate incidence of between 1 in 150 and 1 in 1,500
intubations makes tooth injury a relatively common compli-
cation of intubation.®’ Understandably, most injuries occur
during difficult intubations. Because of the shape of the lar-
yngoscope blade, the two left upper incisors and the right
central incisor are liable to suffer damage. Dental protection
during intubation safeguards to some extent against tooth
trauma, but the extra padding narrows the intubation window
and can prevent proper visualization of the vocal cords. All
fragments of a broken tooth should be retrieved, X-rays
checked, and a dental consultation obtained.

10.1.6 Cervical Spine Injury

Since intubation of the larynx involves manipulation of the
head and neck, caution should be exercised when the cervical
spine could be unstable, such as after road traffic accidents. In
such cases the cervical spine should be assumed to be unstable
unless otherwise proven; suitable precautions must be taken
and the neck immobilized by a hard collar. When the situation
permits, a blind nasal or fibreoptic bronchoscopic intubation
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can be carried out in the cooperative patient, or a tracheotomy
considered. In highly emergent situations, in-line manual trac-
tion may be applied during intubation.

10.1.7 Esophageal Intubation

Poor visualization of the glottis is a common problem during
intubation and esophageal intubation is always possible when
the vocal cords cannot be properly visualized. Unrecognized
placement of the endotracheal tube into the esophagus can
have catastrophic consequences, resulting in cerebral anoxia —
if not in mortality. Despite the fact that checks are routinely
performed by the intubating physician to ascertain correct
placement of the tube, many of these methods are fallible and
may misguide even the most experienced. Although the most
reliable of these methods is the actual visualization of the pas-
sage of the endotracheal tube through the glottis, esophageal
intubations have been known to occur despite claims of satis-
factory vocal cord visualization.

Clinical signs by which the position of the tube is gaged are
especially misleading in the obese. The chest and the epigas-
trum should both be for auscultated to check if air is entering
the stomach rather than the lungs. Neither of these signs,
however, can tell with absolute certainty if the endotracheal
tube is correctly placed: the conduction of breath sounds to
the chest wall is possible even though the tube may reside in
the esophagus. Neither does the exhalation of air from the
endotracheal tube rule out esophageal intubation, as some
return of the insufflated air is possible even with esophageal
intubation. The occurrence of chest wall movement on bag-
ging the patient does not necessarily mean that the endotra-
cheal tube lies within the trachea, as gastric inflation during
bagging can result in some movement of the chest wall — and
even sustain gas exchange for a while — because of the dia-
phragmatic movement so produced.”” A condensate on the
surface of the endotracheal tube is not a guarantee of tra-
cheal intubation either. A fall in the oxygen saturation
detected by pulse oximetry is often a late sign, and as
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mentioned earlier, some degree of gas exchange is possible
by the diaphragmatic movement induced by gas insufflation
into the stomach in esophageal intubation.

As things stand, capnometry may be the most reliable of
the available indices — short of bronchoscopic confirmation of
tracheal intubation — that distinguish tracheal from esopha-
geal intubation. Carbon dioxide is transported from the pul-
monary capillaries into the alveoli and makes its way out of
the respiratory tract during expiration. The detection of CO,
can only mean that the endotracheal tube resides in the tra-
cheobronchial tree. However, if the patient had initially been
manually ventilated with bag and mask, some of the exhaled
gas may have been forced into the esophagus during bagging;
hence, detection of carbon dioxide is possible for the initial
few moments following an esophageal intubation that has
been preceded by bagging.*®% In such cases the end-tidal
CO, quickly falls to a negligible level. This is in contrast to the
persistently detectable end-tidal CO, seen with tracheal intu-
bation. Colorimetric end-tidal monitors are a cheaper option
to formal capnometry, and may be just as effective and pro-
vide an alternative to capnometry in emergency rooms.*’

10.1.8 Esophageal Perforation

The posterior wall of the esophagus can sometimes be perfo-
rated by the tip of the endotracheal tube. Anterior esopha-
geal wall perforation is distinctly unusual: it has not yet been
reported.’#

10.1.9 Right Main Bronchial Intubation

Ideally, the tip of the endotracheal tube should be located at
least 2-2.5 cm above the carina, and yet should be low enough
for the cuff of the endotracheal tube to reside below the cricoid
cartilage. The right main bronchus is more aligned with the
trachea compared to the left bronchus, and a deeply positioned
endotracheal tube preferentially enters the right main bron-
chus. This results in blockage of the left main bronchus by the
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side of the endotracheal tube, leading to lack of aeration — and
ultimate collapse — of the left lung. The tidal volume that is
intended for both lungs now enters the right lung alone, result-
ing in its overdistension; right-sided pneumothorax may occur.

If the endotracheal tube should slip down any further, its
tip might actually lie in the intermediate bronchus and conse-
quently the orifice of the right upper lobe bronchus may also
be blocked by the wall of the endotracheal tube. This would
result in ventilation of the right lower lobe alone with the
relatively large tidal volumes intended for both lungs.

The placement of the endotracheal tube tip 23 cm from
the incisors in men and 21 cm from the incisors in women
almost always results in an acceptable location of the endo-
tracheal tube tip, except if the patient is remarkably tall or
short.

Substantial movement of the endotracheal tube may occur
with flexion and extension of the neck.' Intuitively, it is often
assumed that flexion of the neck results in upward move-
ment of the endotracheal tube tip and extension results in its
downward migration. But the opposite of this actually occurs.
The position of the endotracheal tube must always be
checked by a chest radiograph, particularly after intubation
or after adjustment of the tube position. Identification of the
carina on the chest film provides a reference point for the
location of the endotracheal tube. If the carina is not clearly
visible on the X-ray, the body of the sixth thoracic vertebrum
may be taken as reference point instead (the carina is usually
located within a distance of less than the height of a vertebral
body from the sixth thoracic vertebrum).*® The designated
location of endotracheal tube tip should accordingly be
2-2.5 cm above this point, which normally lies between D2
and D4.

10.1.10 Arrhythmias

Pharyngeal stimulation during intubation evokes a pressor
response. A transient increase in blood pressure and heart
rate is common,”**>* and this response can be exaggerated in
hypertensive patients” and during nasotracheal intubations.”
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Stimulation of the carina or of other parts of the airway by
the endotracheal tube can result in a variety of arrhythmias.
Between 0.4-3.1% of patients may suffer fatal cardiac arrest
at the time of intubation.® Children and young adults have
bradyarrhythmias more frequently than older individuals. In
the latter, supraventicular tachyarrhythmias and ventricular
dysrhythmias are more likely to occur.

10.1.11 Aspiration

Aspiration of gastric contents during intubation may have
disastrous consequences. Critically ill patients often have
poor gastric emptying times and may require the emptying of
the stomach contents by a nasogastric tube prior to intuba-
tion. The use of succinylcholine for pharmacological paralysis
has been associated with contraction of the gastric smooth
muscle, causing vomiting and aspiration.

10.1.12 Bronchospasm

Bronchospasm due to irritation of the airways by the endo-
tracheal tube is not uncommon and this may be more pro-
nounced in the setting of hyperreactive airways.!

10.1.13 Neurologic Complications

Difficult intubations with delays in securing airway control
can result in anoxic neurologic injury. Intracranial pressure
has been shown to transiently rise during intubation.®

10.2 Problems Occurring Acutely at any Stage
At any time in mechanical ventilated patients, acute complica-

tions are possible. Tube-related complications are common and
can occur in as many as two-thirds of all intubated patients.”
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10.2.1 Endotracheal Tube Obstruction

An obstructed endotracheal tube presents a typical emer-
gency in a mechanical ventilated patient. Endotracheal tube
obstruction can occur insidiously, leading to gradually increas-
ing peak inflation pressures. On spontaneous modes of venti-
lation the patient’s breathing may be labored. This can result
in patient-exhaustion with failure to wean, or an inability to
sustain the desired amount of minute ventilation. A high level
of pressure support may be required to maintain tidal vol-
umes that were earlier possible with a lower level of pressure
support.

Endotracheal tubes are just as liable to sudden obstruc-
tion. An endotracheal tube with its lumen gradually nar-
rowed by the buildup of detritus on its luminal surface may
suddenly get completely occluded if a relatively small clot or
a plug of inspissated sputum should lodge in its orifice. A
medical emergency then presents itself. Rare causes of endo-
tracheal tube obstruction include kinking or external pres-
sure by an overinflated cuff; a cuff can occasionally “herniate”
into the lumen of the tube. Distress in an awake patient,
coupled with the activation of the high airway pressure alarm
and possibly a drop in oxygen saturation, is the clue to the
problem. In such situations when the patient is taken off the
ventilator and “bagged,” the bag appears stiff and unyielding
to manual compression. A suction catheter passed down the
endotracheal tube may get impeded by the blockage. If the
endotracheal tube cannot be immediately unblocked, it must
be replaced with a fresh tube on an emergency basis.

10.2.2 Airway Drying

Normally a thin film of moisture should be visible on the
inner surface of the endotracheal tube. If the endotracheal
tube is dry, this implies that local airway hydration may be
less than optimal. Lack of airway hydration leads to inspissa-
tion of airway secretions and predisposes to blockage of the
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endotracheal tube. Keeping the inspired air humid safeguards
against occlusion, but obstruction can nonetheless occur.
When a partial blockage of the endotracheal tube is sus-
pected, the tube should be replaced in the interest of safety.
Attempts to unblock the tube by instilling copious quantities
of fluid down its lumen may be rewarded by the subsequent
occurrence of ventilator-associated pneumonia. Where heat-
moisture exchangers are used, their contamination with
expectorated secretions may increase airway resistance sub-
stantially, thereby increasing the work of breathing.

10.2.3 Upward Migration of the Endotracheal
Tube

The downward migration of the endotracheal tube has been
discussed above. The endotracheal tube can also migrate
upward. Ventilator circuitry and HME filters exert consider-
able traction on the endotracheal tube and tend to drag it up
and out. Surprisingly, a high tube location may sometimes go
undetected. This could happen even with the endotracheal
tube tip lying in the pharynx because some ventilation can
still occur. The movements of a poorly sedated or agitated
patient can result in tube migration, and even in extubation.

10.2.4 Self-Extubation

The frequency of self-extubation is surprisingly high."
Unplanned extubation is usually deliberate on the part of the
patient.”” The removal of the endotracheal tube by a physio-
logically unstable patient can have catastrophic results. When
self-extubation occurs during weaning, the need for reintuba-
tion is predictably less.” The consequences of unplanned
extubation and reintubation are an increased risk for ventila-
tor-associated pneumonia, a protracted ICU stay,™ a longer
time spent on the ventilator,® and overall, a longer hospital-
ization. Patients who are uncooperative due to disorientation
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or other factors must be restrained or sedated as appropriate
to prevent this dangerous complication. Keeping the patient
as comfortable as possible, and matching ventilator settings
to the patient’s needs, may go a long way toward preventing
self-extubation.

10.2.5 Cuff Leak

The cuff of an endotracheal tube can sometimes leak. Apart
from allowing pooled secretions to trickle down into the
lower airways (and thereby increasing the risk of ventilator-
associated pneumonia), a cuff leak can result in sudden loss
of airway pressures, especially when PEEP is used, causing
autocycling of the ventilator. A cuff leak may manifest itself
by the sudden ability of an intubated patient to vocalize.

10.2.5.1 Dynamic Hyperinflation

Inspiration during positive pressure breathing is followed by
passive exhalation, at the end of which the thorax returns
to its resting state. At this point the elastic recoil that tends to
collapse the lung is counterbalanced by the forces that tend
to pull the thoracic wall outward. The volume of air contained
in the lung at this point is termed the functional residual
capacity (FRC). Delivery of a premature inspiratory breath
before the exhaling lung has reached its FRC results in air
trapping. In practice, this occurs if there is delayed lung emp-
tying due to some reason.

The failure of the lung to empty to a FRC that is appropri-
ate for the level of set PEEP is termed dynamic hyperinfla-
tion (DH). Although the terms DH and auto-PEEP (also
known as intrinsic PEEP, PEEP) are often used synony-
mously, auto-PEEP is really the consequence of DH and is
the buildup of alveolar pressure relative to atmospheric pres-
sure. Under normal circumstances at end-expiration (in the
absence of DH and PEEPi), the alveolar pressure must equal
the atmospheric pressure, since at end-expiration there is no
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flow of air through the bronchial tree. However, in the pres-
ence of auto-PEEP, despite the cessation of airflow at end-
expiration, there is no equalization of pressure between the
alveoli and the mouth and alveolar pressure continues to be
positive, relative to the central airway pressure.

It is important to realize that auto-PEEP does not always
reflect DH. In a well-sedated and/or paralyzed patient who is
not making active respiratory effort, auto-PEEP can only
result from DH. However, in a patient who is making active
attempts at exhalation, either because of a high respiratory
drive or on account of increased expiratory resistance
(because the expiratory muscles are trying to squeeze out the
air through narrowed airways), a measurable auto-PEEP
may occur even in the absence of DH.

DH may be the consequence of any factor that prevents
exhalation in the allotted time (See Fig. 10.1).

When auto-PEEP occurs in the absence of DH, the resting
position of the lung is actually below its usual FRC, since the
expiratory muscles are actively engaged in squeezing the tho-
rax to a smaller volume. In this case, the cycling of the tidal
volume is not near the total lung capacity (the lung is not
overinflated) and the work of breathing is not unduly high.

Set expiratory I:E ratio too

time too short high

Tidal volumes Respiratory

rate too high

Dynamic
hyperinflation occurs
due to an inability to
exhale the tidal
volumes completely
within a given
expiratory time.

too high

FIGURE 10.1. Dynamic hyperinflation: mechanisms of causation.
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Machine related causes Patient related causes

* A partially blocked or kinked
endotracheal tube

* Clogging of the circuits by water or
secretions

Bronchospasm

Mucosal edema

Airway inflammation
Profuseness of airway secretions

e o o o

* A poorly functioning expiratory valve

FIGURE 10.2. Causes of dynamic hyperinflation.

When DH exists, however, work of breathing is high, and
triggering of the ventilator becomes difficult. To trigger the
ventilator, the patient has to first generate a negative pres-
sure to overcome the auto-PEEP that DH has produced. In
contrast, when auto-PEEP occurs in the absence of DH, there
is no difficulty in triggering the ventilator. Finally, DH, by
increasing mean airway pressure, also has an unfavorable
impact on the systemic circulation.

Treatment strategies for DH are directed at improving
lung emptying. Decreasing the I:E ratio increases the time
available for expiration. Reducing the minute volume also
decreases the air trapping (when the tidal volume is reduced,
a lesser amount of air has to be expired in the available expi-
ratory time. If the respiratory rate is decreased, both the
inspiratory and expiratory times increase as a result of pro-
longation of the entire respiratory cycle. The increased expi-
ratory time permits more complete exhalation).

Ventilation with a low minute ventilation often involves
the acceptance of a PaCO, in the higher ranges (permissive
hypercapnia), which is the price of preventing lung injury.
Finally, to offset the high work of breathing imposed by auto-
PEEP that is due to DH, a small amount of external PEEP
can be added (equal to 75% of the auto-PEEP). This reduces
the pressure gradient against which the patient must inspire
and makes for more comfortable breathing on the spontane-
ous modes. When auto-PEEP is present in the absence of
DH, such a measure is unnecessary and the addition of exter-
nal PEEP serves no purpose.
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g N\
Box 10.2 Too Little Time to Exhale

‘I shall describe a sign which promises to be of the greatest
importance in diagnosis. By making the patient perform a
number of forced inspirations rapidly...the repetition of the
inspiratory efforts cause such an accumulation of air in the
diseased portion of the lung as ultimately to prevent its fur-
ther expansion. The results of this experiment are easily
explained by referring to the difficulty of expiration which
occurs in this disease’.

William Stokes in Diseases of the Lung and Windpipe, 1837

(& )

10.2.6 Ventilator-Associated Lung Injury (VALI)
and Ventilator-Induced Lung Injury (VILI)

An injured lung is susceptible to further injury. Mechanical
ventilation is itself capable of producing or exacerbating
acute lung damage. The term VALI is used to describe acute
lung injury that develops during the course of mechanical
ventilation. VALI is termed VILI if that mechanical ventila-
tion per se can be causally linked to the ALIL Since VILI can
be practically impossible to prove at the bedside, the term
VALLI is the more commonly used.* VALI presents in a man-
ner identical to ARDS, with radiologic deterioration and
worsening oxygenation (Section 9.4).*

10.2.6.1 Barotrauma

When the alveolar pressure rises excessively relative to the
pressure in the interstitial space, alveolar rupture can occur.
Air can then enter the pulmonary interstitium from where it
can dissect along the perivascular sheaths and make its way
to the mediastinum (pneumomediastinum). In such cases, the
mediastinal pleura may eventually rupture, resulting in a
pneumothorax (Fig. 10.3).356
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stinum toneum emphysema
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Abdominal neck, and
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S——
~— tympany
Tachycardia, i
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———— Tachycardia, V:;hu:ﬁgsz)rri‘_
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visceral and ( Upright CXR, A
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—_—
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q otension
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FiGUrE 10.3. The manifestations of barotrauma.

A pneumothorax in a patient on a mechanical ventilator
must always be presumed to be a tension pneumothorax and

prompt action should be taken.

If the air from a pneumomediastinum dissects up the sub-
cutaneous tissues of the neck and elsewhere, subcutaneous
emphysema occurs. If the air dissects through the fascial
planes down to the peritoneum, a pneumoperitoneum is
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produced. Tension lung cysts and systemic gas embolization
are other manifestations of barotrauma.® A significant per-
centage of pneumothoraces seems to be preceded by the
development of subpleural air cysts which can be visible on
standard bedside films. High airway pressures doubtless
engender barotrauma, but contrary to earlier thinking, it is
more likely that high plateau (pause) pressures rather than
peak airway pressures are predictive of this complication.®
The major determinant in alveolar overdistension and injury
(see volutrauma below) seems to be the transpulmonary
pressure (the pause pressure minus the intrapleural pres-
sure). A transpulmonary pressure in excess of 30-35 mmHg
in normal lungs is likely to be associated with alveolar over-
distension. A pause airway pressure of 35 mmHg appears to
represent a threshold above which the risk of barotrauma
increases substantially (Fig. 10.4)."

Volutrauma: A large number of animal studies have shown
that alveolar overdistention during positive pressure breathing
can cause pulmonary edema, increased epithelial and endothe-
lial permeability, and diffuse alveolar damage, leading to a

Measures directed at lowering the plateau pressure
Reduction in the tidal volume
PEEP-lowering measures PEEP:
Consideration to increasing sedation (and possibly the administration of paralyzing agents).
The specific treatment of the various conditions is given below:

Pneumomediastinum | Pneumoperitoneum

Pneumothorax

Closed chest
drainage (see
text)

Supportive measures are
adequate in most cases,
since the condition is
generally self-resolving

Tension
pneumomediastinum
In the rare tension
pneumomediastinum,
mediastinotomy Shennib
should be performed
and a drain left is situ
post-operatively.

This is also self limited
complication. Supportive
treatment frequently
suffices.

Tension
Pneumoperitoneum
In this extremely rare
condition, surgical
drainage of the air must
be carried out to releive
the compartment
syndrome.

Subcutaneous
emphysema

Again, this condition is
self-limited. Although in
theory, a compartment
syndrome due to
subcutaneous
emphysema is possible,
it has not yet been
reported.

FiGURE 10.4. Possible actions directed at lowering the plateau pressure.
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condition indistinguishable from the acute respiratory distress
syndrome.”™ " Experimentally, this form of lung injury can be
limited if the lung is prevented from overdistending even in
the face of high airway pressures.””- * The term volutrauma has
therefore been used to describe this form of lung injury to
distinguish it from barotrauma, because the inciting event
appears to be alveolar overstretching at end-inspiration, rather
than high airway pressure.

In other words, large tidal volumes have a damaging
effect independent of the positive pressures that they pro-
duce. Consequently, there has been a paradigm shift in strat-
egy, from ventilation of patients with relatively high tidal
volumes (10 mL/kg) to low tidal volumes (6 mL/kg), espe-
cially in the setting of ARDS (where the patient must be
visualized as having “baby lungs”). In ARDS, volutrauma
may be minimized by using low tidal volumes (to the order
of 6 mL/kg or even lower). The simultaneous application of
PEEP to keep the alveoli from collapsing prevents the need
for excessively large pressures for opening up collapsed
alveoli. PEEP by obviating the need to repetitively open up
collapsed alveoli during each inspiration (tidal atelectasis)
reduces the shearing forces that operate at the interface
between collapsed and patent alveoli. Atelectrauma, as it is
called, is thus prevented.*> For further discussion on VALI
see ARDS section 9.4.

The use of these two strategies together — the application
of PEEP together with low tidal volumes — may be successful
in minimizing lung injury in ARDS. The low tidal volumes are
liable to produce hypoventilation, but the PaCO, may be
allowed to rise in a controlled manner in order to avoid dan-
gerously high airway pressures: this is called permissive
hypercapnia (section 9.4).

Biotrauma: Biotrauma is a relatively recently recognized
form of lung injury.'” Inflammatory cytokines are released
from the lung in response to alveolar overdistension.”
Deformation of cells or of cellular receptors may induce bio-
chemical responses through mechanisms that are as yet obscure,
a phenomenon that has been termed mechanotransduction.
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These cytokines, which appear to be predominantly produced
by the alveolar macrophages,” are thought to seep from the
lungs into the systemic circulation. This provides a possible
explanation of how mechanical ventilation can itself contribute
to end organ failure.!”

Strategies of mechanical ventilation modes that employ
high tidal volumes with low PEEP have been shown in exper-
imental animals to increase the risk of bacterial translocation
from the lung to the systemic circulation; the predisposition
to this seems to be reduced by the addition of PEEP"!" This,
in the clinical context, could mean higher chances of bacter-
emia from a pneumonic lung if a “high-tidal-volume low-
PEEP” strategy is used to ventilate the patient. Another
drawback of a no-PEEP strategy can be the potential occur-
rence of cyclical atelectasis, or repetitive alveolar closure with
each respiratory cycle, as set out above. For further discussion
see section 9.4.

It appears, therefore, that the best strategy is to open up
the lung (recruit alveolar units) and hold it open, using low
tidal volumes and generous amounts of PEEP. Such an
approach, called the open lung strategy, envisages PEEP as
an internal splint for the unstable alveoli to prevent collapse
of unstable alveolar units at end-expiration.

Lung injury can be compounded by the administration of
high concentration of O,. This has been discussed at a later
stage section 10.4.

10.3 Delayed Complications (Fig. 10.5)

10.3.1 Sinusitis

Sinusitis is a relatively recently recognized complication of
endotracheal intubation. Nasotracheal intubation is espe-
cially likely to result in sinusitis. Sinusitis can also occur as a
consequence of the mucosal inflammation that nasogastric
tubes produce. Bacterial sinusitis may be an important cause
of nosocomial pneumonia, though the evidence for this is as
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FIGURE 10.5. Delayed complications of mechanical ventilation.

yet circumstantial. A more detailed discussion on sinusitis
can be found in Chap. 11

10.3.2 Tracheoesophageal Fistula

Tracheoesophageal fistula occurs in less than 1% patients, but
carries with it an extremely high mortality.**

High endotracheal tube cuff pressure can compromise the
capillary perfusion of the tracheal mucosa and lead to isch-
emic necrosis. Tracheal mucosal injury can be quite insidious
and a fistula can go unrecognized until it is quite large.

Air leakage around the cuff or a substantial increase in
tracheal secretions may be the first sign of development of a
tracheoesophageal fistula. Seepage of feeds through the fis-
tula into the trachea can lead to bouts of coughing during
feeding and sometimes to the emergence of the food material
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out of a tracheostomy. Distension of the abdomen due to
passage of ventilated air through the fistulous communica-
tion into the stomach may also occur. Passage of gastric con-
tents through the fistula into the tracheobronchial tree
resulting in pulmonary injury is a recognized complication.*
Diagnosis is possible by performing bronchoscopy through
the tracheal stoma. This may be facilitated by the instillation
of methylene blue into the esophagus and noting its appear-
ance in the trachea in the vicinity of the suspected fistula.*
Gastroesophageal endoscopy may likewise reveal the defect,
and a barium contrast may help clinch the diagnosis if the
fistula is too small to detect.

Formal repair is often the only satisfactory solution and the
mortality may be considerable in those patients not treated
thus.'” A variety of techniques for surgical closure have been
described.’ The priorities of management are the relief of the
local pressure on the fistula to facilitate its healing, and the
prevention of aspiration and contamination of the tracheo-
bronchial tree. Positioning the cuff distal to the fistula may
enable the fistula to heal. Jet ventilation has been resorted to
on occasion, the rationale being that it may help diminish air-
way pressure and decrease the air loss through the fistula.”
Delaying repair until the patient has been weaned off the ven-
tilator may have better results.'"! A small fistula involving the
membranous wall of the trachea can be closed directly, but
extensive circumferential tracheal injury necessitates resection
and reconstruction. Creation of a feeding jejunostomy ensures
a functional valve behind the feeds and diminishes the risk of
aspiration. A gastrostomy facilitates gastric drainage.”! Keeping
the patient propped up wherever possible may diminish the
risk of aspiration due to reflux of the stomach contents.

Since a tracheoesophageal fistula in itself can produce con-
siderable morbidity and its treatment is no less debilitating, all
due care must be taken to present its occurrence. This involves
using endotracheal tubes with low-pressure high-volume
cuffs, rather than the older high-pressure low-volume cuffs.
Even so, cuff pressure needs to be meticulously monitored
and its optimization can go a long way toward preventing the
subsequent development of a tracheoesophageal fistula.



10.3 Delayed Complications 325

10.3.2.1 Cuff Pressures

An adequate seal between the ET cuff and the tracheal wall
may be accomplished either with the minimal occlusion tech-
nique or with the minimal leak technique. In the minimal
occlusion technique, the chest piece of the stethoscope is held
against the patient’s larynx as the pilot bulb of the endotra-
cheal tube cuff is first deflated (with prior thorough throat
suctioning) and then gradually inflated with a dry syringe.
With increasing inflation of the pilot bulb, the harsh sound of
the air leakage during the inspiratory cycle of the ventilator
should disappear at some point. The point of disappearance
of this sound indicates that just enough air has been inflated
into the endotracheal tube cuff to provide minimal occlu-
sion.® Alternatively, once the endotracheal tube cuff has been
inflated to a point beyond the disappearance of the sound of
the air leak, air is very gradually let out from the pilot bulb
until the sound of the inspiratory leak is just audible.”
Increased cuff pressures should be suspected when the tra-
cheal air column appears widened on the chest film.* Objective
information of the endotracheal tube cuff pressure is provided
by special manometers for the pilot bulb. Cuff pressure should
be checked frequently — ideally once during each nursing
shift*’ — and restricted to below 20 mmHg (27 cm H,O). When
peak airway pressures are high, a higher cuff pressure is
required to achieve an adequate seal. For instance, one study
found that it took a cuff pressure of 25 cm H,O to prevent a
leak with peak pressures around 35 mmHg (48 cm H,0).” The
requirement of high cuff pressures to prevent air-leak should
prompt consideration of foam-cuffed endotracheal tubes.*
Very low cuff pressures (below 15 mmHg) can make the
patient vulnerable to microaspiration around the cuff and
predispose to ventilator-associated pneumonia.’-®!

10.3.3 Tracheoinnominate Artery Fistula

This dangerous condition is fortunately a rare complication
in ventilated patients.”” It occurs in tracheostomized patients



326  Chapter 10. The Complications of Mechanical Ventilation

when the pressure of the elbow of the tracheostomy tube
produces a full thickness necrosis of the tracheal wall, with
erosion into the innominate artery.’! For this to occur, the
elbow of the tracheostomy tube must lie at a level of the
innominate artery and the erosion should involve the ante-
rior wall of the trachea. Although this is not usual owing to
the normal anatomical disposition of the innominate artery, it
becomes possible when the tracheostomy stoma is created at
a level below the fourth tracheal ring.*'?

Traction on the tracheostomy tube by bulky ventilator
circuitry, and heat-moisture exchangers, can cause the tra-
cheostomy stoma to migrate downwards and result in the
anatomical adjacence of the elbow of the tracheostomy tube
to the innominate artery.

Tracheoinnominate fistulae generally take 48 h or more to
develop. Sometimes the development of a large exsanguinating
bleed may be preceded by a warning hemorrhage of bright red
blood, and disregard for this important sign can lead to a cata-
strophic bleed later on. Thus, if occurring more than 48 h after a
tracheostomy has been done, even a mild bleed should be taken
cognizance of and a diagnostic bronchoscopy performed.?'*

Once a tracheoinnominate fistula develops, the bleed is
frequently devastating and often results in mortality.”” For
immediate control, hyperinflation of the cuff of the tracheo-
stomy tube may be tried, failing which, replacement of the
tracheostomy tube by a orotracheally passed endotracheal
tube should be done to permit manual compression of the
innominate artery by a finger inserted through the tracheos-
tomy stoma; pressure exerted in an anterior direction enables
the compression of the innominate artery against the poste-
rior part of the sternum until the patient can be taken to the
operating theater for urgent surgical control of the bleed.

10.3.4 Tracheocutaneous Fistula

This too is a rare complication, usually following protracted
use of a tracheostomy tube, which causes the tracheostomy
stoma to become epithelialized.*®
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Dermal inflammation with the chronic discharge is often
troublesome; difficulty in phonation may also occur. The
patient may show vulnerability to recurrent lower respiratory
tract infection.

10.4 Oxygen-Related Lung Complications

For reasons mentioned below, a high fraction of inspired oxy-
gen (FIO,) can be detrimental. Indeed, the fact that oxygen
could be potentially destructive was recognized soon after its
acceptance as a major therapeutic drug. The lung is the organ
that by its very purpose is constantly exposed to the highest
concentrations of oxygen in the body. As a result, the tracheo-
bronchial and alveolar epithelial cells are at the greatest risk
for injury, should they be constantly exposed to a high con-
centration of oxygen* (Fig 10.6).

Oxygen-related lung problems encompass a wide range of
respiratory syndromes. The common denominator underlying

e Physiological ;
Clinical syndromes derangements Cytological changes
¢ Tracheobronchitis ¢ Decreased vital * Decreased tracheal
Adsorptive capacity mucus flow velocity
atelectasis Decreased lung Decreased alveolar
Hyperoxic compliance macrophage
hypercabia Decreased D o function4

Diffuse alveolar
damage (DAD)
Bronchopulmonary
dysplasia

FiGURE 10.6. Oxygen-related lung injury.
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many of the manifestations of oxygen-induced injury seems
to be toxic oxygen radical-induced cellular damage (see
below). Oxygen species such as the superoxide anion, the
hydroxyl radical, and hydrogen peroxide have been shown to
interfere with the functioning of intracellular macromole-
cules. Oxygen by its propensity to be rapidly absorbed
through the alveolocapillary membrane is capable of causing
collapse of the portion of lung behind a blocked bronchus.
Also oxygen may possibly suppress the respiratory drive in a
certain subset of patients, resulting in ventilatory depression.

10.4.1 Tracheobronchitis

Oxygen therapy in healthy volunteers can lead to substernal
discomfort, dry cough, and a pleuritic pain on inspiration,
especially if the oxygen being respired is not adequately
humidified.”® Together, these symptoms lead to a sense of
dyspnea. These symptoms, which normally occur within 24 h
of commencing supplemental oxygen, have been ascribed to
a combination of several factors. Bronchoscopically, airway
mucosal changes have been observed to develop within hours
of administering a high concentration of oxygen.* “Hyperoxic
tracheobronchitis,” along with a variable component of
adsorptive atelectasis, has been regarded as being responsible
for many of the nonspecific symptoms that can occur at early
stages of oxygen therapy (Fig. 10.6).18

10.4.2 Adsorptive Altelectasis

The partial pressure of oxygen is lower in the alveoli than in the
pulmonary capillary blood. As a result, if a portion of the lung
parenchyma gets sequestered from its connections with the
tracheobronchial tree due to obstruction in the airways (such as
a mucus plug), the oxygen contained within the obstructed seg-
ment of the lung is rapidly absorbed into the pulmonary circu-
lation. This results in a loss of volume of the obstructed lung or
lobe.
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Oxygen is absorbed much more rapidly than nitrogen.
Therefore, if bronchial obstruction occurs in a patient breath-
ing high fractions of oxygen, absorption is much faster and
collapse of the obstructed segment much more rapid. It
has been shown that air from the obstructed portion of a
normally healthy lung takes 18-24 h to get absorbed, but
when a patient is breathing high fractions of oxygen, collapse
may be up to 60 times more rapid®; indeed, atelectasis may
be radiologically apparent within the hour.*

Regions of low-V/Q mismatch are more prone to absorp-
tive atelectasis, since it is in these regions that ventilation is
poor, and the oxygen enriched air in the alveoli that is
absorbed by alveolar capillaries is not replenished. The
administration of low tidal volumes also promotes early
alveolar closure. Similarly, a high metabolic rate can theoreti-
cally facilitate oxygen absorption from the alveoli.**

Closure of perfused alveoli leads to the development of a
right to left shunt. The degree of this shunt can be quite vari-
able, but may be substantial, especially in the elderly'®; the
shunt can also be slow to respond to the corrective measures.*

10.4.3 Hyperoxic Hypercarbia

In normal individuals breathing supplemental oxygen, a
slight stimulation of ventilation occurs due to the Haldane
effect®! (Fig. 10.7).

Traditional teaching has it that the respiratory center of
the COPD patients is accustomed to the relatively high level
of PaCQO, that such patients frequently accumulate; the respi-
ratory drive having been blunted by its constant exposure to
the elevated PaCO,, the respiratory center relies on a degree
of hypoxia to stimulate it. It has been widely advocated that
COPD patients be guarded from high levels of supplemental
oxygen, which could theoretically abolish the hypoxic drive
that is necessary for them to breathe.

Although hypercapnia undoubtedly does occur in situa-
tions where COPD patients are administered high-flow oxy-
gen, there has been considerable rethinking about the
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Hyperoxia:

Oxygenation of hemoglobin

Release of CO, and H*
from hemoglobin (the
Haldane effect)

Increase of PaCO, has a
mild stimulatory effect on
the respiratory drive

FIGURE 10.7. Hyperoxia in normal individuals stimulates the respi-
ratory drive.

possible underlying mechanisms.>®® Ventilatory responses of
COPD patients to supplemental oxygen may also depend on
whether or not the COPD is in acute exacerbation.®

It now appears that a reduction in ventilation contributes
to a relatively small degree to the hypercapnia provoked by
high levels of supplemental oxygen.” The major mechanism
that produces hypercapnia in these circumstances appears to
be an increase in dead space ventilation. When regional
hypoxia occurs, there is a reflex shutdown of the areas of the
pulmonary microcirculation that supply the hypoxic alveolar
units. This protective reflex ensures that an inappropriate per-
fusion of unventilated units does not occur. The blood circula-
tion is, thus, preferentially directed to the relatively better
ventilated units, reducing the dead space ratio. This results in
better V/Q matching, which has a favorable effect on the
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Traditional hypothesis{ | Haldane effect: Increase in dead-
space ventilation:

Hyperoxia Hyperoxia Hyperoxia

4

Loss of the reflex
Abolition of hypoxic O, displaces CO, from

. . A - H hypoxic
respiratory drive binding sites on Hb VECEeETEiE e
Hypoventilation leads "€ dlislp'fce.d Ct:h02 Increase in dead-space
to rise in PaCO, actlzu u'ates In the ventilation results in a

plasma raising rise in PaCO,

the PaCO2

FIGURE 10.8. Mechanisms of hyperoxic hypercarbia in COPD patients.

blood oxygen levels. When an inappropriately high fraction of
oxygen is administered to such patients, it is likely that there
is loss of the reflex hypoxic vasoconstriction. Physiological
dead space increases with worsening hypercapnia (Fig. 10.8).2
A small component of the hypercapnia also comes from the
Haldane effect. This effect is due to the relatively poor affinity
that CO, has for oxyhemoglobin. When the hemoglobin is well
saturated with oxygen, the CO, that cannot now bind with the
hemoglobin accumulates in the plasma, raising the PaCO,
level.? When the COPD patient is hypoxic, he is operating on
the steep part of the oxyhemoglobin dissociation curve. When
supplemental oxygen is administered, the hemoglobin satura-
tion quickly rises, for on the steep part of the oxyhemoglobin
dissociation curve, even a small increase in PaO, can translate
into a large increment in oxygen saturation. When such a large
increase in saturation occurs, the increase in the PaCO, level
will be commensurately large. In healthy volunteers who are
administered high concentrations of oxygen, the rise in PaCO,
produced by the Haldane effect would cause them to hyper-
ventilate, but a similar effect would be unlikely to occur in
COPD patients who are very tolerant to high PaCO, levels.
Although the relative importance of the above mecha-
nisms has been well elucidated by sophisticated methods, the
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degree of hypercapnia is likely to be less when the FIO, given
is low.” The risk of developing CO, narcosis is greater when
the initial PaO, level (at which O, therapy is commenced or
increased) is low.!%14

It has been seen in a large subset of such patients on sup-
plemental oxygen that following the initial slow PaCQO, rise,
the PaCO, eventually stabilizes at a new high despite contin-
ued oxygen therapy, with no further deterioration.’>®
Nevertheless, extreme caution should be exercised while
administering oxygen to a COPD patient who is not on
mechanical ventilatory support and close monitoring of the
patient is mandatory. To avoid running the risks associated
with high concentrations of inhaled O,, it may be necessary
to target the PaO, to just above 60 mm Hg (at which level
hemoglobin is usually adequate), rather than try to achieve a
more “physiological” PaO, (around 100 mm Hg) at the cost
of oxygen-related complications. Remedial action for a pro-
gressive rise in PaCO, should not include abrupt cessation of
oxygen with the intention of kicking up the respiratory drive
in order to forestall intubation and ventilation. Such an
action is likely to result in a precipitous fall in PaO,, with
potentially disastrous consequences (see case example 11 in
chapter 18). Rather, the FIO, should be reduced to 0.24-0.28,
in order to keep the oxygen saturation at a reasonable level.

10.4.4 Diffuse Alveolar Damage

Molecular O, by itself is relatively innocuous, but when
reduced to reactive oxygen radicals, such as the superoxide
anion (O,), the hydrogen peroxide (H,0,), and the hydroxyl
radical (OH"), can cause tissue injury (see Fig 10.9). Because

+ + e + e + e
e + 2H + H + H

FiGurE 10.9. Toxic oxygen radicals.
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of their avidity for electrons, the toxic free radicals tend to
rob the nearby enzymes, lipids, and DNA of electrons, thereby
inactivating them. In particular, the hydroxyl radical and the
peroxynitrite anion (the latter is the product of the reaction
between H,O, and NO") can prove severely damaging
(Fig. 10.9).

In general, the higher the concentration of inspired oxygen
and the longer that it is inspired, the more the likelihood of
alveolar injury (diffuse alveolar damage). No absolute con-
centration appears to be safe, although it is widely held that
FIO, at or below 0.5 is unlikely to induce harm even when
inhaled for prolonged periods."* A lung with ongoing alveo-
litis is more likely to suffer damage than a normal lung. The
detrimental effects of oxygen on the lung parenchyma appear
to be potentiated by drugs such as bleomycin® and amio-
darone and by external radiation.

10.4.5 Bronchopulmonary Dysplasia

Described by Northway in 1969, this condition occurs as a
result of poorly understood pathologic pathways in prema-
ture infants who have received high concentrations of oxy-
genforseveraldays.Characterized by necrotizing bronchiolitis,
squamous metaplasia of the bronchial lining cells, thickening
of alveolar walls, and peribronchial and interstitial fibrosis,
this entity results in oxygen dependence of the infant for at
least a month, but more usually for up to 6 months after birth.
Although symptoms generally resolve by the age of 2 years,
evidence of pulmonary dysfunction can persist, usually in the
form of lung function abnormalities, for several years.

Strategies to minimize oxygen toxicity have been discussed
in chapter (section 5.11).

10.4.6 Ventilator-Associated Pneumonia

VAP has been dealt with in the chapter that follows (Chap. 11).
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Chapter 11

Ventilator-Associated
Pneumonia

The area of the alveolar epithelium of the lung is approximately
70 m?. This area is constantly in contact with the ambient air
and is therefore vulnerable to contamination with airborne
microbes and particles of respirable size. Due to the configura-
tion of the respiratory tract, airborne particles having diameters
in the range of 0.5-2.0u can reach and deposit in the terminal
part of the tracheobronchial tree — most bacteria are of this size.
In reality, very few bacteria cause infections by spreading via
the airborne route (e.g., mycobacteria, viruses, and legionella).
Most bacteria cause pneumonia by first colonizing the upper
respiratory tract and later descending into the tracheobronchial
tree.

In contrast to the lower airways, the upper airways are
literally teeming with microorganisms, and a multitude of
these flourish here even in good health. The majority of them
are anaerobes, and these outnumber the aerobes by approxi-
mately 3-5 times.

Colonization of the oropharynx begins soon after birth,*®
initially by E. coli and other transient contaminants. After a few
days, the flora begins to resemble the adult commensal flora,
with disappearance of gram-negative rods and appearance of
Streptococcus salivarius, the lactobacilli, and other anaerobic
bacteria. Distinct ecological niches exist within the oral cavity —
in areas that are otherwise in anatomical continuity — and in
each of these, the dominant organism may differ. A small per-
centage of normal adults, persistently harbor gram-negative
rods in their oropharynxes'® (see below).
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In healthy adults, the upper respiratory secretions gener-
ally contain ten to 100 million organisms per mL of secretion.
The number sharply rises in gingivodental disease, when the
levels may increase almost 1,000-fold.” During sleep, even in
healthy individuals, small quantities of upper airway secre-
tions are aspirated into the tracheobronchial tree. About
45% of normal subjects aspirate small quantities during sleep.
A much greater proportion of individuals aspirate pharyn-
geal secretions during sickness. In sick persons, not only is
aspiration more frequent but the aspirated flora is different.

Airway mucosa is histologically quite similar, from the
nasopharynx through the trachea down to the conducting
airways, and is composed of ciliated epithelial cells. Receptors
present on epithelial cells allow bacteria to bind to the
mucosa via protrusions from bacterial cells called adhe-
sions.'” In health, the adherence of normal oropharyngeal
bacteria to the epithelial cells of the pharynx prevents gram
negative aerobes from gaining a foothold on the pharyngeal
mucosa, as does the phenomenon of interbacterial inhibition.
In less than 1-6% cases, the upper airways of normal subjects
are colonized by gram-negative bacteria.

In hospitalized patients, particularly those admitted to
intensive care units, proteases eliminate the fibronectins from
the epithelial cell surfaces, and a significant change occurs
within the oropharyngeal flora. Fibronectins normally prevent
bacterial adherence to epithelial surfaces and when the
fibronectin film is removed, the adherence of pathogenic bac-
teria to the oropharyngeal epithelium is facilitated. Increased
bacterial adherence leads to colonization of the upper respira-
tory tract by enteric gram-negative bacteria, and this predis-
poses to the later development of nosocomial pneumonia
(NP). The incidence of colonization with gram-negative rods
mounts with the gravity of the illness™ as well as with the
degree of supportive care required by the patient.'

Once gram negative aerobes colonize the oropharynx, the
stage is set for the aspiration of these noxious organisms into
the lower respiratory tract, with the potential peril of NP. The
link between NP and oropharyngeal colonization has been
established by several studies. In one study, NP occurred in 23%
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of patients in whom prior oropharyngeal colonization was
documented, but in only 3.3% of noncolonized patients.”

11.1 Incidence

Ventilator-associated pneumonia (VAP) is a form of NP, and
several mechanisms of pathogenesis are common to the two.
NP is the most common infection in the ICU and the most
deadly of all nosocomial infections. It is the second most com-
mon nosocomial infection overall, second only to urinary
tract infection.® Although prevalence has been shown to vary
between 12 and 29% in different studies,*” the mortality rate
of NP has been uniformly high (20-50%).'*’ The case fatality
ranges between 25 and 33% in most studies,” though pneu-
monia is not necessarily the cause of death in these
patients.®

Mechanically ventilated patients have extremely high
infection rates — the incidence of NP may be 17-23% higher
in intubated patients. This means that approximately one of
every four mechanically-ventilated patients will get NP at
some stage during the course of mechanical ventilation.

The crucial distinction of the ventilated patient is the pres-
ence of an endotracheal tube. This by itself (along with certain
other factors associated with the care of a mechanically-
ventilated patient) predisposes the patient to pneumonia.
Ventilated patients may be at 6-20-fold greater risk of con-
tracting pneumonia than are other hospitalized patients.*®
VAP has an even greater mortality rate than NP: the attribut-
able mortality rate of VAP can be as high as 30-50%.%

Patients with other comorbidities are prone to NP: smok-
ing, COPD, ARDS, organ failure, major surgery, trauma,
burns, and hypoalbuminemia.

11.2 Microbiology

The responsible flora in NP is polymicrobial in many cases,
but the dominant organism usually varies from center to cen-
ter. Aerobic gram-negative bacilli are frequently isolated.
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Together with Staphylococcus aureus, they may account for
as many as 50-70% cases of VAP>%»

The poor outcome in patients with VAP has been strongly
linked to the inappropriateness of initial antibiotic therapy.
Since initial antibiotic strategy assumes such profound impor-
tance, it is essential to realize that initial antibiotic treatment
will almost always be empirical — as no test is likely to reveal
the etiological agent at a time when initiation of antimicrobials
is a medical urgency. It is therefore vital to include under the
antibiotic umbrella the most likely etiological agents. Since dif-
ferent organisms prevail in different clinical circumstances —
and indeed in different medical units — attempts have been
made to formulate guidelines for initial antibiotic therapy
depending on the clinical scenario.

Pneumonia developing in less than 5 days from the time of
admission (early NP) is likely to be caused by organisms colo-
nizing the patient’s upper respiratory tract at the time of
intubation® — viz., microorganisms that were acquired in the
community: this flora is generally drug sensitive — except if
antibiotics have been administered recently, or if hospitaliza-
tion has occurred in the last 90 days. The most common
community-acquired pathogens include Streptococcus pneu-
moniae, Hemophilus influenzae, and Methicillin-sensitive
Staphylococcus aureus (MSSA); so antibiotic therapy is
directed against these (Fig. 11.1).

Microbiology of early ventilator- Microbiology of late ventilator-
associated pneumonia associated pneumonia
» Streptococcus pneumoniae » Streptococcus pneumoniae
* Hemophilus influenzae * Hemophilus influenzae
* Methicillin-sensitive * Methicillin-sensitive
Staphylococcus aureus (MSSA) Staphylococcus aureus (MSSA)

* Pseudomonas aeruginosa

* Acinetobacter

* Methicillin-resistant
Staphylococcus aureus (MRSA)

FIGURE 11.1. Microbiology of ventilator-associated pneumonia.
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The flora in late NP is different: it includes bacteria that
are not part of the usual group of community-acquired
pathogens — the Pseudomonas aeruginosa, Acinetobacter
species and Methicillin-resistant Staphylococcus aureus
(MRSA). , not only is the pattern of antibiotic susceptibility
different, but these organisms tend to be multidrug resistant,
having thrived on the antibiotic-rich milieu of the intensive
care units wherein they proliferate. Predictably, the outcome
in this group is palpably worse: not only is this related to the
problem of drug resistance, but also to the inadequacy of
initial antibiotic prescription which does not always cover
these organisms within its ambit.

Different authors have proposed different time-frames for
distinguishing between early from late VAPs: a cutoff period
of 3 days appears to work just as well as one of 7 days, though
a 4 day cutoff (4 days or less, vs. 5 days or more) is the most
usually used to set the two apart.

Viral and fungal NPs rarely occur in immunocompetent
hosts.

11.3 Risk Factors

Risk factors specific to certain clinical circumstances have
been set out in Table 11.1 below.'*

11.3.1 The Physical Effect of the Endotracheal
Tube

As mentioned earlier, the endotracheal tube increases the
risk of pneumonia by severalfold. It provides a direct conduit
for bacteria to the tracheobronchial tree, bypassing the
defenses of the upper respiratory tract. It also interferes with
the cough reflex which is an important protective mechanism
for the airway. During breathing, the endotracheal tube
moves upon the tracheal mucosa (which is especially suscep-
tible to damage in the vicinity of its tip and also in the region



348  Chapter 11. Ventilator-Associated Pneumonia

TasLE 11.1. Clinical risk factors specific to pathogens.

Specific risk factor Pathogen

Aspiration Anaerobes

Diabetes mellitus Methicillin-sensitive Staphylococcus aureus
Chronic renal failure Methicillin-sensitive Staphylococcus aureus
Steroid therapy Legionella, Aspergillus

Prior antibiotic therapy = Pseudomonas, Acinetobacter, Enterobacter
Structural lung disease Pseudomonas

Abdominal surgery Anaerobes, Enterococcus

Coma Methicillin-sensitive Staphylococcus aureus

Prolonged Pseudomonas, Acinetobacter, Enterobacter
hospitalization

Intravenous drug abuse = Methicillin-sensitive Staphylococcus aureus

COPD S. pneumonia, H. influnzae, M. catarrhalis

Trauma Methicillin-sensitive Staphylococcus aureus

of the cuff).” The denudation of the airway epithelium
encourages bacterial adherence with subsequent airway colo-
nization.” By a foreign-body effect, it also promotes reflex
mucus secretion.

11.3.2 Alteration of Mucus Properties

Apart from the overt tracheobronchitis that may be induced
by endotracheal or tracheostomy tubes, a chronic low-grade
inflammatory state may exist in the intubated patient that
may promote the binding of gram-negative bacteria to the
airway epithelium; this may be more important in the distal
airways than in the proximal.

One of the important functions of respiratory tract secre-
tions is to trap and neutralize bacteria. To facilitate such an
action, airway secretions contain IgA, lactoferrin, and certain
bactericidal enzymes. The bacteria and particulate matter
trapped in the blanket of mucus that covers the respiratory
mucosa are propelled out of the tracheobronchial tree by the
coordinated beating of the cilia.

The role of the mucus itself may be quite complex. It is
believed that to trap germs, the mucus itself must have
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receptors for bacteria. If there is reflex mucus hypersecretion
as a result of presence of an endotracheal tube, this may
mean that more mucus receptors are present for bacterial
adherence. The receptors might then serve as a bridge
between the bacteria and respiratory epithelium. On the
other hand, respiratory mucins may inhibit bacterial binding
to the tracheal epithelium by themselves preferentially bind-
ing to the bacteria. Either or both the above may be true — the
complex interactions between bacteria, mucins and respira-
tory epithelium are as yet far from clear.”

11.3.3 Microaspiration

Pooling of throat secretions frequently occurs above the cuff
of the endotracheal tube, and microaspiration between the
cuff and the tracheal mucosa is always possible; this could
potentially transmit microbes (that have multiplied in the
sump created by the pooling of secretions above the endotra-
cheal tube cuff) down into the tracheobronchial tree.® The
low-pressure high-volume cuff in contemporary use is more
effective at preventing aspiration than is the high-pressure
low-volume cuff. This is because the low-pressure high-
volume cuff lies more closely in apposition with the tracheal
wall and assumes the shape of the tracheal lumen with which
it is in contact, thereby more reliably preventing aspiration.
The possibility of epithelial injury is understandably higher
with the low-volume high-pressure cuffs,” but inadvertent
overinflation of a low-pressure high-volume cuff may prove
just as detrimental.'®*

11.3.4 Biofilms

The luminal surface of the endotracheal tube is invariably
contaminated by bacteria-laden secretions coughed out by
the patient: it has been shown that within 2 days, the endo-
tracheal tubes of three-fourths of all severely ill patients
do get colonized.'”® These bacteria become embedded in a
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biofilm (glycocalyx) which thinly coats the inner surface of
the endotracheal tube. Here, sheltered from the host defenses
and antibiotics, these bacteria multiply to enormous num-
bers.!*® If for some reason, the glycocalyx with its high popu-
lation of bacteriais dislodged from the wall of the endotracheal
tube and enters the tracheobronchial tree, it carries down
with it a high burden of infection which can overwhelm host
defenses. Such dislodgement is possible when the biofilm is
stripped off the tube wall by suction catheters or broncho-
scopes, or washed down by liquids deliberately instilled
down the endotracheal tube.

e N
Box 11.1 The Endotracheal Tube and Lower
Respiratory Tract Infection

Direct conduit for microorganisms by bypassing the
upper respiratory tract

Interference with the cough reflex

Denudation of the tracheal mucosa by fricative

11.3.5 Ventilator Tubings

Like the endotracheal tubes, ventilator tubings can get colo-
nized by bacteria that originate in the patient’s secretions.
Understandably, colonization is heaviest in the part of the
ventilator tubing closest to the patient.’’ The expiratory limb
of the ventilator circuit has been found to become colonized
approximately after 2-4 days of initiation of mechanical ven-
tilation.* Eighty per cent of ventilator condensates are con-
taminated by bacteria, presumably from the patient’s own
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respiratory tract.” The accumulation of pooled condensate in
the ventilator tubings provides a haven for bacteria to multi-
ply, sheltered from host defenses and from the effects of
antibiotics. When parts of the ventilator tubing are elevated
as in the act of raising the bedrail, or when the position of the
patient is changed, this condensate may find its way down the
endotracheal tube, carrying with it a large “amplified” popu-
lation of bacteria.*

11.3.6 Gastric Feeds

The normally acidic gastric juice discourages the survival of
microbiological flora within the stomach, which is therefore
sterile. With advancing age and malnutrition, or in achlorhy-
dric states, or indeed with the use of certain drugs that
increase the gastric pH," the stomach is liable to get popu-
lated with bacteria. Gram-negative bacteria proliferate expo-
nentially with rising in gastric pH: the use of antacids and H,
blocking agents in the ICU has been shown to be associated
with increased gastric colonization.’

It appears that the gastric contents can reach the lungs in a
number of ways. Recumbency encourages retrograde move-
ment of the gastric contents up the esophagus, facilitating
oropharyngeal colonization. Large volume gastric feeds that
overwhelm the limited emptying time of the stomach in criti-
cally ill patients further encourage reflux. Nasogastric tubes,
especially of wide bore interfere with the functioning of the
gastroesophageal sphincter, and so promote regurgitation.'”

The presence of a nasogastric tube can encourage oropha-
ryngeal colonization by various mechanisms. The nasogastric
tube may provide a conduit whereby bacteria are transmitted
upon its surface in a retrograde fashion from the stomach to
the oropharynx, in a manner analogous to the urinary infec-
tion that occurs in catheterized patients.* Gastric coloniza-
tion might also be facilitated by the erosion of the
oropharyngeal mucosa by the nasogastric tube, in the same
manner that endotracheal-induced erosion of tracheal mucosa
encourages tracheal colonization with bacteria.”*! Although
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this sequence of events is certainly plausible, even one study
could not prove that nasogastric tubes could indeed predis-
pose to NP5

At this time it is unclear whether initial gastric colonization
— with subsequent oropharyngeal colonization, and then aspi-
ration of the contaminated secretions — could be one of the
key mechanisms in the genesis of NP. Bacteria isolated from
gastric juice have frequently — but not always — been shown to
be identical to the bacteria isolated from the lung, and this
may imply a causal relationship between the two.*””

11.3.7 Sinusitis

Sinusitis has emerged as an important cause of VAP. As
many as 10% of orally intubated patients have been found
to have evidence of sinusitis by culture of maxillary sinus
secretions,” and the incidence may be much higher in
nasally intubated patients.'” The evidence that bacterial
sinusitis can lead to VAP is as yet circumstantial, but the
flora isolated from the sinuses has been identical to the flora
isolated from the lungs in a high proportion of cases of
VAP.'* Indeed, the flora in nosocomial sinus infections
tends to be polymicrobial or predominantly gram negative
as does the flora in NPs.'¥ Anaerobic organisms are also
common.”

The occurrence of sinusitis in the ICU patient can be
related to a variety of mechanisms that are unique to the
critically ill patient. Nasogastric’*® and nasotracheal tubes'®
act as foreign bodies, and these elicit a local mucosal reaction.
The ensuing mucus hypersecretion and mucosal edema is
liable to block sinus ostia, permitting pooling of secretions
within the blocked sinuses. Stagnated secretions within the
sinuses act as culture media for bacteria; once contaminated,
the sinuses act as foci of sepsis, with the potential for dissemi-
nation into other areas. It appears that biofilms can form
upon plastic nasogastric tubes, much in the same manner as
they can within endotracheal tubes.!”s
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In the recumbent and immobile ICU patient, the gravitational
advantage for natural sinus drainage is lost.’ Furthermore, in
a patient on positive pressure ventilation, the raised intratho-
racic pressure diminishes the venous return from the head
and neck contributing to nasal mucosal congestion and sinus
ostial occlusion.’ It is also possible that the absence of the
normal airflow through the nose in an intubated patient, as
also the absence of sneezing and coughing reflexes, may
make the patient susceptible to infection.

The paranasal sinuses are the site of production of large
quantities of nitric oxide (NO), which is continuously released
into the airways through sinus ostia. In quantities as small as
1 part per million, NO can exert substantive antibacterial
effects.’”!” NO is also an important regulating agent for
mucociliary activity.*'? Ostial blockage can diminish NO
production as can sepsis itself.

e N

Box 11.2 Pathologic Mechanisms in Sinusitis

Mucus hypersecretion

Mucosal edema with blockage of sinus ostia
Decreased mucociliary clearance

Biofilm formation

Increased gravitational mucosal congestion
Decreased NO production

Absence of coughing and sneezing

\ /

Nosocomial sinusitis usually originates in the maxillary sinuses
before spreading to the sphenoid and ethmoid sinuses. Signs
of sinusitis in the ICU can be notoriously difficult to appreci-
ate. A high index of suspicion in a febrile patient may unearth
sinusitis as the cause of the intercurrent infection. Due to
gravitational influences, purulent secretions often trickle
down posteriorly, and are aspirated, mimicking symptoms of
tracheobronchitis rather than the symptoms of sinusitis.
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a N

Box 11.3 Serious Complications of Sinusitis*'*’

Ventilator-associated pneumonia
Meningitis

Cerebral abscess

Cavernous sinus thrombosis
Orbital infection

Mastoiditis

Bacteremia

- j

The radiographic visualization of sinuses is best achieved with
CT scans; sinus opacification and air fluid levels are consis-
tent with sinusitis. Transport of the ventilated patient is itself
a risk factor for VAP. Bedside sinus ultrasound, which has a
high sensitivity and specificity for maxillary sinusitis®’ —
though not for the other sinuses — may obviate the need to
transport the patient to the imageology suite.”’

Attempts should be made at microbiological diagnosis, not
merely to identify the organism and its antibiotic sensitivity,
but also because the tomographic features of infection are
nonspecific and may sometimes be misleading.

11.3.8 Respiratory Therapy Equipment

Respiratory therapy equipment such as mainstream nebuliz-
ers can generate contaminated aerosols that can infect the
ventilator tubing: contaminated medication nebulizers are
capable of inciting infection.” Airway interventions like fib-
reoptic bronchoscopy can also contaminate the airway in
much the same way as suction catheters.

11.4 Position

Transportation of the patient out of the ICU appears to be an
important risk factor for NP. Positioning the patient supine



11.5 Diagnosis of VAP 355

will not only promote the aspiration of gastric contents or
contaminated oropharyngeal secretions, but may cause the
condensate in the ventilator tubing to enter the endotracheal
tube and so find its way into the lower respiratory tract. In
one study, as many as a quarter of all patients transported
within the hospital developed NP

11.5 Diagnosis of VAP

Once introduced into the respiratory tract, the onset of infec-
tion and its spread are the factors of the virulence of the
organism vis-a-vis the host defenses. The defenses of the criti-
cally ill and possibly malnourished host can be further
impaired by alveolar hypoxia or neutropenia.

Early and appropriate antibiotic therapy is often crucial to
the outcome in NP and VAP. The difficulties of choosing the
right regimen are obvious, since it is neither easy to diagnose
VAP nor to differentiate it from other confounding conditions
that frequently coexist in the ventilated patient. With the
insertion of an endotracheal or tracheostomy tube, the nor-
mally sterile lower airways become colonized within hours of
“tubing” the patient: thus, recovery of at least one bacterial
species from the lower airways is frequent, even in the absence
of a frank infective process. Also, purulent tracheobronchial
secretions are common and do not equate with disease. The
occurrence of fever may represent disease elsewhere (e.g.,
sinusitis, cystitis, or catheter-induced sepsis) and not necessar-
ily infection within the respiratory tract. Pulmonary fibropro-
liferation occurring later during the course of ARDS may be
another noninfectious cause of fever.

Radiological shadows can be cast by a variety of cardiopul-
monary conditions in the ventilated patient. Pulmonary
infarction, pulmonary edema and areas of atelectasis or alveo-
lar hemorrhage may cause confusion. Importantly, blood cul-
tures, otherwise the sine qua non of infection, are frequently
positive in ventilated patients even in the absence of pneumo-
nia (Fig. 11.2).
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Clinical mimics Radiological mimics Confounding
of VAP of VAP microbiological issues
* Fever: « Congestive cardiac * The endotracheal
extrapulmonary failure tube is colonized
sepsis (sinusitis, * Pulmonary within a few hurs of
cystitis, catheter infarction tracheal intubation.
induced sepsis) * Atelectasis * Blood cultures can
e Purulent e Alveolar be positive in
tracheobronchial hemorrhage ventilated patients
secretions: in the absence of
(see text) pneumonia

Ficure 11.2. Differential diagnosis of ventilator-associated pneumo-
nia (VAP).

When the lower respiratory tract is actually infected,
two kinds of infection may occur: infectious tracheobron-
chitis and pneumonia. When fever and leucocytosis develop
along with purulent sputum — but with no new radiological
infiltrate — infectious tracheobronchitis is likely.!"> When a
new and persistent radiological infiltrate occurs in the set-
ting of leucocytosis and purulent sputum, this indicates
that the infection has now involved the pulmonary paren-
chyma, and a provisional diagnosis of pneumonia should
be made.

When purely clinico-radiological criteria are used to iden-
tify NP or VAP, over-diagnosis can occur due to the fact that
a wide variety of noninfectious clinical conditions can cast
radiological shadows (see Fig...). Using bacterial criteria
alone to diagnose nosocomial or VAP will result in a large
false positive rate, owing to the inadvertent sampling of those
organisms causing tracheobronchitis or those merely coloniz-
ing the respiratory tract.

Obviously therefore, the diagnosis is more reliable when
bacterial criteria are considered in conjunction with clinical
criteria. When the patient fulfills all the clinical criteria and
the sampling method yields a “representative sample” (see
below), pneumonia can be diagnosed with greater assurance.
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Since the price to pay for an undiagnosed VAP is heavy, a
high index of suspicion must be maintained especially in the
situation of a new radiological infiltrate. Although the diag-
nosis of NP or VAP is untenable without a radiological infil-
trate, a new radiological shadow, especially with fresh clinical
signs such as fever, increased quantity or purulence of tra-
cheobronchial secretions, or leucocytosis, may be taken to
represent VAP unless proven otherwise. Thus, it has proven
easier and possibly quite effective to employ a clinical defini-
tion for VAP: in epidemiologic studies at least, this has been
shown to be quite sensitive — though not quite as specific — for
ventilator-induced pulmonary infection.

Once NP or VAP is suspected, every effort should be made
to identify the pathogen responsible. Various methods have
been developed to sample the proximal and distal airways.
Sampling of proximal airways is liable to turn up microbes
colonizing the airways rather than true pathogens. Since the
trachea may be colonized within a few hours of intubation,
sampling by bronchial suction can be expected to yield false
positive results.

Interestingly, in the presence of VAP/NP, tracheal suction
does frequently yield the pathogen responsible, but will fre-
quently contain as well, bacteria which have merely colonized
the respiratory tract and are not responsible for pneumonia.
Further confusion is engendered on account of the fact that
in a little less than half of all cases, pneumonias may be
polymicrobial.

11.5.1 Sampling Methods

Bronchoscopic (protected specimen brushing, bronchoalveo-
lar lavage, protected bronchoalveolar lavage etc.) and non-
bronchoscopic methods (telescoping and nontelescoping
catheters) of sampling are available and these have varying
sensitivities and specificities.'” The protected bronchoscopic
brush is being increasingly favored as the modality least
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likely to yield contaminated samples and most likely to yield
a positive microbiological diagnosis,” but much disagreement
stillremains regardingits sensitivity and specificity.” Bronchial
washings may be as reliable as protected brush sampling
when clinical parameters as suggested above are applied.’
In difficult situations, open lung biopsy may need to be
resorted to.

11.5.2 Interpretation of the Sample

Having isolated a microorganism, it is helpful to ascertain
the reliability of the sampling process before treating the
microbe as a pathogen — this is because many of the sam-
pling techniques possess less than ideal specificity. To this
end, it is desirable to have objective indices wherever pos-
sible, but this is easier said than done. Qualitative tech-
niques are generally nonspecific and can lead to unnecessary
or inappropriate antibiotic therapy.”> Quantitative cultures
are more representative, but colony counts above the gen-
erally accepted levels may not by themselves be diagnostic
of pneumonia. Nevertheless, when 1,000 or more colony
forming units are grown per milliliter, this means that
1,000-1,000,000 bacteria are present in every mL of the
recovered lavage fluid, and this is usually considered
significant.'>*

These numbers emerge from the observation that patho-
gens in distal lung secretions prevail at concentrations of at
least 105-10° colony forming units per milliliter (cfu/mL).®
Only 1 mL or so of the >100 mL returned is truly representa-
tive of one million-odd alveoli sampled during a typical
broncho-alveolar lavage (BAL): the number of pathogens in
100 mL of the returning fluid will be about one million cfu. In
contrast, colonizing organisms prevail at much lower concen-
trations (<10*cfu/mL). As can be expected, the microbial
yield will increase in direct proportion to the quantity of
returning lavage fluid.
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Box 11.4 Technique of Broncho-Alveolar Lavage
(BAL)

1. The bronchoscope is completely wedged into a sub-
segmental bronchus.

2. Twenty to sixty milliliter aliquots of sterile (buffered
or nonbuffered) nonbacteriostatic saline are instilled
from a 50 to 60 mL syringe. The saline should ideally
be warmed to 37°C, but many centers deviate from
this practice.

3. The instilled saline is immediately sucked back into
the same syringe using gentle hand suction on the
piston: for the next aliquot, a fresh syringe is used.

Bronchoalveolar lavage samples are probably representative if
5% or more lavaged cells show intracellular organisms.* In such
cases, the likelihood of the sample being representative may be
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as high as 89-100%,* though prior or ongoing antibiotic
therapy can substantially reduce the sensitivity of the sampling
technique.

When epithelial cells are seen in large numbers, it means
that their site of origin is generally the buccal or pharyngeal
mucosa. Epithelial cells comprising more than 1% of the total
cellular component in bronchoscopic samples imply substan-
tial contamination by oropharyngeal secretions and the
samples should not be taken to represent secretions from
distal airways or lung parenchyma.”

Conversely, the presence of a large number of alveolar mac-
rophages or polymorphs signifies that the sample originated in
the terminal air units. When polymorphs are scant, pneumonia
is unlikely, or the sample may simply not be adequate. The
opposite cannot be said of a high polymorph count, as this may
be a nonspecific finding.'” The presence of elastin fibers in the
lavaged fluid may be indicative of gram negative pneumonia.*

With both bronchoscopic and nonbronchoscopic tech-
niques, contamination from the upper airways can confound
interpretation. For example, Candida colonizing the upper
airways can find their way into most samples recovered from
the lower respiratory tract: demonstration of the fungus
intracellularly within lung biopsy specimens is the only reli-
able means of confirming the diagnosis.

In spite of the poor sensitivity and specificity of most of
these procedures, an attempt should be made to recover a
microbiological pathogen, principally because appropriate
antimicrobial therapy in the initial stages of NP is so crucial.
Recovery of a pathogen may result in retailoring of the anti-
biotic regimen, with an improvement in outcome.

11.6 Prevention of NP/VAP

11.6.1 Hand-Washing

The old medical adage “prevention is better than cure” holds
admirably in the case of NP or VAP, because the outcome of
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these is often adverse. Vigilance and effective prophylaxis
hold the key to successful outcome in a mechanically venti-
lated patient.

It is surprising to what extent scrupulous hand-washing
before and between examining patients can help to reduce
the incidence of nosocomially-transmitted infection. Provided
it is correctly done, hand-washing remains an extremely
important technique for the prevention of nosocomial
infection.

11.6.2 Feeding and Nutrition

As discussed earlier, the colonization of the gastrointestinal
tract and the subsequent aspiration of its contents may con-
stitute a risk factor for the development of NP/VAP. To
reduce the risk of aspiration, the patient must be nursed in a
semi-recumbent position wherever possible. Supine head
position is an independent risk factor for VAP.* Large vol-
ume gastric feeds should be avoided.

Adequate nutritional support is important: malnutrition is
an independent risk factor for VAP. Septic complications are
more frequent with parenteral feeding; carefully regulated
enteral feeds are of utmost importance. In the nonintubated
patient, all agents which depress the sensorium — and thereby
increase the risk of aspiration — must be avoided. Prokinetic
agents, by decreasing gastric transit time may reduce the
residual gastric volume and prevent aspiration. Large bore
feeding tubes by their mechanical effect can promote gastro-
intestinal sphincter dysfunction and predispose to aspiration;
smaller bore feeding tubes may be safer. In theory, enteral
placement of the feeding tube could help by introducing the
food bolus beyond two valves (gastroesophageal and gas-
troduodenal), rather than one, but it is uncertain that the risk
of pneumonia can be brought down by replacing a gastroduo-
denal with a gastrojejunal tube.!s

Before every feed, the gastric residual volumes should be
checked: the feed should be delayed or withheld if an excessive
volume is aspirated at the time of the scheduled feed. It may be
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safer to administer enteral nutrition using continuous infusion
rather than bolus feeds, using feeding tubes of small bore.

11.6.3 Stress Ulcer Prophylaxis

Mechanical ventilation is intensely stressful for the patient.
The risk of stress ulceration in the ICU is extremely high.
Stress ulcer prophylaxis is common in ICUs and there may be
a tendency to overprescribe these medications. The demerits
of pH lowering agents such as H, receptor antagonists have
been discussed earlier. Sucralfate may offer some advantage
over the former in the sense that it does not lower the pH, but
rather achieves gastroprotection by acting as a physical bar-
rier between the gastric mucosa and the acidic gastric con-
tents’'; also, it may have an intrinsic antibacterial activity of
its own, theoretically reducing gastric colonization.'>
However, recent studies have, by and large, vindicated the H,
receptor antagonists,'”” although the last word on the matter
has not yet been said.

11.6.4 Topical Antibiotics

Topical antibiotics may be efficacious in treating tracheo-
bronchitis in intubated patients.** The rationale behind
appears to be that in the absence of florid infection, a topical
antibiotic may be able to contain the local tracheobronchial
contaminants. Topical antibiotic therapy has been used in the
form of drugs delivered to the lower respiratory tract in high
concentrations, through a tracheostomy or endotracheal
tube.® The method of introduction of the antibiotic is usually
by nebulization or by direct instillation, but it is not clear
which of the two approaches is superior. Aminoglycosides are
used in this fashion, usually after pretreatment with a bron-
chodilator. Although the efficacy of the antibiotics adminis-
tered by the endotracheal route in preventing VAP has been
proven in several studies,” their potential for producing bac-
terial resistance is as yet not ruled out, and as such, the use of
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topical antibiotics for the prophylaxis of infection is presently
discouraged.

Selective digestive decontamination: Application of antibi-
otic paste to the oropharynx to reduce oropharyngeal coloni-
zation, and instillation of antibiotics into the stomach to
prevent gastric colonization can possibly prevent bacterial
transmission from these sites into the lungs. Used widely in
Europe, a mixture of antibiotics like an aminoglycoside or a
fluoroquinolone plus a nonabsorbable antibiotic (e.g., poly-
myxin) and an antifungal agent (either amphotericin B or
nystatin) were found to reduce the incidence of pneumonia,
but not so much as to favorably alter the outcome.'®
Methodological issues confound the interpretation of a large
number of these studies.

In theory, this method of prophylaxis relies on the preven-
tion of colonization of the oropharynx and the stomach for
the prevention of the subsequent NP. Therefore it does not
prevent the onset of pneumonias that are caused by direct
bacterial inoculation into the endotracheal or tracheostomy
tubes. Pseudomonas, in particular, has been known to directly
colonize the tracheobronchial tree without previously colo-
nizing the gastrointestinal tract or the oropharynx.'> Again,
concerns regarding the emergence of bacterial resistance
limit the usage of selective digestive decontamination until
more data are available.'®

Chlorhexidine mouth wash: The use of chlorhexidine —
which is an antiseptic — as a mouth wash was found to signifi-
cantly decrease the incidence of NP in a group of patients
undergoing cardiac bypass surgery.*!

11.7 Interventions Related to the
Endotracheal Tube and Ventilator
Circuit

Changing of the endotracheal tube with the intent of prevent-
ing infection has not been shown to help; indeed, it may actu-
ally be harmful, presumably because of the risk of aspiration
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during such a process, of the pooled pharyngeal secretions
collected in the sump above the tube cuff. Also, the act of
introducing a new endotracheal tube may itself cause more
bacteria to be carried down into the tracheobronchial tree.
The answer may lie in the development of new biomaterials
for the endotracheal tube that might prevent the develop-
ment of biofilms. Coating the inside of the endotracheal tube
with a silver material appears to reduce biofilm formation
and inhibit bacterial colonization, but more trials are neces-
sary.'”? Continuous subglottic suctioning has been shown to
be effective: a metaanalysis revealed an almost 50% reduc-
tion in the rate of VAP.*

Changing the ventilator circuits frequently has also not
been shown to have any positive impact in preventing VAP.
In fact, one study showed no increase in the rates of VAP if
the circuitry was never changed,* and patients in whom ven-
tilator circuitry was changed more frequently than every 48 h
were shown to actually run a higher risk of VAP* It seems
sensible to change tubings only if the circuit appears to be
overtly soiled.'>

Condensate that accumulates in ventilator tubings should
be emptied regularly and treated as infectious waste. When
airway humidification is required, heat-moisture exchangers
(HMEs) are probably safer than heated humidifiers (see sec-
tion 15.5).

11.8 Treatment of Nosocomial Sinusitis

The treatment of nosocomial sinusitis not only involves the
institution of appropriate antibiotic therapy, but also requires
the removal of all nasal tubes in order to decrease nasal irri-
tation and mucosal edema. Drainage of stagnant secretions
from the sinuses can be aided by opening up the sinus ostia
by topical nasal vasoconstrictor drops, and by elevating the
head-end of the bed. When maxillary puncture is performed
for diagnostic purposes, an antral wash carried out at the
same time may prove therapeutic.
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11.9 Treatment

In NP, early and aggressive antibiotic therapy strongly corre-
lates with survival. Although attempts to procure respiratory
specimens for culture should be swiftly undertaken, antibiotic
therapy should never be delayed merely for the purpose of
collecting samples.

11.9.1 Antibiotic Resistance

Antibiotic resistance issues have now become the bane of
ICUs the world over. Indiscriminate antibiotic usage has
resulted in the emergence of resistance, and multidrug resis-
tant bacteria now abound. Indeed, it is true to say that only in
the past couple of decades has the gravity of the problem
really begun to sink in.

Half of all ICU usage of antibiotics is for lung infections.!!
It is now universally appreciated that indiscriminate antibi-
otic usage can exert a selective pressure on bacteria, eradicat-
ing sensitive organisms and enabling the intrinsically resistant
strains to survive and proliferate.'*

The principles of microbiological resistance (as proposed
by Levy) postulate that:

e Given sufficient time and drug use, antibiotic resistance
will emerge.

e Antibiotic resistance is progressive, evolving from low
levels through intermediate to high levels.

¢ Organisms that are resistant to one drug are likely to be
resistant to other antibiotics.

¢ Once resistance appears, it is likely to decline slowly, if at
all.

¢ The use of antibiotics by any one person affects others in
the extended and immediate environment.

Bacteria can develop antibiotic resistance by several mecha-
nisms: gram-negative bacteria contain a three-layered cell
wall. Aqueous porin channels contained within the outer
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wall allow solutes including antibiotics to diffuse into the
bacterial cell.''* Alteration of porin channels within gram
negative bacteria can impede the penetration of the antibi-
otic into the bacterial cell. The production and concentration
of beta-lactamases and other antibiotic-inactivating enzymes
within the periplasmic space by gram-negative bacteria has
become a cause of troublesome bacterial resistance the
world over. In addition, both gram-negative and gram-posi-
tive bacteria can have intracellular inactivating enzymes.
Bacteria can also alter antibiotic target sites within them-
selves, or even develop an efflux mechanism to actively
pump antibiotics outside the bacterial cell, thereby limiting
intracellular antibiotic concentrations. Resistance in gram
negative bacteria most frequently is mediated by their pro-
duction of (beta-lactamase) enzymes that rapidly inactivate
the beta-lactam antibiotics. Over 500 beta-lactamases have
been identified now; 5 times the number that microbiologists
were aware of, 30 years ago.

Beta-lactamase production can result in bacterial resis-
tance to a large spectrum of powerful beta-lactam agents. The
enormity of the problem can be appreciated by the fact that
it took just 2 years after the introduction of ceftazidime and
ceftriaxone for the first extended-spectrum beta-lactamase
(ESBL) to be recognized.'* Since then, there has been a tre-
mendous surge in the frequency with which ESBLs are
encountered worldwide. The local prevalence of ESBLs has
been shown to vary greatly, and pockets of local dissemina-
tion rather than wide-range spread are usual. ESBLs have
mostly been encountered in Klebsiella isolates and their inci-
dence worldwide appears to be on the increase. Importantly,
once established within the ICU or the hospital, ESBLs can
be extremely difficult to eradicate. For the treatment of
severe infection by ESBL producing strains, carbapenems
like imipenem may be most appropriate.'*

Certain bacteria, in particular, Pseudomonas and
Acinetobacter, are especially adept at developing drug resis-
tance and may do so through several highly specialized and
innovative mechanisms. The major mechanism of resistance
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is chromosomal or plasmid-mediated beta-lactamase produc-
tion, but Pseudomonas, for instance, can also modify pencillin
binding proteins and prevent aminologlycoside binding to
ribosomes. Further, Pseudomonas can develop multi-drug
resistance (MDR) by decreasing cellular permeability to
beta-lactams and four quinolones, in addition to actively
pumping these drugs outside the bacterial cell.” Resistance
to four-quinolones can also develop by mutations at chromo-
somal loci encoding binding sites on DNA-gyrase.

MDR in gram-negative bacilli has been defined as resis-
tance to at least two — and sometimes as many as eight — key
gram-negative antibiotics.'” When the organisms are resistant
to all the antibiotics regarded as effective for gram-negative
infections (e.g., cefepime, ceftazidime, imipenem, meropenem,
piperacillin-tazobactam, ciprofloxacin, and levofloxacin), they
are termed panresistant.

e 0
Box 11.5 Primary Host-Related Risk Factors for
MDR Infection'

Antibiotic use in the preceding 90 days

Current hospitalization of 5 days

Admission in a healthcare facility such as a nursing
home or a dialysis unit

High incidence of antibiotic resistance in the hospi-
tal unit, hospital, or community

(& )

Pseudomonas with its advanced mechanisms of developing
drug resistance has for some years been recognized as a grave
threat, but the recent emergence of multidrug resistant
Acinetobacter has been a cause of considerable dismay in
certain regions. The revival of the once-redundant colistin is
a testament to the desperate need for more antibiotics.

In terms of bacterial resistance, certain gram-positive
organisms — such as S. aureus — are proving as problematic as
aerobic gram-negative bacilli. Pencillin-resistant staphylococci
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were described shortly after the advent of penicillin, and in
just two decades the rates of penicillin resistant strains had
spiraled to 90% in some health facilities in England. Currently,
nearly all isolates of S. aureus from hospitals, and most com-
munity acquired strains are anticipated to be penicillin
resistant.'®

The introduction of methicillin in 1961 did succeed to an
extent in overcoming penicillin-resistant strains, but only at
the cost of the creation of a new menace, the methicillin-
resistant Staphylococcus aureus (MRSA). By 1989, MRSA
strains comprised 50% of all isolates of S. aureus in most
major hospitals in the USA. Vancomycin and linezolid are
considered the cornerstones for MRSA therapy. Vancomycin-
resistant strains of enterococci have now been identified, as
have strains of S. aureus showing intermediate sensitivity to
vancomycin. The vancomycin-intermediate S. aureus or gly-
copeptide-resistant S. aureus (VISA, GISA) strains have
surfaced under conditions of prolonged exposure to vanco-
mycin, or in situations where dialysis or intravascular device
placement was required. Vancomycin-resistant enterococci
are capable of spreading vancomycin resistance to other
organisms, since the mode of spread is plasmid transmission
to other microbes by conjugation.

11.9.2 Pharmacokinetics

An exhaustive discussion on antibiotic pharmacokinetics and
pharmacodynamics and indeed of the antibiotic strategy in
NP/VAP is beyond the scope of this book.

The efficacy of an antibiotic against a pathogen can be quan-
tified in several ways. These have been summarized in Fig. 11.3.

Choice of antibiotic: The choice of the initial antibiotic for
NP is determined not only by the organism likely to be pres-
ent, the pharmacokinetic profiles of the various antibiotics
and their potential toxicity, but also by local resistance issues.
As discussed above, organisms that are found in early NP are
comparable to those that cause community-acquired pneu-
monias, and the treatment of the two is generally very



The minimum inhibitory
concentration (MIC)

* The smallest concentration
of an antibiotic that stops
bactetial growth in media
containing 10° bacteria/mL
is called the minimum
inhibitory concentration

Organisms are considered
susceptible when their
MIC level is below the
expected serum level of
the antibiotic question

For effective bacterial
killing, antibiotics like the
beta-lactams require
serum levels to
consistently remain
above the MIC.
Consequently the efficacy
of these drugs is on
account of
time-dependentrather
then dose-dependent
activity

These drugs require to be
given several times a day
in order to maintain their
levels constantly above
the MICs

AUC/MIC ratio

* The serum level of a given
antibiotic increases to a
peak and then falls to a
trough as the drug is
metabolised. The area
that falls under the curve
representing the serum
antibiotic level as a
function of time is called
the area under the
curve (AUC)

For anibiotics such as
vancomycin and
azithromycin, the
AUC/MIC ratio provides

a more accurate measure
of antibiotic efficacy than
does the MIC value

taken in isolation
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Peak serum level/MIC ratio

* The cure rate of these
drugs (e.g.)
aminoglycosides and the
4-quinolones) is related to
the peak level achived by
these drugs in the serum
rather than to the time that
they remain above the MIC
levels

* These antibiotics have a
significant postantibiotic
effect, which continues to
exert an antibacterial effect
on microbes even when
serum levels have
dropped below the MIC”

* Antibiotics such as the
aminoglycosides and the
4-quinolones should as a
rule, be given in relatively
high doses such that a
high enough peak serum
level is achieved

* A long dosing interval such
as a once daily dosing
regimen often suffices

FIGURE 11.3. Antibiotic pharmacokinetics.

similar — that is, except, if the patient has been a resident of
a nursing home or has other risk factors for antibiotic resis-
tance (see Fig...). For late NP therapeutic decisions are
predictably more complex. In general, antibiotic therapy
should primarily target gram-negative organisms; in particu-
lar the possibility of Pseudomonal infection should be kept
in mind. As mentioned above, polymicrobial infections are
common and coverage with multiple antibiotics may be
needed until microbiological reports are available.

Wherever possible, antibiotic therapy should be guided by
microbiology, and the regimen should be restructured in the
light of the lab reports. This is essential if the responsible
microbe is to be covered with as narrow spectrum antibiotic
as possible: the emergence of antibiotic resistance is always a
greater concern with broad-spectrum therapy.



370  Chapter 11. Ventilator-Associated Pneumonia

Monotherapy may be acceptable in nonbacteremic cases
and a carbapenem could be used. A beta-lactam antibiotic
with antipseudomonal action plus either an aminoglycoside or
ciprofloxacin is a commonly used regimen. Because of resis-
tance issues, dual antibiotic coverage for Pseudomonas aerugi-
nosa may be important, especially in bacteremic cases.”

Cephalosporins as first-line agents are generally not pre-
ferred because of their propensity to select out resistant
pseudomonas, and the combination of a broader spectrum
penicillin (such as pipercillin with or without tazobactam) along
with an aminoglycoside may be more suitable. Indeed, empiric
usage of ceftazidime has been incriminated in the emergence of
extended spectrum beta-lactamase producing bacteria. It is
equally likely that if other antibiotics are used regularly as
monotherapy, similar patterns of resistance could emerge. The
pharmacokinetics of aminoglycosides preclude their role as
sole agents for pneumonia. Since the lungs are, in effect, large
capillary beds, penetration of most antibiotics into the lungs is
adequate; aminoglycosides act poorly in the acidic milieu that is
present locally in the pneumonic lung. When the targeted
organism is pseudomonas, owing to its sophisticated methods of
developing drug resistance, it is necessary to administer at least
two antibiotics to which the organism is sensitive.

As regards the specific antibiotics that should be used,
there exist no hard and fast rules — except to hit hard (that is,
use the antibiotic considered most appropriate up front) —
and hit “fast” (that is, to administer the appropriate drug as
quickly as possible). It bears emphasis that the choice of an
antibiotic for empiric therapy should be based on regional
patterns of antibiotic sensitivity, which are generally dynamic
and should be continually updated.

Aerosolized antibiotics: The direct delivery of antibiotics
into the lungs may provide an alternative to systemic
administration.'® Higher drug concentrations are achiev-
able by nebulizing or instilling antibiotics directly into the
lower respiratory tract. Peak drug concentrations in respira-
tory secretions have been shown to be 200 times those
achievable with systemic administration,'”’ with sputum
trough levels over 20 times those considered adequate.
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Reservations about antibiotic resistance have inevitably
been voiced,” but it may well be that earlier studies relied
upon drug delivery systems which did not achieve a satisfac-
tory lung deposition of the aerosolized antibiotic. On the
other hand, several investigators have found a much lower
incidence of resistance."”

At the present time, nebulized antibiotics such as tobramy-
cin'> may be viewed as being adjunctive treatments to sys-
temic antibiotics in the treatment of VAP': most authorities
would strenuously discourage their use as prophylactics.
There is less clarity as regards their role in the treatment of
ventilator-associated tracheobronchitis.”' Indeed, if tracheo-
bronchitis be viewed as part of a continuum — of which VAP
forms one extreme — aerosolized antibiotics may well have a
vital role to play in the future.'!

All nebulizers do not have similar aerosol outputs in rela-
tion to specific drugs: this has been considered in Chap...
(Figs. 11.4 and 11.5).

11.9.3 Duration of Therapy

It may be possible to use shorter courses of antibiotics than
previously considered necessary. The duration of antibiotic
therapy should be individualized to the patient and to the
microbe. The speed of resolution of the pneumonia as well as
the pathogen incriminated will often help in deciding this. In
general, a multilobar or necrotizing pneumonia often presages
a delayed response to therapy, as does a poor nutritional sta-
tus of the host. It is generally possible to eliminate relatively
rapidly, the organisms that cause early NP — H. influenzae and
S. pneumonia.” On the other hand, the Enterobacteriaceae, S.
aureus need more prolonged courses of antibiotic.”’ Certain
microbes, particularly Pseudomonas or Acinetobacter show
high rates of treatment failure and relapse. In such cases anti-
biotic therapy may be extended to a minimum of 2-3 weeks.
Unnecessarily prolonged antibiotic therapy often results in
bacterial colonization, and this then presages recurrent VAP.'*
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Pseudomonas
aeruginosa

*Combination therapy
has not been shown
to alter the rates of
resistance®3; but
seem to show a
survival benefit®®

*The ATS/IDSA
nevertheless
recommends
combination therapy
in proven
pseudomonas
pneumonia, because
the incidence of
resistance to
monotherapy is so
high, and
combination therapy
is less likely to
result in inadequate
coverage'

*A beta lactam
antibiotic colud be
used with either a
quinolone or an
aminoglycoside

*As a companion
antibiotic, an
aminoglycoside
may result in a
trend towards an
increased survival
than a 4-quinolone’

*A quinolone as a
companion antibiotic
is appropriate if local
data support its
usage: antibiotic
resistance is
common with
overuse''®Data
are scant

*Levofloxacin at
higher doses
(eg 750 mg once
daily) may be
superior, though at
present, there
is no evidence to
support this
presumption62

*Aerosolized
antibiotics may be
used as
adjuncts’®?

Acinetobacter
species

*Combination therapy
is generally
considered
unnecessary'%*

*The choice of
antibiotics is
relatively limited
because of the
organism’s innate
resistance to
multiple
classes of drugs

*Appropriate
antibiotics:
carbapenems,
sulbactam
(ampicillin-
sulbactam), the
polymyxins and
colistin

*When used
carbapenems
should be used in
appropriately high
doses to avoid the
development of
resistance

*Aerosolozed
antibiotics may be
used as adjuncts
especially in
patients who have
shown an
unsatisfactory intitial
response®®

ESBL producing
Enterobacteriaceae

*Monotherapy with
third generation
(Paterson DL,
2001)—and
possible also fourth
generation—
cephalosporins!3®
should be avoided

*A carbapenem is
presently
considered
effective

*Resistance is
common to
aminoglycosides
and 4-quinolones,
and so combination
therapy is not
considered
important

*The efficacy of
piperacillin-
tazobactam is
uncertain, and the
combination should
be used with due
care when choices
are severely
limited””

*Aerosolozed
antibiotics may be
used as adjuncts
especially in
patients who have
shown an
unsatisfactory
intitial response®®

FIGURE 11.4. Empiric choice of antibiotic.
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MRSA

*Both vancomycin or
linezolid can be
considered effective

*Vancomycin drug
failures may be
related to inadequate
dosing111—
underdosing in
renal failure is one
example'6?

*Vancomycin in
combination with
rifampin or
aminoglycosides
has not been
shown to be clearly
superior to
vancomycin as
monotherapy®

Linezolid penetrates
better into the
epithelial lining fluid
than vancomycin
29and has been
shown to be at least
as effective as
vancomycin in some
clinical trials; it may
actually be
preferable to
vancomycin
especially if there
are nephrotoxic
drugs in the
prescription or if
there is a coexistent
renal faolure'®®
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Combination therapy Monotherapy

* Combination therapy is commonly Preferred especially in patients with
used in antipseudomonas regimens no risk factors for drug-resistant
organisms

The evidence that combination
therapy confers clinical advantage is
presently scarce

Used for gram positive pneumonias

May be less succesful in severe NP
Traditional justifications for 145" and should probably not be used
combination therapy unless after an initial course of
combination therapy or if LRT
secretions are demonstrably sterile”!

To enhance the synergistic activity
against Pseudomonas aeruginosa

To prevent the emergence of Acceptable choices: ciprofloxacin,
resistance against Pseudomonas levofloxacin, piperacillin—

tazobactam, cefepime, imipenem,
and meropenem 53,72, 162, 17, 143, 120

To prevent the emergence of
resistance against Enterobacter

with third generation cephalosporins
53,26

To broaden the coverage of an
emperic regimen

Antibiotics from different classes
should be combined to prevent drug
antagonism (e.g., a B-lactam and a 4-
quinolone, or a B-lactam and an
aminoglycoside)

FIGURE 11.5. Monotherapy vs. combination therapy.

In responders, an initial course of about 8 days may be as
effective as a 14 day course.”

11.9.4 Lack of Response to Therapy

An early response — by day 3-5 or so — is a marker of sur-
vival."”! Clinical worsening or a lack of response to what is
considered appropriate therapy, often requires a reappraisal
of the situation: bacterial causes for the lack of response must
of course be considered. The initial pathogens causing NP can
persist despite what can be construed as appropriate antibi-
otic therapy, and such a bacterial persistence has been par-
ticularly linked to necrotizing pneumonia and gram-negative
bacteremia.'* The reason for bacterial persistence appears to
be drug resistance: the responsible pathogen may have been
resistant from the very beginning, or have acquired resistance
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during the course of therapy. In the case of beta-lactam anti-
biotics, typically, bacterial isolates show initial susceptibility.
However the pathogen at a culture repeated a few days later
may be demonstrably resistant to the same antibiotic(s), illus-
trating the phenomenon of inducible drug resistance.

Clinical lack of response could also mean that the pathogen,
by its very generic disposition, is unresponsive to antibiotics as
a class: it may be a virus, a fungus or a mycobacterium.

Superinfection pneumonia can emerge when treatment of
the dominant organisms allows the other aspirated compo-
nents of a polymicrobial flora to proliferate,'” or when rein-
oculation of infected secretions occurs. The new pathogens
generally prove to be much more drug resistant and destruc-
tive than their predecessors.'?

The problem of recurrent pneumonia has been described
with regard to Pseudomonas; in practice it may be extremely
difficult to differentiate recurrence from superinfection pneu-
monia.'* The options in nonresponding patients are not easy
and initial broadening of the antibiotic umbrella followed by
renewed attempts at directed microbiological sampling may
help in clinical problem-solving.

That the pathology is noninfective must also be consid-
ered. Congestive cardiac failure, pulmonary infarction, seg-
mental atelectasis, and alveolar hemorrhage are all capable of
radiologically mimicking pneumonia. Extrapulmonary
sources of infection such as complicated pleural collections
may be overlooked, as could catheter induced infection, uri-
nary sepsis, or drug-fever (Fig. 11.6).

11.9.5 Drug Cycling

Drug cycling — in which different antibiotics are deliberately
rotated after a period of use — has been proposed as a means
to restrict the emergence of antibiotic resistant organisms.
This policy seems to be effective in that resistance to the
withdrawn antibiotic can been seen to fall, as reported by
some researchers,”® but the danger inherent in such an
approach seems to be that resistance to the antibiotic
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Noninfective pathology
mimicking pneumonia

» Congestive cardiac
failure

chosen class of

* Mycobacterium * Pulmonary infraction

drug (e.g., a gram-

(tncommon) positive organismto  * Segmental
a purely gram- atelectasis
negative antibiotic) * Alveolar

« Bacterium is resistant ~ nemorrhage

from the onset

* Bacterium has
developed inducible
drug resistance on
exposure to antibiotic

* Treatment of the
dominant organisms
has allowed other
components of a
polymicrobial flora to
proliferate

* Reinfection by
reinoculation
of infected
secretions

FIGURE 11.6. Possible causes of a nonresolving pneumonia.

substituted in its place may subsequently rise. John Burke
described this phenomenon as “squeezing the balloon of
resistance,” implying that bacterial resistance may shift its
focus to the newly substituted antibiotics when the usage of
other antibiotics is restricted. There also remains consider-
able concern that rotation strategies may expose bacteria
sequentially to different classes of antibiotics and thereby
lead to a proliferation of multidrug-resistant microbes.
Nevertheless, gratifying and sustainable results have been
noted by several investigators,**¢ and in the dynamic sce-
nario that prevails in most ICUs, the subject continues to
evoke considerable interest.
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Chapter 12

Discontinuation
of Mechanical Ventilation

Wean (v.t.): induce (when applied to suckling) to feed otherwise
than from the breast; cure of, (or) rescue from habit

The Oxford Dictionary

In its truest sense, weaning implies a gradual separation of the
patient from the ventilator. During this gradual process, the
patient is given increasing responsibility for his breathing,
culminating in spontaneous unassisted respiration. In actual
fact, abrupt separation of the patient from the ventilator is
possible, and so the term weaning has been broadened to
include rapid separation from the ventilator — as generally
occurs in postoperative circumstances — in addition to the
more gradual separation as seen, for example, in patients with
chronic obstructive lung disease.”’

The word “separation” has been used to illustrate the pro-
cess of disengagement from the ventilator; “liberation” means
almost the same thing, although it is more evocative of a sense
of release and of improvement beyond the need for ventilator
support. Some authors have adopted the term “discontinua-
tion” which tacitly implies that the separation is more or less
permanent.

Weaning is a crucial milestone for the ventilated patient.
The timing of weaning is vital: the price to pay for a prema-
ture extubation is reintubation, with all the hazards of a pos-
sibly unstable clinical situation — in addition to a significant
risk of nosocomial pneumonia. On the other hand, unneces-
sarily delayed weaning can expose the patient to the risks
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associated with protracted mechanical ventilation. Care must,
therefore, be taken to plan for this important event and pre-
pare the patient beforehand.

Weaning should be considered as soon as the patient has
recovered sufficiently from his illness to be able to endure
the responsibility of sustained spontaneous breathing. The
condition for which the patient was ventilated should have
improved significantly, although incomplete resolution does
not preclude successful weaning. Other prerequisites to
weaning include a stable cardiovascular condition and a
preserved sensorium. Although it is possible to successfully
wean unconscious patients, the ability of these patients to
defend their airway is a major concern, and aspiration is
always a possibility when the removal of the cuffed endotra-
cheal tube has left the airway unprotected. A reasonable
hemoglobin level improves O, carriage to the tissues and a
normal serum electrolyte level and a well-nourished state
further decrease the possibility of respiratory muscle fatigue
during the weaning trial.

Certain factors may hamper the weaning process, either by
imposing an excessive load upon the respiratory system, or by
depressing the neural output from the respiratory center.
Metabolic alkalosis depresses the respiratory drive and
should be corrected prior to weaning. Gastric distension of
any cause offers resistance to the diaphragmatic excursion
and so increases the work of breathing. Drugs including seda-
tives, neuromuscular paralyzing agents, and aminoglycosides
should be avoided; while sedatives depress the respiratory
center, aminoglycosides and paralyzing agents act on the neu-
romuscular junctions preventing optimal respiratory muscle
contraction.

Weaning is also a stress test — for the left ventricle par-
ticularly — and may unmask LV dysfunction (see section
9.1). Sleep deprivation is ubiquitous in a noisy ICU, and can
delay weaning through several mechanisms (see Box
12.1).
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e N
Box 12.1 The Effect of Sleep Deprivation

on the Weaning Process

Decreased ventilatory response to hypercapnia’
Decreased ventilatory response to hypoxia*
Increased collapsibility of upper airway*
Negative nitrogen balance”

Decreased respiratory muscle endurance’
Increased oxygen consumption’

Increased carbon dioxide production'

A )

12.1 Weaning Parameters

Since the timing of weaning is so crucial, it is necessary to
have reliable information that can help determine the success
of the weaning trial. Studies have shown the fallibility of clini-
cal judgment in this regard, and objective predictors have
been evolved to assist in the decision-making process.*

Often, there is a delay in contemplating weaning. Reliable
predictors would obviate unwarranted prolongation of
mechanical ventilation by helping to recognize the weanable
patient early.* Predictors also have the potential for identify-
ing specific physiological derangements responsible for wean-
ing failure. At present, no single predictor, or set of predictors,
has the desired reliability.

Weaning parameters can be divided into those that assess the
following indices: the oxygenating capabilities of the patient’s
lungs, the strength and stamina of the respiratory muscles, the
respiratory drive, and the work of breathing. Composite indi-
ces draw from these categories (see Fig. 12.1).

Weaning criteria are numerically almost identical to those for
intubation and ventilation; the major difference lies in that the
former are applied in an improving clinical situation, whereas
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FIGURE 12.1. Weaning indices.

the latter are used under worsening clinical circumstances.
Thus, weaning should first be contemplated when the param-
eters that necessitated ventilation have begun to improve.

12.2 Parameters that Assess Adequacy
of Oxygenation

Once off the ventilator, the patient will be capable of being
supported reasonably well if he can saturate his hemoglobin
with a level of supplementary oxygen that can be delivered
by conventional oxygen systems. If on a FIO, of 0.4, the
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arterial oxygen tension is in excess of 55 mmHg, the patient
is likely to be operating above the top of the steep part of
oxyhemoglobin dissociation curve and his hemoglobin would,
thus, be near-saturated. Accordingly, an ability to raise the
PaO, to 55 mmHg while being given 40% oxygen by the ven-
tilator (with <Scm PEEP) is one of the important indices for
discontinuation of mechanical ventilation. In fact, once off
the ventilator, the patient is usually given 50-60% oxygen
with conventionally available oxygen delivery systems, and
this should move him to the top flat part of the oxyhemoglo-
bin dissociation curve and so confer an added measure of
safety against hypoxemia.

While operating on the steep part of the oxyhemoglobin
dissociation curve, small decrements in PaO, produce a steep
fall in the hemoglobin saturation, whereas small increments
in PaO, produce a sharp rise in the hemoglobin saturation.
Since the object is to avoid desaturation of hemoglobin with
any fluctuations in the PaO, that may occur, it is desirable to
keep the patient operating on the top flat portion of the oxy-
hemoglobin dissociation curve.

12.2.1 The PaO,;FIO, Ratio

Other indices of oxygenation can also be used in place of PaO,.
Although the P:F ratio (PaO,/FIO, ratio) has been shown to
predict weaning successfully in 90% of the patients,” it was
demonstrably less effective in predicting whether a patient
would fail a weaning attempt (i.e., its positive predictive value
was good, but the negative predictive value poor). The cut-off

TaBLE 12.1. Indices of oxygenation.

Parameter of oxygenation Weaning threshold
PaO, (on FIO, 0.5 and PEEP 5 cm H,0] >60 mmHg
PaO,/FIO, ratio (“PF” ratio) >200

PaO,/PAO, ratio >0.35

Alveolo-arterial oxygen gradient (A-aDO,) <350 mmHg on FIO, 1.0
Shunt fraction (Qs/Qt ratio) <0.2 (<20% shunt)
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value for the P:F ratio determined in one study to separate
weaning success from failure was 238 (roughly equal to a PaO,
of 50 mmHg while breathing the equivalent of room air).

12.2.2 The A-a D02 Gradient

This parameter reflects the ease of oxygen movement from the
lungs to the pulmonary capillaries. A high A-a DO, indicates
that the lungs are poorly capable of oxygenating the blood.
Interpreting the A-a DO, is easier at the extremes of FIO,, viz,
on 0.21 (room air) and on 100% FIO,. In normal lungs, the A-a
DO, is less than 12-15 mmHg on room air and less than
70 mmHg on 100% oxygen. The A-a DO, physiologically rises
with an increase in FIO, and this makes it difficult to interpret
on intermediate ranges of FIO, (see section 7.1). For a patient
on the threshold of weaning, A-a DO, of less than 350 on
100% oxygen implies weanability from the oxygenation
standpoint.

12.2.3 The PaO/PAO2 Ratio

The PaO,/PAO, ratio is considered a somewhat better index
of oxygenation. However, it too has relatively poor positive
and negative predictive values for weaning (when a PaO,/
PAO, ratio of 0.35 was taken, the positive predictive value
was 0.59 and negative predictive value was 0.53).3%4

12.3 Parameters that Assess Respiratory
Muscle Performance

12.3.1 PI

max
One of the time-honored (but possibly not time tested!) mea-
sures of respiratory muscle strength is the maximum inspiratory
pressure (PI_ ). PI  is measured when the patient exhales
completely to residual volume and then makes a maximum
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TaBLE 12.2. Indices of respiratory muscle strength and endurance.

Parameter of respiratory muscle Weaning threshold
performance

Respiratory muscle strength

PI_ <-15t0 -30 cm H,O

Forced VC >10-15 mL/kg

Respiratory muscle endurance

PaCO, <50 mmHg

Minute ventilation (spontaneous) <10-15 L/min

Tidal volumes >5 mL/kg

Maximum voluntary ventilation >20 L/min

Respiratory frequency <35 breaths/min or >6 breaths/min
f/Vt ratio <105 breaths/min/L

inspiratory effort against an occluded airway. PI __ assesses not
only the strength of the diaphragm — which is of course the most
important muscle of inspiration — but the collective strength
of all the inspiratory muscles. A PI__of less than minus 30 cm
H,O (the ability of the respiratory muscles to generate a nega-
tive pressure of at least 30 cm H,O) is believed to predict suc-
cessful weaning. Likewise, an inability of respiratory muscles
to generate a negative pressure of more than -20 cm H,O is
considered to be predictive of weaning failure (Table 12.2).%
Since the maximum inspiratory force is an index of the
force the diaphragm can generate, it is essentially an index of
strength. Strength does not equate with stamina and the PI__
gives no information whatsoever about the diaphragm’s abil-
ity to sustain ventilation. The PI__, therefore, is less effective
in assessing the resistance of the diaphragm to fatigue and
this is probably the reason the PI__ threshold values men-
tioned earlier (-30 cm H,O and -20 cm H,O) are relatively
poor in predicting weaning success and failure, respectively.

12.3.2 Vital Capacity

Vital capacity (VC) is a measure of respiratory muscle strength.
Measurements of VC have been found to be generally erratic
in predicting weaning outcome, and therefore, VC rarely
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weighs in as a factor for determining weanability. A VC thresh-
old of >10 mL/kg has been proposed as a predictor of success-
ful weaning (the normal VC ranges from 65 to 75 mL/kg).

12.3.3 Minute Ventilation

Another time-honored but perhaps equally unreliable index
of weaning is the minute ventilation. Logic dictates that a
patient whose cardiopulmonary status has improved and who
is therefore weanable, should breathe in a relatively relaxed
manner and thus would have a relatively low minute volume.
Normal minute ventilation is approximately 6 L/min.*' A
minute ventilation of less than 10 L/min was regarded as an
indicator of successful weanability," but again contradictions
have surfaced, some studies*’ showing it to be a poor corre-
late of successful weaning.

12.3.4 Respiratory Rate

The value of physical signs has always been paramount in all
aspects of medicine. A thorough physical examination of the
spontaneously breathing patient is invaluable. Use of the
accessory muscles of respiration is a sign of excessive effort
and indicates increased work of breathing. The recruitment of
the sternocleidomastoid and ala nasi muscles and the retrac-
tion of the intercostal spaces is a sign of excessive effort,
whereas paradoxical movement of the diaphragm is a sign
that fatigue has set in.

An elevated respiratory rate is perhaps the earliest sign of
respiratory muscle fatigue,* especially if tidal volumes are
falling. A rising heart rate is also a sign that the patient is fail-
ing the weaning trial. Respiratory alternans is a late sign of
respiratory muscle fatigue and the patient should never be
allowed to progress to this stage.
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TaBLE 12.3. Indices of central respiratory drive.

Parameters that assess central Weaning threshold
respiratory drive

Airway occlusion pressure (P ) <2cm H,0O
Mean inspiratory flow (V /T) Low

12.4 Parameters that Assess Central
Respiratory Drive

12.4.1 Airway Occlusion Pressure

Airway occlusion pressure (P ) is determined by making an
inspiratory effort against an occluded airway and measuring
the airway pressure 0.1 s after the initiation of the inspiratory
effort. P , is a measure of the intensity of the respiratory
drive (normal P values <2 cm H,O). High values indicate an
abnormally high respiratory drive, and therefore, predict
weaning failure. It has been shown in some studies that P,
values above four have a high correlation with weaning fail-
ure,™'*! but other studies have yielded conflicting informa-
tion, and the status of P, as a weaning parameter remains
uncertain (Table 12.3).

0.1

12.4.2 Mean Inspiratory Flow (V /T)

A drawback of the airway occlusion pressure is that its fre-
quent measurement can modify the respiratory drive.” The
mean inspiratory flow (V/T)), essentially a ratio of the tidal
volume to the inspiratory time, does not suffer from this limita-
tion. Nevertheless, the V /T, is a measure of events taking place
much further from the brainstem than is the P, and therefore,
may considerably underestimate the respiratory drive.*
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12.5 Respiratory System Compliance
and Work of Breathing

12.5.1 Work of Breathing

Unlike the PI__, the work of breathing looks at the ability of
the respiratory muscles to endure a sustained inspiratory load.
Atrest,in healthy persons, the work of breathing per liter aver-
ages about 0.47 J/L; the average work per minute of ventilation
is 4.33 J/min. If the work of breathing is high, the respiratory
muscles are clearly making heavy weather of the imposed
resistive load, and weaning failure is anticipated. On the other
hand, even an excessive work of breathing has been associated
with weaning success, and as such, a moderately elevated work
of breathing cannot be taken to presage weaning failure
(Table 12.4).

Part of the work of breathing in a patient on a spontane-
ous mode of ventilation is due to the inspiratory resistance
imposed by the narrow lumen of the endotracheal tube and
by the long ventilator circuits (as discussed in Chap. 3, both
the length and luminal diameter of breathing tubes are
determinants of airway resistance). It is possible that extu-
bating a patient could take away this component of inspira-
tory resistance (namely the endotracheal tube and
ventilatory circuits) and actually reduce the work of
breathing.

On a level of pressure support that is theorically high
enough to completely compensate for the inspiratory resis-
tance that is imposed by the ventilator circuitry and the
endotracheal tube, increased work of breathing would likely

TaBLE 12.4. Mechanical indices of weaning.

Respiratory system compliance and Weaning threshold
work of breathing

Dynamic compliance >22 mL/cm H,O
Static compliance >33 mL/cm H,O

Work of breathing 0.47 J/L or 33 J/min
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be on account of factors intrinsic to the patient (e.g., high
airway resistance or stiff lungs). Under such circumstances,
the work of breathing can be expected to be high even after
extubation, with the prospect of weaning failure.

12.5.2 Compliance of the Respiratory System

A poorly compliant respiratory system can substantially
increase the work of breathing. While operating on the flat-
ter portions of the pressure volume curve, a large inspira-
tory effort is required to inflate the lungs. A poorly
compliant respiratory system may also reflect an unre-
solved pathologic process within the lung, the pleura, or the
chest wall.

The normal static compliance is 60-100 mL/cm H,O. (Note
that these measurements need to be made when the inspira-
tory muscles are completely at rest: any respiratory muscle
activity would bear upon the measured pressures giving falla-
cious values. Accurate measurement of compliance of the
respiratory system would require a well sedated and/or para-
lyzed patient.) Although C, values of >22 mL/cm H,O and
C,,, values of >33 mL/cm H,O are conventionally accepted
weaning criteria, one study did find limited predictive values
for both weaning success and failure when a respiratory sys-
tem compliance of 33 mL/cm H,O was taken as a weaning
threshold.”’

12.6 Integrative Indices

Weaning frequently depends upon the performance of sev-
eral components of the respiratory system. The simultaneous
appraisal of the parameters that reflect these components
would be expected to enhance the predictability of its success
or failure. As the above discussion may illustrate, many of the
solitary indices for the prediction of successful weaning have
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TaBLE 12.5. Composite indices.
Composite indices

RSBI (f/Vt) ratio <105 breaths/min
CROP index >13 mL/breaths/min
P(J.I/Pmax SO'9

SWI <9/min

not been validated with prospective studies. Attempts have
been made to combine several of these parameters into inte-
grative indices, so that better predictability of weaning out-
come might be possible (Table 12.5).

Respiratory muscle fatigue is associated with falling
tidal volumes along with a rise in respiratory frequency, as
the patient strives to sustain a minute volume appropriate
to his needs. Combining the respiratory rate and tidal vol-
ume into an integrative index has been shown to consider-
ably raise the individual predictive power of these two
indices. The {/V ratio (respiratory frequency divided by the
tidal volumes in liters), also called the RSBI (rapid shallow
breathing index), has strong positive and negative predic-
tive values of 0.79 and 0.95, respectively,*’ at a cut-off value
of 105.

It was, however, found in a separate study'® that it was
not possible to use this index with any degree of certainty
in patients whose tidal volumes were boosted with pressure
support. It remains a matter for speculation whether this
index will validate itself if “just enough” pressure support
is used to counter the additional inspiratory resistance
imposed by the ventilator circuitry and the endotracheal
tube (thereby simulating the inspiratory resistance of the
extubated patient as closely as possible). It is also difficult
to compute what would constitute “just enough” pressure
support as the inspiratory load would vary not only with
the caliber of the endotracheal tube, but also with the
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length of ventilator circuitry and the presence of in-line
HMEs. The inspiratory load would also depend upon
unquantifiable variables such as secretions within the
lumen of the endotracheal tube (since even a minimal com-
promise in airway diameter can translate into a major
increase in airway resistance).”® At least one study has
shown that there is a wide interpatient variability in the
level of pressure support that is required to offset the
inspiratory load of the endotracheal tube and ventilator
circuits.*

12.6.1 Simplified Weaning Index (SWI)

The SWI is a measure of the respiratory muscle endurance as
well as the efficiency of gas exchange of a patient’s lungs."?
The measurements are made while the patient is receiving
full ventilator support.

e N
Box 12.2 Simplified Weaning Index

(SWI)

SWI> [f (PIP-PEEP)/MIP] x [PaCO /40]

f>frequency of respiration

PIP>peak Inspiratory pressure

PEEP > positive end-expiratory pressure

MIP >maximal inspiratory pressure (the maximal nega-
tive pressure recorded during a 20-s occlusion of the
airway.

An SWI of >9 predicts weaning success 93% of the
time; an SWI of >11 is associated with weaning
failure.
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e N
Box 12.3 The Compliance, Rate,

Oxygenation, and Pressure
(CROP) Index

The CROP index factors in not only the demands on the
respiratory system, but also the ability of the respiratory
muscles to handle these demands.

CROP index>[Cdynx MIP x (PaO/PAO.,)|/f

Cdyn >dynamic compliance

MIP >maximal inspiratory pressure (the maximal negative
pressure recorded during a 20-s occlusion of the airway.
PaO,>Oxygen tension of the arterial blood
PAO,>Oxygen tension of the alveolar air

f>frequency of respiration.

A CROP index of >13 mL/breath per min generally
correlates with successful weaning: in one prospec-
tive study, its positive and negative predictive values
were determined to be 71 and 70%, respectively?’.

Box 12.4 Pressure-Time Product (PTI)

The PTI is another integrative index: it is the time integral of
respiratory muscle pressure. Since it quantifies the minute
ventilation required to maintain the PaCO, at 40 mmHg
(VEA40), it is essentially a measure of respiratory muscle
endurance, in addition to being a measure of gas exchange."

(S /

12.7 Methods of Weaning

Weaning can either be accomplished by trials of spontaneous
breathing on the endotracheal tube for progressively longer
periods of time, or by gradually decreasing the level of support
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on IMV, SIMV+PS; or pressure support ventilation (PSV). As a
lead-up to either method, the tidal volumes delivered by the
ventilator should be reduced to the tidal volumes the patient is
expected to generate when the mechanical ventilatory support
is discontinued. Many COPD patients are expected to retain
some amount of CO, even when they are clinically stable, and
their PaCO, levels should be brought up slowly to their expected
“baseline” before commencement of the weaning trial.

12.7.1 Trials of Spontaneous Breathing
(T-Piece Weaning)

During a T-piece trial, the patient is disconnected from the
ventilator, a T-piece is attached to the endotracheal tube, and
an appropriate concentration of O, is administered through
one limb of the T-piece. The patient is encouraged to breathe
on his own through the endotracheal tube, initially for brief
intervals of time. These periods of spontaneous breathing are
progressively lengthened until the patient is capable of
breathing on his own for a reasonable period of time without
manifesting any signs of distress.

What constitutes a “reasonable period of time” has not been
determined, but clinical experience predicts weanability when
the patient is able to comfortably tolerate spontaneous T-piece
breathing for 1-24 h. Shorter trials of between 30 and 120 min
of spontaneous breathing may be just as effective in predicting
weaning success.” Neither has it been resolved what intervals of
“rest” on the ventilator are optimal between attempts at spon-
taneous breathing,” but again clinical experience points to a
range of 1-3 h as sufficient. It is possible that even as few as one
trial of spontaneous breathing a day is sufficient.

Trials of spontaneous breathing should be terminated
immediately at any stage should any signs of cardiorespira-
tory distress develop (Fig. 12.2).

Although relatively more labor intensive for the nursing
staff and respiratory therapists, the T-piece method serves quite
well in patients without significant lung disease. The danger lies
in that prolonged trials of spontaneous breathing can deplete
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An increase in respiratoy rate to>40 breaths/min
(with an increase in respiratory rate over the
baseline respiratory rate by 10 breaths/min)

Recruitment of the accessory
muscles of respiration

A rise or fall in heart rate by>20 beats/min
New arrythmia

Fall in PaO, to less than 60 mmHg
(or fall in SpO,t0<92)

A rise in PaCO, by >5 mmHg (or fall in pH to <7.3)

Evidence of distress, like sweating etc.

FiGURE 12.2. Indications for the termination of spontaneous breath-
ing trial.

the tenuous respiratory reserve of a patient with a compro-
mised cardiorespiratory status. Once pushed to the brink of
respiratory muscle fatigue, the patient may then require a
protracted period of rest; optimization of ventilator strategies
is also crucial to the avoidance of excessive work of breathing
in order that respiratory muscle strength may be regained.

Not surprisingly, therefore, the emphasis is now shifting to
a strategy which applies a limited number of weaning trials a
day. Some investigators now regard once a day trials of spon-
taneous breathing as sufficient to achieve successful weaning
without running the risk of exhausting a patient with pro-
longed periods of spontaneous breathing.

12.7.2 Synchronized IMV

This is one of the methods where the burden of breathing is
initially shared between the patient and ventilator; the work-
load of respiration is gradually transferred to the patient.
Enough mandatory breaths are given so that the targeted
PaCQ, is achieved without causing the patient any difficulty
in breathing. The mandatory breaths are reduced by 1-3
breaths/min at each step. A blood gas sample obtaining after
30 min of reducing the IMV frequency on each occasion
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enables close monitoring of the PaCO, and the pH. If the pH
continues to remain at a level above 7.35, gradual reduction
of the mandatory breaths is continued with blood gas moni-
toring at each step, until an IMV rate of zero is arrived at.
When the patient is able to breathe comfortably at this level
for 24 h, extubation is carried out.

The mandatory breaths given in the above protocol are usu-
ally synchronized with the patient’s inspiratory efforts (SIMV)
to avoid any undue work of breathing. The work of breathing
can be significant when the patient’s attempts to trigger inspi-
ration are not followed by an immediate delivery of a tidal
breath.”!” In spite of synchronization of the mandatory breaths,
a considerable amount of work of breathing can still be done
when mandatory breaths are progressively decreased in a
stepwise fashion,”” presumably because of the inability of the
respiratory center to cope straightaway with the increased
demands imposed upon it.”? Thus, it appears that intermittent
mandatory ventilation — in which the mandatory breaths are
perceived to provide supported breaths to the patient and thus
reduce the work of breathing — may sometimes actually have
the opposite effect and contribute to respiratory muscle
fatigue and hamper weaning.®

12.7.3 Pressure Support Ventilation (PSV)

In the PSV mode a certain level of pressure support is preset,
and this level of pressure is sustained throughout the inspira-
tory breath till the airflow falls to about 25% of its peak value;
at this point, the breath is terminated and exhalation occurs. In
weaning, by this mode the physician-preset pressure support
level is gradually and progressively reduced and the patient is
considered ready for extubation when spontaneous breathing
occurs without any sign of distress at a pressure support level
of 3-5 cm H,O, which is the level considered to roughly offset
endotracheal tube and ventilator circuit resistance.*® One
adapted weaning algorithm is suggested below" (Fig. 12.3).

In theory, PSV is an entirely more comfortable mode of
ventilation (or of weaning). The patient is afforded much
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Nocturnal assist- 24 h Low-level CPAP (unassisted

control ventilation breathing)
with diurnal high- LR ORI e PEEP (CPAP) 5 cm
level pressuresupport PEEP 5 cm H,0 H,O FIO, 0.5
FEEP DG A0 PSV 5-10 cm H,0 Extubate 2 h after
PSV 15-20 cm H,O above PEEP commencing if weaning
above PEEP FIO, 0.5 criteria favourable

FiGure 12.3. Weaning with Pressure Support.

more flexibility in the sense that the rate, depth, and flow of
the inspired breath can be controlled by the patient accord-
ing to his or her needs.”

Although PSV should offer a near-ideal way to wean, its use
is still dogged with controversies and plagued with conflicting
results from different studies.”** As discussed in an earlier sec-
tion, an important step in reducing the work of breathing is to
negate the additional inspiratory load imposed by the endotra-
cheal tube and ventilator circuits, by adding an equivalent
amount of pressure support. This is easier said than done,
because the amount of the inspiratory load contributed by
these is extremely difficult to estimate (Fig. 12.3).

Since even a small decrease in endotracheal tube caliber
will result in a very large increase in airflow resistance,any
internal crusting is enough to create a substantial increase in
resistance. Furthermore, different flow rates can also cause
airway resistance to vary. Since in PSV the flow rates are
largely controlled by the patient, they may differ from breath
to breath making even rough estimates of airflow resistance
virtually impossible.

Another drawback to weaning by this mode is that due to
narrow airways in the obstructed patient, inspiration is
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frequently prolonged and flow may fail to fall quickly to the level
of the peak flow that signals cycling from inspiration to expira-
tion. In such circumstances, the patient may initiate expiration
while the ventilator is yet in the process of delivering its breath.
Clashing of patient with the ventilator consequently occurs,
which considerably interferes with the process of weaning.

12.7.4 Noninvasive Positive Pressure Ventilation
(NIPPV)

Not only does NIPPV help decrease the intubation rate in acute
type II respiratory failure in COPD patients, but also achieves
a high weaning rate.” The role of the NIPPV in the weaning of
patients with nonhypercapnic respiratory failure is less clear and
probably less important. The success of NIPPV can be seriously
compromised if leaks are allowed to occur. An ill fitting mask or
a large air leak through the mouth while using a nasal mask
may severely limit the success of NIPPV as a weaning mode.

12.7.5 Extubation

Weaning is not synonymous with extubation®. Extubation
should be carried out only after the patient’s ability to protect
the airway is assured, the prerequisite of which is a satisfac-
tory level of consciousness; a score of >8 on the glasgow coma

Blotter method ‘ ’

e ETT is disconnected from the
ventilator circuit

Spirometric method

* A spirometer is introduced into
the ventilator circuit

* An index card or a blotting paper
is held about 1-2 cm away from
the end of the ETT

* The patient is instructed to cough
forcefully

* An ability to moisten the card
with three out of four cough
attempts correlates 3 times more
strongly with successful extubation
than does an inability to do so'®

¢ The patient is instructed to cough
forcefully

* The cough peak flow is measured
on the spirometer

¢ A cough peak flow of 60L/min or
more correlates 5 times more
strongly with successful
extubation than does a cough
peak flow <60L/min®®

FIGURE 12.4. Assessment of the strength of cough.
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Qualitative assessment for airway Quantitative assessment for airway
patency ‘ ’ patency
* The ETT cuff is deflated * The ETT cuff is deflated
¢ The chest piece of the stethoscope is ¢ The inpiratory tidal volume and the
placed on the trachea expiratory tidal volume are both
* A “leak-squeak” during a ventilator noted for each of six successive
delivered positive pressure breath breaths
indicates that there is adequate ¢ The difference between the
space around the ETT inpiratory tidal volume and the
 Lack of a leak-squeak implies the expiratory tidal volume is in essence
presence of laryngeal edema. And the cuff leak volume
this usually presages extubation * The average of lowest three readings
failure of the cuff leak volume is calculated®

FiGuUrE 12.5. Evaluation of the airway prior to extubation.

scale (GCS) correlates positively with successful extuba-
tion.” A good cough reflex is also vital; the strength of cough
may be assessed by using an index card or a blotting paper, or
more formally, by spirometry (see Fig. 12.4).

g 0
Box 12.4 Technique of Extubation

The patient is propped up into a sitting position (Fowler’s
or semi-Fowler’s)

Preoxygenation with 100% O,

The mouth and throat are thoroughly suctioned

The tapes securing the ET tube are loosened

As the cuff is deflated, a fairly large breath is provided

The patient is instructed to cough vigorously as the tube
is withdrawn

The ET cuff is completely deflated

The tube is withdrawn in a single swift

The patient is made to cough once more after the with-
drawal of the tube

The mouth and throat are suctioned once again

Oxygen is administered through a facemask

The patient’s condition, breathing pattern, vitals, ECG,
and SpO, are closely monitored
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Copious airway secretions increase the likelihood of extu-

bation failure.'® The need for frequent suctioning — e.g., more
than once every couple of hours — indicates that extubation is
better deferred.

Finally, laryngeal edema or other upper airway problems

can compromise the success of extubation, and it is essential
to assess the patency of the upper airway before removing
the endotracheal tube (Fig. 12.5).
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Chapter 13

Noninvasive Ventilation in
Acute Respiratory Failure

Noninvasive ventilation (NIV) entails the administration of
positive pressure breaths through the patient’s innate airway
by means of a close-fitting mask.

13.1 NIV and CPAP

CPAP and NIV are not synonymous. CPAP involves the
application of a constant positive pressure to the airway,
while the patient spontaneously breathes. Positive pressure
breaths are not dispensed and therefore it is not considered a
true mode of ventilation. NIV, on the other hand, does pro-
vide pressure mechanical breaths, with the objective of boost-
ing tidal volumes and unloading the respiratory muscles; it
can therefore be considered a true mode of mechanical
ventilation.

13.2 Mechanism of Action

The mechanisms by which NIV improves gas exchange in
chronic respiratory failure are not well understood, but can
presumed to be more or less similar to those in invasive
mechanical ventilation. It is likely that NIV rests the respira-
tory muscles and reduces pulmonary microatelectasis by the
positive pressure it generates. With chronic use, NIV will also

A. Hasan, Understanding Mechanical Ventilation, 415
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© Springer-Verlag London Limited 2010
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FiGure 13.1. Relationship between PSV, inspiratory positive airway
pressure (IPAP), and expiratory positive airway pressure (EPAP).

prevent nocturnal hypoventilation and reset upward the set-
point for CO,. In COPD, NIV likely produces improvements
by partly offsetting auto-PEEP and reducing the work of
breathing. Any or all of these may contribute to the benefits
that accrue (Fig. 13.2).

One of the principal advantages of NIV is in the avoidance
of the infections that are associated with the placement of an
endotracheal tube. With the innate airway preserved, the
patient is able to vocalize, eat, and cough effectively.

Although the use of NIV in several forms of acute respira-
tory failure (ARF) has been validated, the goals of NIV in
many of these situations are disparate. In type I respiratory
failure, the aim is to decrease hypoxemia until the process
responsible for ARF has resolved. An additional objective in
COPD is to unload respiratory muscles and decrease the
work of breathing.

In ARE, the role of NIV may be conceptualized as an
attempt to avert invasive mechanical ventilation, but recourse
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FIGURE 13.2. Mechanisms by which noninvasive ventilation (NIV)
improves gas exchange.

to the latter must necessarily be taken in a patient with severe
respiratory failure, or in a patient who is failing a trial of NIV.
NIV in an unstable patient should always be used within an
ICU where personnel and facilities for invasive ventilation
are present; invasive mechanical ventilation will eventually
be needed in as many as 40% of patients in ARF who are
initially treated with NIV.%

Nonetheless, the usage of NIV in early respiratory failure
has been associated with a gratifying success rate, ?° although,
with the currently approved selection criteria, it is presently
not possible to predict outcome in a given case. NIV has
been shown to be beneficial in acute exacerbations of COPD
15438+ and in cardiogenic pulmonary edema.’®> NIV has also
been widely used as a weaning mode for patients with
COPD.*

It is important to remember that where there is an urgent
need for intubation and ventilation, invasive mechanical ven-
tilation must be initiated without delay. Indeed, it has been
seen that perseverance with NIV in these situations and
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Absolute contraindications ‘ ‘ Relative contraindications

* Need for urgent ¢ Confusion

intubation * Moderate bulbar

* Severe hemodynamic weakness
compromise ¢ Unstable angina or

* Coma, or severe bulbar evolving myocardial
weakness infection

* Facial trauma ¢ Poor cough reflex

* Upper airway obstruction ¢ Facial deformity

* Recent esophageal or
gastric surgery

FiGure 13.3. Contraindications to NIV.

inordinate delay in the institution of invasive mechanical
ventilation have actually been associated with a higher mor-
tality (Fig. 13.3).%

The terms CPAP (on the portable ventilator) and PEEP
(on a critical care ventilator) are often used interchangeably.
On a portable machine, the IPAP is the sum of PSV and
PEEP (i.e., the sum of PSV and EPAP). The PSV level (the
difference between the IPAP and EPAP) is the real determi-
nant of the inspiratory assistance. Thus, an increase in tidal
volume can be accomplished by either increasing the IPAP
(without altering the EPAP), or by decreasing the EPAP
(without altering the IPAP), both of which will cause the PSV
to increase.

13.2.1 Interface

Atleast six types of interfaces are now available. In the acute
setting, NIV is normally administered by a firmly fitting
mask. Cuffs made of soft rubber or plastic help in achieving
an effective seal. Six types of masks are now available
(Fig. 13.4). In cases where mask fit is problematic, customized
masks can be made.
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Helmets
Total face masks
Nasal masks BUlisceinasks Possibly just as .
Encompass the Encompass the effective as Nasal pillows
Enclose the nose | | 110/ ith and nose entire face and orofacial masks O
. not just the nose Ty "g d
Rfe(?: onthe bridge | | goi o the bridge | | and mouth More comfortable Mouthpiece ;gfzrsne":re\r;cite
of the nose
of the nose q .
B —— They do not sit Relatively large respiratory failure
etter tolerate o i
More effective upon the nasal minute volumes
(than full face (compared to bridge, and so do | | are required to F'I'°d‘:°e ':sg.
masks) in the nasal masks) in not produce wash out the CO, claustrophobia
chronic setting the acute setting pressure sores that builds up
with the
rebreathing of air

FIGURE 13.4. Types of commercially available interfaces.

Either a nasal or a full face mask can be used; each has its
special advantages. Total face masks and “helmets” are now
available. The nasal plug type “minimasks” are currently not
recommended for acute care NIV. Standard nasal masks are
available in various sizes and the option of having a choice
of size is important to assure a snug, leak-proof, and yet com-
fortable fit in a given patient. The choice of the right mask
size will often prove critical to the success of the NIV.
Normally, the selected mask size should be the smallest that
fits properly over the nose. A mask that is too large can
leak.

Resistance to airflow through the nasal passages can be
significant and this may prove to be an important factor at a
low level of pressure support (Fig. 13.5).%

Being of a much larger volume, the orofacial mask can
theoretically increase the dead space; clinically important
increases in PaCO, have, however, rarely been seen to
occur.”” In spite of this, arterial blood gases may take longer
to normalize with nasal than orofacial masks.**

Data on the relative efficacy of nasal and orofacial masks
are scant; in acute settings, outcomes appear to be better with
the face mask.” Therefore, even though patients cannot be as



Nasal mask

Prone to mouth leakages. Leaks may
comromise the efficasy of the system
Less dead space

Possibly less effective than the orofacial
mask in acute situations

Does not work when nasal passages are
obstructed

Relatively low risk of aspiration since
mouth offers egress for vomitus

Patient communication more effective
Eating, drinking, and expectoration is
possible without removal of the mask
More comfortable compared to orofacial
mask: as a result, better tolerated
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Orofacial mask

Mouth covered by the mask

More dead space

Possibly more effective than nasal mask
in acute situations

Not dependent on patency of nasal
passages for its efficacy

Relatively high risk of aspiration since
both mouth and nose are covered
Patient communication more effective
Eating, drinking, and expectoration is
possible without removal of the mask
Relatively uncomfortable compared to
nasal mask

FIGURE 13.5. A comparison of nasal and orofacial masks.

satisfactorily monitored for aspiration with face masks as
they can with nasal masks, the overall superiority of the face
mask over the nasal mask may well favor its use, at least at
the time of commencement of NIV.! On the other hand, in
chronic respiratory failure, nasal masks are clearly better
tolerated.® The preference of the user should be factored
into the choice of the mask.

Masks are held in place with head-straps and care must be
taken to ensure that these are not secured too tightly in an
endeavor to ensure a tight seal between the mask and the
face. A too-tight fit can in fact exacerbate air leakage and
decrease patient compliance: the head gear should be strapped
loosely enough to permit the insertion of a couple of fingers
between the strapping and the face (see air leaks below).

The patency of the airway within the nose is crucial to the
success of a nasal mask, and a topical nasal decongestant may
be used as required.

13.2.2 Modes

Most critical care ventilators in current use have capabilities
to administer NIV. Either volume-cycled or pressure-cycled
ventilation may be utilized.* PSV," bilevel positive airway
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pressure, and CPAP have all been shown to be effective in
treating COPD.*%*

13.2.3 Devices

Contemporary microprocessor-controlled ventilators of the
ICU offer sensitive methods of monitoring the various venti-
lator parameters, and enable delivery of accurate FIO,s.**
Large air leaks in the circuit at the patient-mask interface can
be reliably detected, and failure rates of NIV thus minimized.
In addition, because the inspiratory and expiratory tubings
are discrete, these ventilators reduce CO, rebreathing. For
this reason, it was recommended by several authors that NIV
be administered by a standard ventilator in the setting of
AREF.? Indeed, for the delivery of NIV in acute care units,
critical care ventilators have traditionally been favored over
the portable bilevel devices.

Dedicated bilevel devices are increasingly becoming
sophisticated, and now incorporate better triggering and
cycling mechanisms, superior leak compensation, and more
alarms. Their performance can now be considered compara-
ble to critical care ventilators.' It is probably not important
which of the two is used for noninvasive ventilation.

In respect of intubated patients, however, there are clear
differences in performance. At low expiratory pressures
(around 2-3 cm H,0), Work of breathing seems to be sub-
stantially higher with bilevel ventilators than with critical
care ventilators. However, with higher set expiratory pres-
sures (around 5 cm H,O), there appears to be little difference
between the two presumably because PEEP, is better coun-
terbalanced in the latter circumstance.*

With critical care ventilators, internal blenders enable the
delivery of an FIO, which is more precise."” The FIO, in bilevel
devices depends on the liter-flow of oxygen connected into the
circuit from an external source. With the high inspiratory flows
that are generated by these machines, an FIO, of over 0.5 is
seldom possible. The newer bilevel ventilators (such as the
Vision™ of Respironics) are fitted with oxygen blenders.
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13.2.4 Humidification with NIV
(see also Chap. 15)

Whereas portable ventilators use ambient air as the gas-
source, critical care ventilators operate on dry air. As a con-
sequence, airway drying is much more common when critical
care ventilators are used: this makes airway humidification
mandatory.

As far as humidification devices go, HMEs and pass-
through humidifiers can considerably increase the work of
breathing and may make triggering difficult. Therefore, nei-
ther of these ought to be used with NIV: only pass-over
humidifiers seem to be suitable at present.

13.3 Air Leaks

Unlike invasive mechanical ventilation, NIV is not a com-
pletely closed system and so some air leakage is inevitable.
Air leaks from the mouth can compromise the effectiveness
of the system, and make it difficult to monitor the delivered
tidal volumes. Chin straps are sometimes used to reduce
mouth leaks, with variable efficacy.

A full face mask will be effective even if the patient chooses
to breathe through the mouth, though air can still leak around
the mask apron. Small air leaks at the interface between the
mask and the face are in fact common and do not necessarily
compromise the effectiveness of ventilation; however, large air
leaks can lead to failure of NIV. The full face mask requires a
lower amount of patient cooperation, since failure to keep the
mouth closed will still result in effective ventilation. Large air
leaks will sometimes prevent ventilator cycling, leading to
asynchrony between the patient and the machine (see Fig. 13.6).
Portable ventilators now have mechanisms for leak compensa-
tion, but most critical care machines are less efficient at this.

Unidirectional air leaks through the mouth can produce
nasal mucosal drying.®® The release of local chemokines can
then increase nasal airflow resistance, further increasing air
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A large air leak The breath will
through the mask continue to be
apron can be dispensed by the This can result in
perceived by the machine even though considerable patient-
machine as an attempt| | the patient may have ventilator asynchrony
at inhalation on the completed inhalation
part of the patient and is ready to exhale

4

FIGURE 13.6. Patient-ventilator asynchrony with air leaks.

Large uni-
directional air leak

through the
mouth

Increase in nasal ’
Mucosal drying

airflow-resistance

FIGURE 13.7. Unidirectional air leak through the mouth.

leakage through the mouth.” The use of heated humidifiers
by increasing upper airway humidification may be helpful
(Fig. 13.7).

The capacity for leak compensation can vary substantially
between ventilators.” Pressure-targeted ventilators are supe-
rior at compensating for air leaks since they are capable of
generating high peak inspiratory flows (120-180 L/min). With
volume targeted ventilators, loss of tidal volumes can exceed
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50%, but it should be possible to compensate for moderate
leaks by increasing the set tidal volumes.”

Box 13.1 Advantages of NIPPV

Box 13.2 Disadvantages of NIPPV

May delay invasive ventilation

13.4 Indications for NIV

13.4.1 Hypoxemic Respiratory Failure

The causes of acute hypoxemic respiratory failure (AHRF)
are varied, and therefore, the response to NIV in AHRF as a
class is not predictable.o#!!
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The proportion of patients failing NIV — and subsequently
requiring mechanical ventilation — appears to be higher when
the respiratory failure is hypoxemic, rather than when it
occurs in the setting of COPD (see below). Nevertheless, the
use of NIV in ARF has been shown to decrease the length of
ICU admission, the incidence of nosocomial pneumonia and
sinusitis, and the duration of mechanical ventilation when it
was subsequently required.

Significantly, mortality in patients who fail NIV and subse-
quently require mechanical ventilation tends to be extremely
high. This could reflect the severity of disease in patients who
progress to endotracheal intubation; equally, it is possible that
such patients would have been better off without NIV from the
outset, a delay in intubation and the initiation of invasive mechan-
ical ventilation possibly having contributed to the mortality.*

Cardiogenic pulmonary edema: outcomes are frequently
favorable with NIV in cardiogenic pulmonary edema,'? and this
seems logical considering that positive intrathoracic pressure
decreases both preload and afterload. NIV does not appear to
hold special advantages over CPAP in this setting, except pos-
sibly in patients at risk for intubation,” or in whom CPAP has
been unsuccessful in reducing the work of breathing.

At least one study has determined that reduced rates of
endotracheal intubation in patients treated with NIV do not
translate into improved survival.”® In this study, NIV treated
patients had an increased incidence of transmural infarction.
It was proposed that methodological limitations may have
led to this conclusion and that the results in this study may
have been biased by the randomization of a large number of
patients with evolving myocardial infarction into the NIV
group.! On the other hand, it could well be that the rise in
intrathoracic pressure could have contributed to myocardial
ischemia. Until the issue is clarified, the use of NIV in acute
myocardial infarction or active cardiac ischemia should be
undertaken with due caution.'**

For patients with pulmonary edema, CPAP should be the
noninvasive modality first offered; NIV can be subsequently
used if work of breathing remains high or if CO, retention is
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problematic”; patients in severe respiratory failure or in
whom the respiratory failure cannot be expected to resolve
promptly should be intubated forthwith.

13.4.2 Hypercapnic Respitatory Failure

13.4.2.1 COPD Exacerbation

NIV is now an accepted first-line intervention for the
hypercapnic respiratory failure of COPD.?*1¢! The scope of
NIV in acute hypercapnic exacerbation of COPD is exten-
sive, and patients have benefited frequently — but not
always — with NIV."* NIV significantly decreased the rate of
intubation, mortality, and length of ICU stay in several tri-
als.>*84 Methodological factors confound the important
question as to which subset of patients is likely to benefit
from NIV alone, and in what group of patients should
endotracheal intubation and invasive mechanical ventila-
tion be directly instituted without a preceding trial of
NIV.2 At the present time it would appear that some
patients presenting with exacerbations of COPD are either
too ill to require mechanical ventilation straightaway, or
not ill enough to require even NIV support; this would
leave a group of COPD patients in whom conventional sup-
portive therapy would be likely to fail, and in whom NIV
would potentially avert the necessity of invasive mechani-
cal ventilation (Fig. 13.8).15

Studies have mostly failed to identify candidates who
would be likely to benefit from NIV in COPD exacerba-
tions.>* However, the potential benefits of NIV in COPD
exacerbations are great, and unless respiratory failure is
advanced, many clinicians feel justified in routinely using
NIV in acute hypercapnic COPD exacerbations — provided
no contraindications exist — and proceed with the institution
of invasive mechanical ventilatory support should patients
show a lack of response to the NIV trial.

The most commonly used — and possibly the most effective —
mode in COPD exacerbations appears to be PSV (10-15 cm
H,O) with added CPAP (48 cm H,O)." The CPAP, by
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Patients with COPD can These patients have already completed their inhalation
Sometimes have relatively | while the ventilator has not. The continued delivery of a
high inspiratory flows, and, | yentilator-delivered breath during patient-expiration can

as a consequence of tﬂ!f result in considerable patient-ventilator asynchrony
short inspiratory times

A
S vERiED diustments [changeover Reduction
overa’ veniiatory adjustments to a time- in the 5 Addition of
are possible for the mitigation . Decrease in .
of patient-ventilator cycled duration of the applied
mode of the S PEEP to
asynchrony. Some of these o § inspiratory
options are specific to certain ventilation ventilator- . reduce
ek & medine eg pressure delivered auto-PEEP
’ assist- breath
control.

FiGURE 13.8. Patient-ventilator asynchrony in COPD patients.

decreasing the inspiratory threshold, enables a greater unloading
of the respiratory muscles than does PSV alone."
13.4.2.2 Decompensated Obstructive Sleep Apnea

Lower respiratory tract infections are probably the com-
monest cause of acute or chronic respiratory failure in
patients with OSA. In these patients NIV can be used with
benefit.®

13.4.3 Miscellaneous Indications

13.4.3.1 Weaning
The role of NIV in weaning has been considered in (Chap. 12.7.4)
13.4.3.2 Acute Respiratory Failure

in Immunocompromised Patients

By the very avoidance of endotracheal tube, the risk of noso-
comial pneumonia in immunocompromised patients has
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been shown to diminish. In this respect, NIV can prove
extremely advantageous.’

13.4.3.3 Extubation Failure

When NIV is used to support patients with extubation failure,
outcomes have not been particularly impressive. Reintubation
is more frequently avoidable in patients with COPD, and pos-
sibly in a few conditions that are rapidly reversible with medi-
cal therapy.

13.4.3.4 Bronchoscopy in the ICU

In selected patients with borderline blood gases, NIV can
facilitate bronchoscopy’ and upper GI endoscopy™ in the
intensive care unit; the use of the modern “helmet” has been
impressive in increasing patient-comfort and reducing the
technical demands on the bronchoscopist.®

13.4.4 Steps for the Initiation of NIV

NIV may be initiated either by the incremental (the “high-
low”) method or the decremental (the “low-high”) method
(Fig. 13.9) 5%,

Decremental (“High-low”) Incremental (“Low-High”)
method*® method*®
Initial inspiratory pressure is set at Initial inspiratory pressure is set at
about 2025 cm HoO about 8-10 cm HyO

The pressure is raised gradually until
goals are met or the patient becomes
intolerant of the pressure level

If the patient is intolerant of this
pressure, it is lowered in steps

FiGuUre 13.9. The high-low and the low-high methods of initiating NIV.
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N
* Explain the procedure to the patient
* Reassure
Explanation * Place the patient in a semirecumbent position
and )
preparation
~N
\\/ * Select the appropriately sized mask
* Hold the mask over the patient’s face
* Ideally have the patient himself or herself hold the mask (for familiarization)
Mask
application J
N
* Apply IPAP first, starting with a PSV level of about 10 cmH»0, and
zero PEEP (ZEEP)
* Next add the CPAP (PEEP) of about 5cmH0
Pressurization2| * Secure the strapping
J
* Increase the PSV to a level where the exhaled tidal volumes rise to 7L/kg
and the respiratory frequency falls to<25bpm,
« Titrate the FIO5 to (give) a FI02>0%
Targtzt\cltra}nges * Now increase the CPAP to a point where FIO» can be given at 0.6
and FIO, J
goals

FIGURE 13.10.

Protocol for the initiation of NIV.

One adaptation of the low-high method**** is described in

Fig. 13.10.

13.4.5 Complications

Invasive mechanical ventilation is clearly fraught with risks.
Several of these, such as nosocomial pneumonia and trauma
during intubation, are directly attributable to the endotra-
cheal tube. On the other hand, the complications of NIV

are few and

infrequent. NIV, at least in theory, can reduce

the incidence of nosocomial pneumonia, though the meth-

odology of
reappraisal.

the studies which suggest this needs critical
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13.4.5.1 Skin Ulceration

Pressure necrosis of the skin on the bridge of the nose is the
commonest complication of mask-NIV.* It can, by and large,
be prevented by careful attention to the mask size, its fit, and
harness tension. Changing the interface may allow healing of
the dermal lesion. Total face masks that encompass the entire
face — not just the nose and mouth — are available.” These do
not sit upon the nasal bridge and so do not produce pressure
sores. Compared to orofacial masks, “helmets” are possibly
just as effective,’ and certainly more comfortable.®’ Relatively
large minute volumes are required for effective ventilation to
prevent the CO, retention that occurs with the inevitable
rebreathing of air with “helmets.””

13.4.5.2 Gastric Distension

Gastric distension can occur in as many as half of all patients.*
This is more often the case when volume-control NIV is used.
Since the resting tone of the esophageal sphincter almost
always exceeds 20 mmHg — and is frequently even higher — it
will invariably exceed the inspiratory pressures that are usual
during NIV.* Air insufflation into the stomach is conse-
quently mild, and specific measures to reduce abdominal
distension are generally not necessary. When a relatively high
insufflation pressure is being used — especially in the pres-
ence of a lax esophageal sphincter — discomfort may result.
When thoracic impedance is high, the stomach will be more
easily distended by air. Symptoms usually respond to a reduc-
tion in mask pressure or to administration of simethicone. In
a few cases, changeover from volume-limited to pressure-
limited ventilation may be required. Nasogastric tube place-
ment may help, but should not be used “prophylactically.”

13.4.5.3 Otalgia

Sinus or ear pain can result from the increased air pressure
within the upper airways.
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13.4.5.4 Eye Irritation

“This can occur due to air leakage from under the apron of
the mask. Again excessive strap tension may be causal.
Consideration must be given to reducing strap tension,
changing mask size, and using emollient eye drops.

13.4.5.5 Hemodynamic Compromise

NIV is known to cause negligible hemodynamic compro-
mise.” Certainly, compared with invasive mechanical ventila-
tion, the amount of hemodynamic compromise produced by
NIV appears to be minimal.*® The possibility of hemody-
namic depression is greater at higher levels of pressure. The
implications of using NIV in patients with evolving myocar-
dial infarction have been mentioned earlier in this chapter.

13.4.5.6 Barotrauma

Barotrauma rarely, if ever, occurs because the insufflation
pressures used are relatively low.”

13.4.5.7 Asphyxiation with Aspiration

This is another potentially serious complication associated
with NIV. Coma or profound bulbar weakness constitutes a
contraindication to NIV, and extreme caution is warranted
when the patient is confused or has a poor cough reflex. Since
orofacial masks allow little egress for vomitus, asphyxiation is
much more of a concern with these, than with nasal masks.
The presence of an ileus constitutes a relative contraindica-
tion to the use of NIV. Gastric decompression with nasogas-
tric tubes is not considered routine with NIV, but may be
beneficial when abdominal distension or nausea — which fre-
quently presage emesis and asphyxiation — is present.
Asphyxiation is also possible should ventilator failure
occur, and masks these days are designed with straps that can
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be quickly released; some masks incorporate antiasphyxia
valves.

13.4.5.8 Monitoring

One of the crucial factors that determine the success of NIV
is patient monitoring. Since it cannot be predetermined
whether a given patient on NIV will eventually require inva-
sive mechanical ventilation, early recognition of a failing NIV
trial is vitally important if endotracheal intubation is to be
carried out in time. Therefore, until it is certain that the
patient has clinically stabilized, the patient should be closely
observed in an ICU, with meticulous monitoring of vital data,
cardiac rhythm, oxygen saturation, and blood gases.

Worsening respiratory failure is obviously one of the prime
indications for intubation, and a patient whose PaCO, wors-
ens over 1-2 h — or indeed fails to improve in about 4 h — must
be considered for invasive ventilation.”> Excessive secretions
and a lack of ability to defend the airways are other indica-
tions for intubation.

13.4.6 Contraindications

The use of NIV requires the fulfilling of certain precondi-
tions. A normal or a near-normal bulbar function is required.
A preserved ability to clear airway secretions and to defend
the airway against aspiration, hemodynamic stability, intact
gastrointestinal motility, and an ability to cooperate with the
treatment are further requirements. Since preservation of the
airway reflexes and patient cooperation are essential, it is not
possible to heavily sedate (or paralyze) a patient who is syn-
chronizing poorly with the machine. Contraindications to
NIV have been summarized in Fig. 13.3.

13.4.7 Outcomes

As mentioned earlier, there are as yet no firm predictors of
the outcome of NIV. It has been seen that if an improvement
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in the respiratory rate and arterial pH is not manifest within
30-120 min of initiation of NIV, the likelihood of success with
continued NIV is low (Box 13.3).

When a large air leak exists, there is a significant loss of
airway pressure and of tidal volumes. In this situation too,
NIV is liable to fail. Excessive airway secretions, a depressed
sensorium, inability to coordinate with the NIV breath, high
APACHE scores, and a low pH prior to the commencement
of NIV have all been linked with significant failure rates.

Box 13.3 Predictors of Failure with
NIPPV

Low pH prior to commencement of NIPPV
No improvement in respiratory rates and pH within
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Chapter 14

Negative Pressure Ventilation

In essence, the negative pressure ventilator comprises a rigid
shell that partly or completely encloses the patient’s torso, the
pressure within which can be dropped by means of an attached
pump.”” Air enters the lungs as a result of the fall in pleural
pressure produced by expansion of the thoracic cage. Expiration
is passive. Negative pressure ventilators were introduced in the
middle of the nineteenth century and preceded positive pres-
sure devices by nearly a century (see Chap. 1) (Fig. 14.1).
Three types of devices for NPV exist: the iron tank, the
cuirass, and the body suit. Since an artificial airway is not

The increased

Evacuation of air from With the outward radient between the
the device results in | |excursion of the thorax, g -
. . atmospheric pressure
the creation of intrapleural pressure— )
) . and the intra-alveolar
subatmospheric and therefore the intra ressure allows the
pressure surrounding alveolar pressure— P flow of air into
the chest wall become negative

the lungs

FIGURE 14.1. The principle of Negative Pressure Ventilation (NPV).
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required (unless airway secretions are troublesome), the
patient can eat, drink, and talk without hindrance.

14.1 Tank Ventilator (Iron Lung)

Popularly known as iron tanks — though they are now assem-
bled from plastic or aluminum components and are much
lighter than the earlier versions — the Porta-Lung of
Respironics weighs just 110 pounds (a separate negative
pressure unit weighs 45 pounds). These ventilators com-
pletely enclose the patient’s body from the neck downwards.
A padded collar provides an air-tight seal at the neck. Access
to the patient for physical examination, nursing, and ther-
apy — necessarily through windows and portholes — is under-
standably difficult. Moreover, since most of the body lies
within the tank, the abdomen is as much subject to the nega-
tive pressure generated by the ventilator as is the thorax.
Consequently, in some subjects, pooling of blood occurs
within the great vessels of the abdomen, reducing the venous
return to the heart. The hemodynamic compromise (“tank-
shock”) can sometimes be severe. Tidal volumes are deter-
mined by the magnitude of the negative pressure that is
applied, but by and large, there is little scope for finer adjust-
ments to suit the requirements of individual patients.

14.2 The Body Suit (Jacket Ventilator,
Poncho-Wrap, Pulmo-Wrap)

Garments of various designs have in common a grid enclosing
the chest and a flat plate at the back,'” around which is draped
a wind-proof fabric. Seals around the neck, arms, and the hips
or thighs make the jacket air-tight. Negative pressure is inter-
mittently created by means of an external pump connected to
a hose. A seal that fits about the pelvis allows access of the
patient’s perineum for nursing. Leaks (which can produce
uncomfortable cooling) are more common with this kind
of wrap than with the sort that provides a seal at the thighs
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or ankles (Pulmobag: Respironics; Pneumobag: Emerson).
With the latter type of body suit, an uncomfortable squeezing
sensation can be felt about the lower limbs during the nega-
tive pressure breath.

With the fabric fashioned into a zippable suit with sleeves
and pantlegs (Pneumosuit: Emerson;NuMo Suit: Respironics),
the movement of the extremities is less restricted. The special
fabric (Gore-tex, Gore) is water-permeable, and affords
egress for humidity, making for greater patient comfort. The
tidal volumes that the device can deliver are lower than those
possible with the iron tank.*

14.3 Chest: Shell (Cuirass)

The cuirass derives its name from the defensive armor, which
consisted of a protective breastplate and a backplate, of the
fifteenth century soldier. Mounted soldiers wearing cuirasses
were known as Cuirassiers, though this name was later
extended to describe any soldier of the heavy cavalry. The
cuirass is basically a rigid shell - now made of thermo-molded
plastic — enclosing the front of the patient’s thorax, the pres-
sure within which is rhythmically lowered by means of a
vacuum-creating device linked to it by a hose pipe.

The principle of operation is the same as that of the tank,
but since the cuirass encloses only the thorax of the subject,
less hemodynamic compromise is encountered. A major advan-
tage is that the patient can be nursed in a seated position, but
its smaller surface of apposition also means that as a ventilator,
it is rather less efficient than the tank, or even the wrap.”

Access for patient care is obviously much better than in
the case of iron tank, and unrestricted arm movement is pos-
sible. Some models incorporate pressure sensors that detect
attempts at inspiration and generate a negative pressure
breath in synchrony with it, thus providing an assist mode.
Custom-made cuirasses, by and large, eliminate air-leaks that
were a problem with earlier models, and the recent incorpo-
ration of plastic wrapping around the shell has improved the
air-seal.
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14.4 Modes of Negative Pressure Ventilation

Several modes of ventilation are possible with NPV, and

these have been summarized in Fig.

Negative pressure ventilators still have a role today, espe-
cially in the long-term nocturnal ventilation of patients with
neuromuscular or chest wall disorders.?>?> NPV is probably
effective in the treatment of acute respiratory failure in
COPD® and neuromuscular disease>* as well, but currently,
positive pressure ventilation is far more popular for this indi-

cation (Fig.

Intermittent
negative pressure
ventilatiation (INPV)

The preset
negative
pressure is
delivered for
the preset
inspiratory
time

Expiration is
passive, and
occurs due to
the elastic
recoil of the
chest wall

FIGURE 14.2.

14.2).

Negative/positive

pressure
ventilation
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inspiratory
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expiration),
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tidal volumes
are larger®

Modes of Negative Pressure Ventilation.
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14.5 Drawbacks of NPV

Unlike positive pressure breathing, intrapleural pressure is
negative during inspiration, and airway pressures cycle more
or less as they do during physiological respiration. The venous
return not being impeded,cardiac output is preserved. Although
this is the case with most negative pressure devices, the tank
is the exception: since not just the thorax, but the entire body
is encompassed by the device, the intrathoracic pressure is
actually high relative to the pressure at the body surface.”
With tank ventilation, therefore, hemodynamic effects may
be very similar to those seen during positive pressure ventila-
tion. NIV has on occasion been associated with pneumotho-
rax”; rarely rib fractures have been known to occur.”

NPV can also be a risk factor for aspiration. NPV is capa-
ble of inducing lower esophageal sphincter dysfunction, and
its use has sometimes been associated with emesis'’; prophy-
laxis with prokinetic agents is desirable.’! The risk of aspira-
tion is clearly enhanced in patients who are unconscious.

NPV can induce narrowing of the glottis or the supraglottic
airway during sleep, provoking apneas and hypopneas.>?!:**

Although these effects can as well occur in neuromuscular
patients, the overall benefits of NPV in this group outweigh its
drawbacks. The mechanism of the upper airway narrowing
remains elusive, but it is likely that during sleep with NPV,
coordinated respiratory muscle activity may be abolished.
With the failure of the pharyngeal muscle tone to increase
immediately preceding inspiration, airway walls may be drawn
together by the negative inspiratory pressure. The probability
of upper airway obstruction appears to be greater in patients
who have other reasons for impaired pharyngeal muscle tone,
such as those who are obtunded, or those with bulbar impair-
ment. Although NPV can prove useful in patients with central
sleep apnea, it is contraindicated when the apnea has an
obstructive component to it.>?12

The supine position that patients with tank or wrap devices
are constrained to adopt can produce muscular discomfort
and pain.
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Chapter 15

Airway Humidification
in the Mechanically
Ventilated Patient

15.1 The Role of the Nasal Mucosa

Inhaled air is cold and dry. The highly vascularized nasal mucosa
warms and humidifies it, and makes it suitable for breathing.

The surface area of the nasal mucosa is enlarged by the
three nasal turbinates. As the air is drawn around these, the
laminar airflow becomes turbulent. Eddy currents allow bet-
ter contact of the inspired air with the mucosa and facilitate
the transfer of heat and humidity.

Most of the humidification, by far, occurs in the nose, where
the air is warmed to 31-32°C and about 95% saturated with
water vapor. By the time inhaled air reaches the middle of the
trachea, the temperature would have risen to 34°C and the
absolute humidity to 3 mg/L.*>> As the airway mucosa gives up
its water, it also loses heat — the latent heat of vaporization —
which changes the state of the liquid film lining the mucosa to
vapor. The heat generated by the bronchial circulation pre-
vents the local airway temperature from falling precipitously.

15.2 The Isothermic Saturation Boundary

Inspired air is eventually warmed to core body temperature,
37°C. It is also completely saturated with water vapor, in
which state it carries 44 mg of H,O per liter. The point at
which complete saturation occurs is called the isothermic
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saturation boundary. Proximal to the isothermic saturation
boundary, the airway mucosa functions as a heat and mois-
ture exchanger.” In this zone, heat and water exchanges vary
with the prevailing gradients. Distally, in contrast, the satura-
tion of the air remains constant.

During quiet respiration, the isothermic saturation bound-
ary normally lies within the second order bronchi.”'** When
cold or dry air is inhaled, the isothermic saturation boundary
moves deeper into the lung, and the peripheral airways par-
ticipate more in the heat and moisture exchange process.”

Box 15.1 Water Losses

No more than 20-30% of the water that the mucous mem-

15.3 The Effect of the Endotracheal Tube

The endotracheal tube (ET), by functionally bypassing the
nose, delivers relatively unconditioned air directly into the
lower respiratory tract. Unlike ambient air, medical gases
stored in liquid oxygen and compressed air systems are dry,
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and water losses from the lower respiratory tract can increase
to as much as 32 mg/L.*** Underconditioned inspired air
shifts the isothermic saturation boundary well out into the
periphery of the bronchial tree, sometimes as much as 15 cm
distal to the carina.”” Dry air can cause irritative bronchos-
pasm by multiple mechanisms: by the direct effect of the cold,
by a neural reflex activated by the increased osmolarity of the
bronchial fluid, and by the hyperemia of the bronchial circu-
lation it produces.*

The ensuing alterations in mucus rheology and surfactant
result in microatelectasis, which produces right to left shunt-
ing, and worsening of lung compliance. Also, by its physical
adjacency and its fricative movement upon the tracheal
mucosa, the ETT induces local injury. Repeated suctioning in
an attempt to dislodge the thickening secretions compounds
the trauma, as also does the high FIO, that is often used to
control the hypoxemia.”>® Disruption of the ciliary structure
and function'*! and the backwash of infected airway secre-
tions into the distal lung can result in infectious tracheobron-
chitis and pneumonia.

With dry air, damage to the structural and functional
integrity of the airway mucosa can transpire within the hour,’
and — at least in experimental animals — a near total stagna-
tion of mucous secretions can occur within a few hours.**
Inspissated mucous adheres tenaciously to the walls of the
tracheobronchial tree, further disadvantaging the mucociliary
escalator.”

15.3.1 Overheated Air

The introduction of gas that is warmer than body tempera-
ture (for instance, saturated air from a heated humidifier that
has been warmed to over 35°C) into the tracheobronchial
tree can be equally damaging. The overhydration that over-
warmed air induces can flood the mucociliary escalator and
severely hinder its performance. Overhydration can also be
extremely destructive to surfactant (Box 15.2).*
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FiGURE 15.1. Sequence of effects of overhumidification.>

Box 15.2 The Consequences of

Hot dry air can be more damaging than cold dry air.*®
Overheated-underhumidified air moves the ISB upward: the
hot dry gas extracts moisture, drying the airway and inspissat-
ing the secretions.

Overwarmed air is capable of causing severe thermal
injury, and “hot pot tracheitis” has occasionally been
documented.®

Two classes of airway humidification devices are employed:
heated humidifiers (HHs) and heat-moisture exchangers
(HMES).
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15.4 Heated Humidifiers

The evaporation of any liquid within a container is depen-
dent on the surface area that the liquid presents to the gas,
the vapor pressure of the gas above it, and the temperature
of the liquid. For this reason, the humidity of the inspired gas
can be increased by using a wider humidifier chamber,
increasing the gas flow rate, or by simply increasing the tem-
perature of the humidifier.

As the conditioned air from the heated humidifier passes
through the inspiratory limb of the patient circuit, it cools and
condenses upon its walls (heating elements have been used
within ventilator circuits to prevent overcondensation, but
these circuits are expensive).

Owing to the moisture, HHs frequently get colonized
early with potentially pathogenic organisms.”’® On these
grounds, it has been argued that HHs predispose the patient
to nosocomial infection, but this hypothesis remains as yet
unproven.”’

In theory, HHs have superior humidifying ability com-
pared to HMESs.! In practice, the difference is not so appar-
ent. Although ET occlusion rates have been demonstrably
less with HHs than with the earlier HMEs, modern HMEs
do not in any way appear to predispose an excess of this
complication.”® At the customary temperature of 34°C,
HHs show no great superiority in performance over HMEs
and increasing the temperature to 40°C appears to reduce
moisture loss by no more than 7 mg/L over that by the
HME.

For overhydration to occur, inhaled gas would require
heating to a point considerably above body temperature:
therefore, overhydration with HHs is relatively unusual.
Similarly, thermal injury due to excessive heating of inspired
air is rare.”” In the vast majority of cases, setting the heated
humidifier to 32-34°C and 100% relative humidity appears
safe.” Higher settings may be required when airway secre-
tions are unusually thick or profuse.

Saturation of the inhaled air to at least 30 mg H,O/L of
absolute humidity is usually acceptable.’
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15.5 Heat-Moisture Exchangers (HMEs)

Because of the parallel that can be drawn between their
mechanism of functioning and that of the nose, HMEs are
unofficially referred to as artificial noses.

These light and compact devices are fitted onto the distal
end of the endotracheal tube. Since they passively harvest the
water that is lost from the lower respiratory tract, the efficacy
of HMESs depends on the humidity of the exhaled air, which
in turn is dependent on the body temperature. The endotra-
cheal tube and the tracheostomy tube are relatively efficient
at preserving heat and moisture of the exhaled air, and so the
water content of exhaled air can actually be quite high.!
Delivered tidal volumes have a substantial bearing upon the
performance of the HMEs, the operation declining slightly
when large tidal volumes are used.

The functioning of modern HMEs has been greatly
improved by a hygroscopic layering of magnesium, calcium,
or lithium chloride. A calcium coating is probably just as effi-
cient as a lithium coating — and probably a great deal safer —
since the toxic lithium is potentially absorbable by the
tracheobronchial mucosa.

After just a few exhalations modern HMEs generally trap
enough water within themselves to perform effectively, and
a steady state is quickly achieved. Water losses fall to
5-8 mg/L, i.e, to a level below the usual physiological
losses.?

The proximal retention of moisture results in a relatively
dry expiratory circuit, decreasing the potential mechanisms
of infection. Some of the currently available HMEs are also
coated with bacteriostatic materials.

As can be anticipated, the incorporation of humidification
devices into the inspiratory circuit does increase the airways
resistance, though the exact significance of this remains pres-
ently unclear.

HMEs should be considered potentially harmful in patients
having an excess of airway secretions, such as in COPD,
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infection, pulmonary edema, or pulmonary hemorrhage;
here, the obstruction of a HME can prove catastrophic. HMEs
should not be used in association with HHs since this can
increase the risk of HME occlusion. “Active HMEs” that com-
prise an integrated heated humidifier have been used in
patients requiring large tidal volumes, but these have yet to
gain general acceptance.'” There is a possibility that entrap-
ment of aerosolized medication within HMEs might also
increase airflow resistance.

The increase in the airflow resistance that HMEs must
undoubtedly produce can prove potentially exhausting for
the patient on modes such as CPAP or PSV. This increase in
the work of breathing can be offset by increasing the level of
pressure support by 5-10 cm H,0.”

The matter of HME-related increase in the work of breath-
ing is also very relevant to patients on noninvasive support,
but at the present time the issue awaits clarification.

A theoretical concern with HMEs is the expansion of
dead space that they can produce.” Available HME devices
are capable of increasing dead space by 30-95 mL. Since
another 20 mL or so is added by the connecting tube, and
7 mL more by a closed-suction circuit, the cumulative
increase in dead space can be expected to impact upon
alveolar ventilation. In ARDS or acute severe asthma, where
alveolar ventilation is at a premium, HHs may, therefore,
prove more advantageous in this respect. When used in
ARDS, the HME having the least dead space should nor-
mally be chosen.

Because the humidification produced by these devices is
dependent on the water content of the expired air, these
devices cease to function if expired air is lost, as can happen
with a broncho-pleural fistula; for such a patient, a heated
humidifier is more appropriate (Fig. 15.2).

Although in most units HMEs are changed on a daily
basis, it may be safe to use HMEs for up to a week provided
that these devices do not seem visibly clogged or
contaminated.***
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FIGURE 15.2. Problems associated with the use of humidifiers.

15.6 Airway Humidification During
Noninvasive Ventilation

With noninvasive ventilation (NIV), the nasal and oral
mucosa can dry very rapidly. During NIV - in contrast to
invasive ventilation — the upper airway has not been bypassed
by a patient tube, and the humidifying mechanisms of the
upper airway are therefore intact. In theory, therefore, there
should be no great need for a rigorous humidification exer-
cise. The initial control of inspired air at 28-30°C at 100%
relative humidity has been suggested, with further adjust-
ments according to patient comfort.”* However, with nasal-
mask-NIV, mouth leaks are common: such high unidirectional
airflows produce a substantial drop in the performance of the
nasal mucosa as a heat-moisture exchanger. The consequent
increase in the airflow resistance establishes a positive feed-
back loop.*

As discussed earlier, HMEs can increase work of breath-
ing; where humidification is required with NIV, HHs are the
devices of choice.
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Chapter 16

Acerosol Therapy
in the Mechanically
Ventilated Patient

16.1 Terminology

An aerosol is defined as a suspension of solid or liquid particles
in a gas. Most aerosols in clinical practice are polydisperse,
that is to say, the contained particles vary greatly in diameter.

A dust is a suspension of solid particles in a gas. Dust par-
ticles are irregular.

A spray (or mist) is a suspension of liquid particles in a gas.
Liquid particles tend to be spherical owing to surface tension
forces.

Droplet nuclei are desiccated complex suspensions — when
the liquid component evaporates, solid particles are left
behind (Fig. 16.1).

An aerosol is a suspension of solid or liquid particles in a gas

Dust Spray (mist) Droplet nuclei
A dust is a suspension A spray (or mist) is a Droplet nuclei are
of solid particles in a suspension of liquid dessicated complex
gas particles in a gas suspensions
Dust particles are Liquid particles tend to | When the liquid
irregular be spherical owing to component evaporates
surface tension forces solid particles are left
behind

FIGURE 16.1. Aerosols.
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16.2 The Behavior of Particles

In the absence of air currents, the rate of sedimentation of
particles is finite. Initially, a given particle falls with increasing
velocity, and in doing so, encounters increasing airway resis-
tance. At a certain point, the airway resistance does not per-
mit it to fall any faster and a settling velocity is reached.
Particles of differing densities — even though their sizes may
be the same — do not settle with the same velocity. Depending
upon the settling velocity of a particle, its aerodynamic diam-
eter is computed; this may differ from its actual diameter. The
aerodynamic diameter is measured by devices such as the
Cascade sampler or Anderson’s sampler. The average particle
“size” determined by the aerodynamic method is termed its
mass median aerosol diameter (MMAD).

Droplet nuclei remain airborne for relatively long periods
of time. Evaporation shrinks particle size rapidly and makes
it lighter and slower to settle. A particle less than 3 p in size
may remain airborne indefinitely.

The size of a particle determines its behavior within the
airways (see Fig. 16.2). Not all particles can be inhaled; not all
particles inhaled can be respired; and not all respirable par-
ticles are retained within the lower airways.

Typically, the particle diameter in an exhaled breath ranges
from 0.3 to 2,000 p.2%>*

16.3 Devices for Aerosol Delivery

Three classes of device for aerosol delivery are available: nebu-
lizers, metered-dose inhalers, and dry powder (inhalers). The
last class is unsuitable for mechanically ventilated patients.
Nebulizers break up liquids into aerosols. Three types of
nebulizers — jet, ultrasonic, and vibrating mesh nebulizers
(VMNSs) — are in use for patients on mechanical ventilation.

16.3.1 Jet Nebulizers (Syn: Pneumatic Nebulizers)

Gas is pumped under pressure through a Venturi system, which
is essentially a very narrow orifice. Distally, there is a sharp
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FiGure 16.2. Size related behavior of particles in the innate airway.

drop in pressure, and this causes the gas velocity to increase
sharply. The nebulizer solution that is fed into the system
through a separate conduit is first drawn into fine ligaments,
which then, with the forces of surface tension, shatter into tiny
droplets. The smaller of these — the respirable droplets — enter
the proximal part of the nebulizer circuit and are inhaled; the
largest droplets collide with plates — called baffles — and are
returned to the solution within the reservoir.

Since well over 90% of the particle load impacts upon the
baffles, the fraction of the drug output is necessarily low.* Of
the drug that is aerosolized, a large proportion dissipates into
the surrounding air especially during exhalation, and a consid-
erable amount is deposited upon upper airway (in the nonin-
tubated patient): thus, at least half of the aerosol is eventually
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lost. Intermittent nebulizers, which nebulize the drug only dur-
ing inhalation, are more efficient. Also, at the end of nebuliza-
tion, sometimes as much as two thirds of the drug may remain
behind in the nebulization chamber.

Nebulizers typically produce a polydispersed aerosol.
Although particles less than 5 in diameter are widely regarded
as respirable, it is not by any means certain that all such parti-
cles reach the lower respiratory tract. Often, the amount of
useful drug that reaches the lungs is no more than about 10%,
the greatest portion of the drug never reaching its intended
destination.*®” With jet nebulizers, the nebulization time is pro-
longed compared to ultrasonic nebulizers (see below).

All jet nebulizers are not alike with regard to the size of
the orifice of air-jet, the diameter of the capillary tube, and in
the baffle design. These differences translate into different
output characteristics, which may in fact differ considerably
between brands.*** This may have greater relevance for those
medications that require their doses to be tightly controlled —
such as pentamidine, ribavirin, rhDNAase, and tobramycin —
than for inhaled bronchodilators (Figs. 16.3 and 16.4).

4 N/ N/ /T S)
Atomization i;%?n%fﬂlgtt;
Venturi effect: . of the liquid .
negative Entrainment S?r?:z:? 2 film (under ibaff:(e V‘;..h'Ch
pressure of the  drug the influence | °T€aKS uisil
. solution into up into
produced nebulizer an unstable of surfce droplets of
above drug solution liquid film tension) RS ©
the reservoir q into relatively & "?°r§|
large droplets respirable
S AN AN o JN\__Slze  J

FIGURE 16.3. Aerosolization of nebulized particles.
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FIGURE 16.4. Factors affecting aerosol delivery during nebulization.

Since proportionately more water than drug evaporates,
the solution within the chamber becomes increasingly con-
centrated during the course of nebulization. Evaporation also
results in the cooling of the solution.

The pressurized gas provides the driving force for the
atomization of the liquid. Often, the compressor-based nebu-
lizers do not generate the 8 L/m flow that is required for
optimum nebulization.”* With a higher rate of flow, the drug
output is increased, and the droplet diameter attenuated.”’
One of the techniques for nebulizer use is set out below
(Fig. 16.5).%
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FiGure 16.5. Technique for drug delivery by jet nebulizer. Flow-by
(or continuous flow) should be turned off during nebulization.

16.3.2 Ultrasonic Nebulizers

Ultrasonic nebulizers incorporate a piezo-electric crystal
which vibrates at a high frequency. The acoustic vibrations
generate standing waves in the solution contained above the
crystal. The crests of these waves fracture into droplets, and
aerosolization of the solution occurs. The size of the aerosol
droplet is inversely proportional to the frequency of vibration
of the piezo-electric crystal; therefore, it is the frequency that
determines the drug output.”-¢

In general, the droplet size tends to be larger than that
produced by the jet, and this increases drug wastage through
deposition into ventilator tubings and the proximal respira-
tory tract. Again, the larger droplets are removed from the
nebulisate when they impact upon baffles. Earlier versions of
the ultrasonic nebulizers were superior in terms of drug
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delivery and nebulization time compared to earlier jet nebu-
lizers, but the modern versions of the latter are more efficient
and have come to be preferred. With most ultrasonic nebuliz-
ers, nebulization time is shorter.>* Newer ultrasonic nebs are
more efficient and relatively portable.

For the delivery of inhaled bronchodilators, small volume
ultrasonic nebulizers are appropriate; large volume ultrasonic
nebulizers are used mostly for sputum induction. Concerns
that ultrasonic waves can inactivate certain formulations
have not been substantiated.

16.3.3 Vibrating Mesh Nebulizers (VMNs)

These novel devices incorporate a mesh which by its vibra-
tions generates an aerosol.® VMNS are relatively efficient and
can synchronize aerosol delivery with inspiration."* VMNSs, by
design, have no baffle. They have a low residual volume® and
an excellent drug output — at least twice that of jet nebulizers.?
Although the size of the aerosol particle that VMNs generate
can vary, the particle size in general is quite small (a greater
proportion of droplets of less than 3.3 are produced) and
drug delivery into the target zone is therefore much better.®

The lower frequency of vibration of VMNs means that
low-powered electrical units can be used, for which reason
their operation is much quieter. They can be operated on bat-
tery pack in addition to wall current.

16.3.4 Nebulization in the Ventilated Patient

Under the best of conditions, the delivery of aerosols into the
peripheral airways is low. In intubated patients, the presence
of an artificial airway will severely curtail deposition.* This is
true for both aerosols released by pressurized metered-dose
inhalers (MDIs) and nebulizers.”® Lately, with the availability
of better aerosol generators and improved techniques, results
have significantly improved.'

Several factors can affect the deposition of aerosol in
the peripheral airways: the size of the aerosol particle, the
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characteristics of the artificial airway and ventilator circuit,
ventilator settings, and even the positioning of the patient.

Airway conditions: Large quantities of aerosol can be lost
on the walls of the endotracheal tube®; a comparatively small
amount will deposit upon the walls of the tracheostomy tube.”
The narrow endotracheal tube in infants can significantly
decrease aerosol penetration; in adults, differences in endotra-
cheal tube size do not seem to compromise delivery as much.®

Severe airflow limitation will substantially impair drug
deposition.'® Increasing humidity will encourage the deposi-
tion of aerosol into the ventilator circuit and will substantially
increase aerosol losses as well.”* Drug losses — both from MDIs
and nebulizers — are to the order of about 40% in a humidified
system, compared to when dry gas is breathed.* Although a
dry circuit is sometimes used when drug delivery is critical — as
with antibiotics and prostaglandins — deliberately reducing the
circuit humidity cannot be recommended for bronchodilator
therapy. When employed, “dry circuit” nebulization time
should be minimized to less than 10 min or so, in order to pre-
vent airway dehydration.

Ventilator circuit: Jet nebulizers are best hooked into the cir-
cuit at a distance of a foot and a half from the endotracheal tube
than between the patient Y-piece and endotracheal tube.*-°
In contrast, the performance of ultrasonic nebulizers does not
appear to depend as much upon the site of placement.*

Ventilator modes and settings: Modern ventilators are
capable of coordinating the delivery of the aerosol to the
inspiration, and compensating for the flow such that the tidal
volumes and minute ventilation remains unaffected during
the nebulization period.'"”> Recent ventilators incorporating
in-built nebulizers appear to be more efficient in this
respect.”*” In spite of this, the drop in the driving pressure can
decrease the drug output.#

Drug delivery with nebulizers appears to be lower when the
pressure-controlled mode is used, compared to volume-control
ventilation®™ (in contrast, drug delivery with MDIs seems not
to be influenced by the mode of ventilation). For nebulizers (as
well as for MDIs), aerosol delivery is greater with larger tidal
volumes, a slower inspiratory flow rate and a longer inspiratory
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time."® However, these effects are probably not clinically sig-
nificant in patients with COPD.* In theory, the use of flow
triggering could reduce nebulizer (but not MDI) efficiency by
increasing drug wastage during the expiratory cycle.”* PEEP
seems to have a variable effect on aerosol delivery.’*%

Position of the patient: In the supine patient, drug delivery
is reduced,'® and propping the patient to about 20-30° will
improve the efficiency of nebulization.

Compared to invasive mechanical ventilation, aerosol
delivery during noninvasive positive-pressure ventilation is
consistently lower (see Chap. 13).

16.3.5 Nebulization of Other Drugs

The aerosol output of nebulizers is especially important with
regard to critical drugs like antibiotics.

Jet nebulizers that are operated by a continuous external
gas flow will promote drug deposition on ventilator circuitry
during expiration; on the other hand when operated intermit-
tently, their drug output suffers. Their chambers have rela-
tively small reservoirs, and large residual volume result in
further drug wastage. They are therefore less than ideal as far
as drug nebulization goes.

Ultrasonic nebulizers are superior in the sense that they
have larger reservoirs and generate finer particles (<5 p).

While jet nebulizers will cool the nebulized solution, ultra-
sonic nebulizers will warm it by 10-15°C. This will generally
not affect the viability of antibiotics such as aminoglycosides
and colistin,* though it can denature peptides and proteins.®!
With VMNS, the temperature of the solution does not change,
and so VMNSs appear especially suited to protein and peptide
drug nebulization.®*

16.3.6 Pressurized Metered-Dose Inhalers (MDIs)

Contrary to the prevailing impression, MDIs are just as effec-
tive as nebulizers in ventilated patients.!”!” Because of their
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FIGURE 16.6. Metered-dose inhaler (MDI) technique in ventilated
patients.

uniform particle size, MDIs are excellent at bronchodilator
drug delivery, and being much less intrusive, they are far less
likely to contaminate the patient circuit.”** For these reasons,
there has been a definite increase in MDI usage in ICUs.?
One technique of using MDIs in ventilated patients has been
suggested in Fig. 16.6.

Spacers: Several kinds of spacers/adapters are available
for use with MDIs. The kind of adapter fitted to the MDI can
have a profound effect on aerosol delivery.'>® A large vol-
ume spacer will generally deliver 4-6 times as much drug as
will an elbow adapter or a unidirectional inline spacer.**’
When the MDI device is inserted into the circuit immediately
adjoining the endotracheal tube, drug wastage can be very
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high’: the MDI-spacer assembly is ideally inserted into the
circuit around 15 cm from the endotracheal tube.”

The newer environment-friendly hydrofluoroalkane (HFA)
MDIs produce weaker plumes than the chlorofluorocarbon
(CFC) MDIs. Wasteful drug deposition upon the walls of spac-
ing chambers would be expected to decrease,” but this is by no
means certain.’

At present, drugs such as antibiotics, surfactant, and pros-
taglandins are not available in MDIs'?; for these reasons,
nebulizers are still required.
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Chapter 17

Nonconventional Modes
and Adjunctive Therapies
for Mechanical Ventilation

The science of mechanical ventilation is as yet imperfect. As
newer innovations further the frontiers of artificial life sup-
port, it is clear that this area will continue to burgeon in the
foreseeable future. Several innovations have fallen by the
wayside despite showing early promise, but other exciting
options have appeared on the horizon. What follows is a brief
discussion of the (as yet) unconventional modes of ventila-
tion, some of which have already gained a measure of
acceptance.

e N\
Box 17.1 Inverse Ratio Ventilation

The basis of using a longer inspiratory time for the pur-
poses of improving oxygenation is based upon the physi-
ological assumption that diseased alveoli have different
lung constants compared to healthy air units and therefore
require a longer time to fill and to empty. These alveoli can
be recruited to provide useful ventilation if the inspiratory
time is increased. Indeed, inverse ratio ventilation, which is
defined by the deliberate prolongation of the inspiratory
time to equal or exceed the expiratory time, has been shown
to improve oxygenation; it is less clear, however, whether
the increase in oxygenation translates to an increase in
survival.

\ /
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e N

Poor patient tolerance of the “inverted” pattern of breath-
ing often requires heavy sedation and possibly pharmaco-
logical paralysis, and the shortened expiratory time increases
the likelihood of air-trapping, resulting in a high incidence of
hemodynamic instability and barotrauma.

Inverse ratio ventilation has been discussed in sections
5.12.3 and 9.4.3.9 ...and ....

\ /

g N\
Box 17.1.1 Prone ventilation

Like inverse ratio ventilation, ventilating the patient in the
prone position does improve oxygenation, though its ability
to improve the outcome is less certain. The mechanisms by
which the improvement in oxygenation occurs are uncertain
and several hypotheses exist. These theories do not satisfacto-
rily elucidate the underlying mechanisms and it is clear that
other as yet undefined pathways must be operative.
Nevertheless, it does appear that improvements once obtained
are sustained, though the maintenance of the partial pressure
of oxygen at the improved level may be on account of the
other therapeutic strategies already in place.

Prone ventilation has been discussed in section 9.4.3.12

(& )

17.1 High-Frequency Ventilation

HFYV was first described in 19609.

In HFV breaths are delivered at extremely high respira-
tory frequencies — 150-3,000 cycles/min'; the tidal volumes
are therefore less than the anatomical dead space, but effec-
tive gas exchange does occur in spite of this. The delivered
gas presumably reaches the alveoli by augmented gas diffu-
sion and Taylor dispersion; but this is by no means certain.
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It has also been proposed that lateral dispersion of gas mol-
ecules and CO, washout from the central airways (stream-
ing)facilitate gasexchange,asdoesadegree of cross-ventilation
between alveoli having different time constants
(pendelluft).

Compared to low-frequency ventilation,where most of the
tidal breath is directed to the lower lobes, HFV leads to bet-
ter homogeneity of ventilation. Four forms of HFV — namely
high-frequency positive pressure ventilation (HFPPV), high-
frequency jet ventilation (HFJV), high-frequency oscillation
(HFO), and high-frequency percussive ventilation (HFPV) —
have evolved in response to the need for safe ventilation of
those patients likely to have unacceptably high airway pres-
sures with the conventional modes of ventilation. A fifth,
High-Frequency Flow Interruption, is currently used for
investigational purposes. These modes are classified accord-
ing to the frequencies at which the pulsatile airflow is deliv-
ered, and by the manner in which the breaths are delivered.
The use of the various HFV modes is more common in neo-
natal and pediatric ICUs: only high-frequency oscillatory
ventilation (HFOV) (see below), and occasionally, percussive
ventilation is used to any extent to ventilate selected adults
who present difficulties in oxygenation.?

Even today, the specific applications of HFV remain nebu-
lous.”® HFV has been used with varying results in ventilating
patients with bronchopleural fistula (BPF),’ inhalational
injury, and head injury,” but it is its potential role in ALI/
ARDS that has evoked the most interest. Low tidal volumes
are of proven value in the management of acute lung injury,
and the small tidal volumes that are possible with HFV theo-
retically make HFV an attractive option under these circum-
stances; indeed, its use has been justified by clinicians when
hypoxemia has worsened despite conventional mechanical
ventilation — especially early in the course of ARDS.!*#

While ALI and ARDS are important potential indications
for HFV, airway obstruction is not; air-trapping and barotrauma
can very quickly occur (see below).
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17.2 High-Frequency Positive Pressure
Ventilation (HFPPV)

HFPPYV is delivered through conventional ventilators at fre-
quencies ranging between 60 and 150 breaths/min (1-2.5 Hz)."
The USFDA defines HFV as any mode that uses a breath rate
of 150/min and above, and so HFPPV technically does not
qualify as a high-frequency mode. Its use has now been more
or less supplanted by the other HFV modes discussed below.

17.3 High-Frequency Jet Ventilation (HFJV)

HFJV can either be used alone, or in conjunction with conven-
tional mechanical ventilation. A special adapter attached to a
conventional endotracheal tube has been used, but special triple
lumen endotracheal tubes are now in vogue. The large central
lumen is used for conventional positive pressure breaths or for
the application of CPAP. The peripheral conduits are used for
jet ventilation — with gas pulsed at frequencies of 240-660
breaths/min'' — and for monitoring peripheral airway pressure.
Expiration is passive. The air exits through a port a third of the
distance from the distal end of the endotracheal tube.

Respiratory frequency and driving pressure are adjusted
according to patient requirements. High respiratory rates are
poorly tolerated, and excessive movement can interfere with
gas exchange, so sedation is invariably — and paralysis fre-
quently — required. Usual initial settings are a respiratory rate
of between 100 and 150 breaths/min, an inspiratory fraction
(which is the inspiratory time divided by the respiratory cycle
time) of 40% or less, and a driving pressure of approximately
35 pounds per square inch (psi). With progressively increas-
ing support, an effective “capture” is signaled by an abrupt
improvement in gas exchange.

Applied PEEP is generally quite high in HFJV, but the
lower tidal volumes keep the airway pressures within the
limits considered safe."

Concomitantly, CMV breaths can be given, and are usually
required at relatively low frequencies — 10 breaths/min or
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Increasing the arterial oxygen tension

PEEP is raised (in 3 to 5 cmH,0 increments).
Driving pressure is increased (in 5 psi
increments to a maximum of 50 psi).
Inspiratory fraction is increased

(in 5percent increments to a

maximum of 40 percent).

(All these serve to raise the MAP,

which is the underlying

mechanism for the improvements

in oxygenation).

Titrating the (PaCO,) downwards

Driving pressure can be built up gradually

(in 5 psi increments, to a maximum of 50 psi).
Inspiratory fraction increased

(in 5 percent increments).

Respiratory rate can be increase

(in 10 breaths per minute increments).

(The opposite adjustments can be

made when the PaCO; is low).

Ficurk 17.1. HFJV: adjustment in ventilator settings.

less. When the lung has been well recruited by the PEEP,
HFJV ventilation may by itself suffice and CMV breaths can
be discontinued.®

In adults, HFJV has also been used in selected patients in
the setting of BPF, although the rationale of ventilation is
very different to that in ARDS. It is believed that the lower
airway pressure manageable through the use of HFJV
decreases air leakage through the fistula, improving its
chances of closure.

Obviously, in this setting, no attempt to generate intrinsic
PEEP is made, and the emphasis is on minimizing airway
pressures to the bare minimum required for effective ventila-
tion. Although HFJV has been used with a measure of suc-
cess in patients with large BPFs, generally, its use in BPFs that
occur in the setting of ARDS can actually worsen gas
exchange.’ In fact, there is as yet no convincing evidence that
HFJV can actually help BPF to heal.’
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Although the lower tidal volumes possible with HFJV may
achieve a lower peak airway pressure, dynamic hyperinfla-
tion can still occur on account of the high respiratory rate. For
this reason, the use of HFJV is relatively contraindicated in
obstructive airway disease. In fact, the mean airway pressure
developed may be no lower than that seen with conventional
ventilation and the incidence of hemodynamic compromise
and barotrauma may be just as high.*

The side effects with HFJV may be no less common than
with conventional ventilation; because of the high flow rates
used, they may actually exceed those of conventional ventila-
tion. The large drop in pressure across the injection system will
cause the injected gas to expand upon reaching the trachea,
and this can result in substantial airway cooling. When HFJV
is used for longer than 8 h, dehydration of the airway mucosa
can predispose to several problems including severe necrotis-
ing tracheobronchitis; special devices are required for adequate
airway humidification. It is now being realized that the colli-
sion of high pressure gas “bullets” with the mucosa may be the
main cause for the necrotizing tracheobronchitis.*

17.4 High-Frequency Oscillatory Ventilation
(HFOV)

HFOV is now the commonest used form of HFV for infants
and young children. In HFOV even higher respiratory fre-
quencies (480-1,800 breaths/min) are made possible by a
device that incorporates a reciprocating pump, piston, or
diaphragm. Unlike in HFPPV and HFJV, exhalation in HFO
is active: the negative stroke of the piston assists evacuation of
gas which exits the circuit directly opposite its entry point. The
exit valve offers higher impedance to oscillating gas than it
does to the more slowly flowing “exhaled” air, and this
enables venting of expired air to the exterior. The rapid oscil-
lations of gas cause the airway pressure to oscillate around a
steady mean airway pressure. The mean airway pressure can
be dialed in directly on some devices; on others, it is
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controlled by regulating the inspiratory flow rate and expira-
tory back pressure.

With HFOV, mean airway pressures are higher than with
most other modes: derecruitment is prevented, while exces-
sive peak airway pressures are avoided.

When a smaller endotracheal tube is used or a higher respi-
ratory frequency applied, a smaller tidal volume — also termed
amplitude — results.”> Control of oxygenation is achieved by
manipulating the mean airway pressure or the FIO,. PaCO, is
controlled by regulating the tidal volume or respiratory rate.
The “right” respiratory rate is determined by a “wiggling” of
the patient’s trunk.

Among the high-frequency modes, HFOV has been the
subject of the most scrutiny, at least among adult patients with
ALI and ARDS.® In these patients HFOV, by elevating mean
airway pressure, has produced significant improvements in
oxygenation. The improvements were, however, not sustained
beyond 24 h.* Nevertheless, based upon these studies, the role
of HFO cannot be dismissed since the trials were performed
with tidal volumes later recognized as being clearly excessive.

The benefits of HFOV, in terms of oxygenation though not
in terms of outcomes, can be complemented with inhaled
nitric oxide and by recruitment maneuvers.”* To an extent,
the gains in oxygenation can be sustained when a proned
patient is put back into the supine position.'*

17.5 High-Frequency Percussive Ventilation
(HFPV)

HFPV makes use of a phasitron, an inspiratory—expiratory
valve through which gas at high pressure is driven phasically.

In HFPV, HFV breaths are superimposed upon conven-
tional pressure-controlled, time-cycled machine breaths. HFV
breaths are pulsed at about 200-900 breaths/min, over “back-
ground” PCV breaths cycled at about 10-15 times a minute.
In other words, HFOV breaths are given at alternating —
inspiratory and expiratory — pressure levels.®® Ventilation at
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relatively low airway pressures is made possible. Thus, HFPV
is capable of improving both oxygenation and ventilation
without exposing the patient to the effects of high intratho-
racic pressure. As a consequence, it has less of a propensity to
produce hypotension, barotrauma, or intracranial hyperten-
sion in blunt head injury than do other modes.*

HFPYV appears to be superior at mobilizing secretions than
are other modes of HFV.*® Pharmacologic paralysis is not
generally required.

17.6 Extracorporeal Life Support (ECLS)

ECLS is a method of life support that enables gas exchange to
occur outside the body, and thus allows the native lungs to rest.

17.6.1 Extracorporeal Membrane Oxygenation
(ECMO)

Although ECMO has been used in some pediatric units in
the past, its use in adults has only recently increased.
ECMO can be administered either through a veno-arterial
bypass (VA-ECMO) or a veno-venous bypass (VV-ECMO).
VA-ECMO is used when hemodynamic shock complicates
respiratory failure; VV-ECMO is the method of choice when
cardiac function is preserved.

17.6.1.1 VA-ECMO (Veno-Arterial Bypass)

Venous access is secured by cannulating the right atrium
through the internal jugular vein. The oxygenated blood is
perfused back into the aorta usually through the right com-
mon carotid — alternatively, the femoral artery can be used
for arterial access — in which case blood is retrogradely per-
fused back up the aorta. If the heart stops pumping — which it
frequently does — this can predispose it to thrombosis; since
the left side of the motionless heart will continue to receive
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the blood from the bronchial and thesbesian veins, its overd-
istension can cause back-pressures in the pulmonary circula-
tion to rise sharply, leading to pulmonary edema.

17.6.1.2 VV-ECMO (Veno-Venous Bypass)

Blood is drawn out from the right atrium through a cannula
introduced into the internal jugular vein; after oxygenation,
blood is reintroduced into the right atrium through the cannu-
lated femoral vein. Since all the blood continues to pass through
the pulmonary vascular bed, there is now a much smaller dan-
ger of thrombosis within the left-sided cardiac chambers.

17.6.2 Extracorporeal CO, Removal

With extracorporeal CO, removal (ECCO,R) systems, a
VV-ECMO is created and gas exchange occurs extracorpore-
ally; the patient’s native lungs (which are kept apneic) are
made use of to augment oxygenation.”’ In this case, it is the
patient’s own cardiac output that determines systemic perfu-
sion. Extracorporeal CO, removal may be combined with low-
frequency positive pressure ventilation (LFPPV-ECCO,R)
and the rested lung is inflated with just 2-3 breaths/min to
preserve FRC and lung compliance.”*

ECMO requires anticoagulation; consequently, patients
run a substantial risk for bleeding. On the other hand, the
heparinized membrane lung used for ECCO,R eliminates the
need for systemic anticoagulation and the risk of bleeding is
commensurately low.

17.6.3 Indications for ECLS

ECLS may be considered when severe, yet potentially revers-
ible respiratory failure does not respond to conventional
methods of ventilation.’ Patients in severe ARDS, pneumonia,
or pulmonary embolism would at present seem reasonable
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candidates for ECLS, as would patients with severe but poten-
tially reversible myocardial dysfunction®’ and patients with
impending organ replacement.

17.6.4 Contraindications to ECLS

Contraindications to ECLS include a bleeding diathesis, recent
surgery within the preceding 3 days, severe systemic sepsis, and
indeed any condition (such as severe brain injury) that could
make long-term survival meaningless. Clearly, patients having
incurable or potentially irreversible conditions (such as an
untreatable systemic condition, malignancy, or an ARDS that
is considered irremediable) cannot be considered for ECLS.
Although the results of ECLS in earlier studies were uni-
formly discouraging,”” more recent clinical data have shown a
much more improved survival.** This possibly reflects the ven-
tilation of patients at lower mean airway pressures compared
to those before and earlier recourse to ECMO under worsen-
ing circumstances. It is also possible that better supportive care
of patients may have played an important role in the increased
survival noted in the above studies. This dramatic increase in
survival rates should probably be viewed with circumspection,
though it is likely that with improving technology, ECLS may
well assume a key role in the not too distant future.*

17.7 Nitric Oxide

Before nitric oxide (NO) was recognized as one of the major
players in pulmonary pathophysiology, it was largely consid-
ered an air pollutant. The behavior of nitric oxide within the
human body is ill understood as yet and there is reason to
believe that it may play a complex part in the regulation of
numerous cellular processes (see Fig. 17.2).

Normally, NO produced within the nasopharynx and the
paranasal sinuses — within the maxillary sinuses in particular —
is drawn into the well-ventilated regions of the lung, producing
selective vasodilatation. By so redistributing perfusion from
ill-ventilated to well-ventilated units, it improves V/Q
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FiGURE 17.2. Isoforms of nitric oxide synthetase.

matching. In intubated patients, tracheal NO concentrations
are palpably lower; this may have consequences for the
mechanically ventilated patient.

Nitric oxide may be inducible or constitutive; there are
several isoforms of nitric oxide synthetase, the enzyme that
produces nitric oxide from arginine (Fig. 17.2).

That the effects of nitric acid are local and not manifest at
sites distant to its origin is principally on account of its pro-
pensity to rapidly combine with the heme portion of hemo-
globin to form methemoglobin, and in doing so, to inactivate
itself (In spite of this, it has recently been demonstrated that
a small proportion of NO can in fact spill over into the sys-
temic circulation and decrease the systemic vascular resis-
tance).”! The diffusibility of nitric oxide across biological
membranes is on account of its lipophilicity. Its biological
effects seem to occur as a result of the reactivity conferred
upon it by its unpaired electron. Diffusion of nitric oxide
from the site of its production — the vasculature — to the sub-
jacent smooth muscle cells where it activates guanylate
cyclase appears to be central to its role as a vascular smooth
muscle relaxant, and therefore, as a modulant of blood flow.
The benefits of inhaled nitric oxide may go beyond the V/Q
matching it promotes and the lowering of the pulmonary
arterial pressures that it facilitates. Nitric oxide may have
intrinsic anti-inflammatory properties and may modulate
platelet adhesiveness and endothelial permeability.

Inhaled nitric oxide has been shown to produce remark-
able improvement in oxygenation when administered to
ARDS patients and these effects were most apparent in
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prone patients.”> Because inhaled NO can only access the
pulmonary circulation through well-ventilated air units, it is
likely that recruitment manoeuvers may enhance its effects.*-*
In ARDS, the pulmonary arterial pressures exhibit a dose-
dependent effect with inhaled NO. In contrast, it takes minis-
cule concentrations of inhaled NO — 10 parts/billion — to
significantly decrease hypoxemia. It is helpful to construct
dose-response curves to determine the precise dosage require-
ments in individual cases.”” In any case, the improvements in
oxygenation appear to be transient and seem not to translate
into improved survival. Not all patients respond to the
administration of NO, and no predictive indices that could
identify potential responders are as yet known. Furthermore,
it is possible that a rebound worsening may occur in the pul-
monary hypertension'* or oxygenation® if inhaled nitric
oxide were to be suddenly withdrawn. It is also possible that
NO - especially when administered in high concentrations —
may engender toxic radicals such as dinitrogen trioxide and
peroxynitrite; whether these are less or more harmful than
the toxic oxygen radicals to which the patient breathing high
fractions of oxygen is exposed is not presently known.

e N
Box 17.2 Functions of Endogenous Nitric
Oxide

Pulmonary vasodilation

Microbicidal effect

Increased ciliary motility and mucous clearance
Increased mucus production

Bronchodilation by regulation of the basal bronchomotor
tone

Regulation of platelet adhesion

Modulation of endothelial permeability
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Box 17.3 Side Effects of Inhaled Nitric

Oxide™!

Met-hemoglobinemia

Pulmonary edema

Alveolar hemorrhage

Rebound pulmonary vasoconstriction
Rebound hypoxemia

Type II pneumocyte hyperplasia
Increase in alveolar inflammatory cells
Formation of toxic radicals
Impairment of surfactant action
Decreased platelet aggregation
Breakages in chromatin

(& )

17.8 Surfactant Therapy

In a completely fluid-filled lung, no air-liquid interface exists,
and therefore, no forces of surface tension exist. In the normal
airway lumen, liquid-air interfaces generate forces of surface
tension, which tend to collapse the airways. Healthy alveoli
would collapse entirely at end expiration, were it not for the
surface tension lowering properties of the surfactant that
lines them.” Surfactant-depleted alveoli do collapse at end
expiration, producing right to left shunting, decreased pulmo-
nary compliance, and predisposing the lung to atelectrauma.
Pulmonary surfactant, produced by the type II pneumo-
cytes, is composed of two principal components: four known
surfactant-specific proteins (SP-A, SP-B, SP-C, SP-D) and
lipids.* The bulk (approximately 90%) of surfactant is com-
posed of lipids, of which the principal ones are the two phos-
pholipids — phosphatidylcholine and phosphatidylglycerol.®*¢
The varied and complex role of surfactant is being increas-
ingly recognized. Surfactant defends the air spaces against
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flooding by preventing fluid transudation across the alveolo—
capillary membrane,* and against infection by the lectins con-
tained within its SP-A and SP-D moieties.* It also facilitates the
clearance of mucus and the debris of apoptotic cells from the air
spaces. The role of surfactant in scavenging reactive O, species
also appears important in the limitation of inflammation.

The functional form of surfactant is gathered into large
aggregated (LA). The LA form can decline into a vesicular
form comprising small aggregates (SA).*

When large phasic changes in the surface area of air units
occur — as they do the application of excessive tidal volumes —
the LAs become altered into the relatively ineffective SAs.*
In ARDS, the seepage of a protein and fibrin rich exudate
into the alveoli can seriously impair surfactant function.”’

In theory, surfactant replacement therapy in ARDS is a
rational therapeutic intervention, given the role of surfactant
in the genesis of this condition. Surfactant can be aerosolized
into the bronchial tree by nebulization,” but this method has

Box 17.4 LaPlace’s Law

AP >28/r




17.9 Helium-Oxygen Mixtures 493

the inherent drawback that surfactant does not precisely
aerosolize to its targeted site — the surfactant-depleted atelec-
tatic alveoli. It may, therefore, be more effectual to directly
instill surfactant boluses into the endotracheal tube® or
lavage the bronchopulmonary segments with surfactant
through the bronchoscope.® Postinstillation, adequate PEEP
and tidal volumes must be applied to ensure the success of
the treatment.*® Unfortunately, surfactant replacement ther-
apy has not yet fulfilled the promise it initially showed,
though with the advent of superior formulations not only
ARDS but other diseases such as alveolar proteinosis,’ inter-
stitial lung disease,” asthma, and cystic fibrosis" could be
targeted as well.

17.9 Helium—-Oxygen Mixtures

As described in Chap. 3, airflow is turbulent in the larger
airways and more laminar in the smaller.

The flow of gases through straight and rigid tubes is gov-
erned by physical laws. At low velocities, particles travel in a
streamlined manner, parallel to the sides of the tube: this is
termed laminar flow. The gas front is parabolic, since the par-
ticles in the center of the tube move faster than those at the
periphery. At high velocities, particles move in an unpredict-
able chaotic manner; this is termed turbulent flow. The critical
mathematical parameter that determines that the flow is lami-
nar or turbulent is a dimensionless number — the Reynold
number. Reynold number is itself a function of the diameter of
the tube as well as the density, velocity, and the viscosity of the
gas. The last of these is relevant to the discussion that follows.

Looking at the equation (Box 17.5) it is evident that in a
given tube — or airway — when flow is constant, it is the density
of the gas which determines whether the airflow is laminar or
turbulent. In a straight, rigid, smooth nonbranching tube, a
Reynold number below 2,000 results in laminar flow; a num-
ber above 4,000 determines turbulent flow. Unfortunately the
airway is none of these, and as a result of considerable turbu-
lence, the above equation, applied to the human airway, lacks
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precision. It, nevertheless, follows that if gas with a lower den-
sity than air is breathed, turbulence can be reduced.

Helium is such a gas, with a density of 0.8 g/L (that of air is
1.29 g/L). The addition of helium (in place of nitrogen) to
oxygen lowers the Reynolds number of the gas mixture, and
so reduces turbulence. Mixtures of helium and oxygen
(heliox) in the proportion 80:20 or 70:30 are used in clinical
practice to try to overcome the high airway pressure in refrac-
tory asthma and respiratory distress syndrome in children.®*’

The flow of gas through an orifice being inversely propor-
tional to the square root of its density (Graham’s Law), Heliox
will flow almost twice as fast than an oxygen flow-meter indi-
cates.”’ Unless the lower density of this gas mixture is factored
in, errors can occur during the calculation of flows while venti-
lating patients with heliox. Similarly, since the set FIO, may not
reflect the fraction of oxygen actually delivered to the patient
who is breathing heliox, oxygen analyzers must be relied
upon while programming oxygen delivery on the ventilator.

Box 17.5 Determinants of the Reynold
Number

R>pdv/u

17.10 Liquid Ventilation

Liquid ventilation involves the insufflation of lungs by
perfluorochemicals rather than air for the purpose of gas
exchange. Attempts to improve oxygen diffusion through
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diseased lungs using hyperbaric saline ventilation* led to
the development of perfluorocarbons as media for facili-
tating gas exchange."

When the hydrogen atoms of hydrocarbons are replaced
by the halogen fluorine, biologically inert perfluorocarbons
are formed. Perfluorocarbons are colorless but radio-opaque
fluids. O, and CO, have a high solubility into these chemicals,
which as a result, provide a large reservoir for these gases.
The solubility of oxygen within perfluorocarbons exceeds by
approximately 15-fold that within plasma.”

Perfluorocarbons have certain properties which make
them well suited for their purpose as media for liquid ventila-
tion. Unlike saline, they do not remove surfactant from alve-
oli.'” By abolishing the air-liquid interface at the surface of
the alveolar epithelium, they substantially diminish surface
tension especially in surfactant-depleted air units. By filling
up alveoli, they prevent alveolar closure, recruit alveoli, and
improve functional residual capacity. It is possible that the
reason for improvement in oxygenation is alveolar recruit-
ment. The gravitational descent of the dense liquid into the
nether regions of the lung may also be responsible for the
redistribution of perfusion to the relatively well-ventilated
nondependent areas.

By assuring alveolar patency even at relatively low airway
pressures,perfluorocarbons canlower the risk for barotrauma.
Inappropriately large boluses of perfluorocarbons can in
fact distend the lung in a similar manner to PEEP, and are
similarly capable of compromising the cardiac output. Since
they are denser than water, perfluorocarbons gravitate to
the dependent air units where the lung pathology is often
most severe; mucus and inflammatory debris being lighter
than perfluorocarbons float upward and can so be removed.
The rinsing of the lung of inflammatory mediators may pos-
sibly modify neutrophil function and help limit lung inflam-
mation and injury.®’ Owing to their higher heat capacity,
perfluorocarbons can be utilized to regulate core body tem-
perature.”® Perfluorocarbons are immiscible with body
fluids and negligible quantities diffuse into pulmonary capil-
lary blood.?’
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17.10.1 Total Liquid Ventilation

During total liquid lung ventilation (TLV), the lungs are com-
pletely filled up with oxygenated perfluorocarbons and tidal
boluses of perfluorocarbons are periodically pumped in and
out of the lungs. This involves the use of complex equipment
for the transportation of these dense fluids to and from the
lungs and for the extracorporeal oxygenation and CO,
removal from the fluid. The repeated instillation into and
removal of perfluorocarbons from the lungs also serves to
rinse the alveoli.”

17.10.2 Partial Liquid Ventilation

Technically less demanding, partial liquid ventilation involves
the instillation of perfluorocarbons that are quantitatively
equivalent to the functional residual capacity of the lungs. In
this way, the partially filled lungs can be ventilated by a con-
ventional mechanical ventilator rather than the complex
equipment used for TLV. Experimentally, partial liquid lung
ventilation has been convincingly shown to improve lung
compliance, reduce the shunt fraction, and improve gas
exchange.'*” As in the case of TLV, inflammatory debris from
the distal parts of the lung is mobilized proximally; unlike in
TLYV, since fluid exchanges are not carried out, exudates have
to be suctioned out of the proximal airways.***

Indications: Potential applications for liquid ventilation
include neonatal hyaline membrane disease,” meconium
aspiration,® and persistent primary pulmonary hypertension
of the newborn."

Although the role of liquid ventilation in adults appears to
be most relevant in ARDS, its use has also been proposed in
pneumonia where the lavaging of infected lungs with perfluo-
rocarbons enables purging of bacteria and exudates,® and
even facilitates the delivery of antibiotics suspended within
the perfluorocarbon directly to the infected alveoli.”® Perfluoro-
carbons have also been utilized for the prevention of lung
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injury during cardiopulmonary bypass,'’ and for conservation
donor lungs before transplantation.®

The potential side effects —including bleeding, mucous plug
formation, and pneumothorax — are inseparable from those of
the inciting pathology.** Because they are radio-opaque, per-
fluorocarbons dramatically opacify the lungs; needless to say,
their use negates the diagnostic value of the chest radiograph.

Uncontrolled trials in humans have certainly shown rea-
son for optimism, though the specific role of liquid ventila-
tion yet remains to be defined.

17.11 NAVA

Neurally adjusted ventilatory assist (NAVA)® is a novel
closed-loop mode of ventilation that was specifically designed
to counteract patient-ventilator asynchrony.

The delay between the neural trigger and the ventilator
response time is an important cause of patient-ventilator
asynchrony. At the present time, the diaphragm is the most
proximal level at which a neural trigger signal can be electri-
cally sensed. In NAVA, an array of nasogastric tube-mounted
electrodes placed at the level of the diaphragm detects the
intensity of the patient’s neural output, and the strength of
this signal, integrated to the ventilator output, determines
support provided by the ventilator. The ventilator cycles on at
the onset of neural inspiration and cycles off when neural
expiration begins. Since the patient interacts intimately with
the machine, in theory at least, synchronization is better.

17.12 Conclusion

As in any other field in clinical medicine, mechanical ventilation
is not an exact science. Much conceptual change has occurred
during the past three decades and many of the strategies of
ventilation will continue to change. It is almost certain that
the near future will see a major revolution in this field, which
should fill up the deficiencies that exist in current practice.
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Chapter 18
Case Studies

The following modules represent some of the common situa-
tions that require troubleshooting on mechanically ventilated
patients.

18.1 Case 1

Mr. A was ventilated 4 days ago for type-2 respiratory failure
during a severe exacerbation of COPD. When recovering on
the ventilator, he suddenly developed respiratory distress and
tachycardia. SpO, which had hitherto been stable at 92% on an
FIO, of 0.28, dropped to 69%. The peak airway pressure alarm
became activated simultaneously with the onset of Mr. A’s respi-
ratory distress, and tidal volumes (set at 480 mL on the assist-
control mode) became severely pressure limited and dropped
substantially. Appropriate action at this stage would be:

(a) Disconnection from ventilator followed by bagging and
suctioning the ET tube

(b) Chest X-ray

(c) ABG

(d) A careful physical examination

The correct answer is (a) since it permits immediate identifi-
cation of whether the problem is with the machine or with the
patient; it further enables diagnosis and treatment of an
endotracheal tube block which is not only common, but must
be urgently identified.

A.Hasan, Understanding Mechanical Ventilation, 505
DOI 10.1007/978-1-84882-869-8_18,
© Springer-Verlag London Limited 2010
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Mr. A was disconnected from the ventilator and manually
ventilated with a bag and mask. The bag appeared stiff and
substantial resistance to manual compression of the bag was
encountered. A suction catheter passed down the endotra-
cheal tube encountered significant resistance to its passage.
After thorough suctioning, which resulted in the removal of
sticky mucus, the suction catheter could now pass unimpeded
down the endotracheal tube. Mr. A was reconnected to the
ventilator and was now more comfortable; although the peak
pressure was now lower, it was still high than before. Reasons
for the persistently elevated peak pressure could include:

(a) A partial blockage of endotracheal tube
(b) Bronchospasm

(c) A small “occult” pneumothorax

(d) Any of the above

The correct answer is (d), since all three conditions can ele-
vate the peak airway pressure.

Clinical examination did not reveal an overt bronchospasm,
and a bedside chest film did not reveal a pneumothorax. The
next logical option would be:

(a) Arterial blood gas analysis

(b) Change the endotracheal tube regardless of the fact that
the suction catheter can be negotiated through it

(c) Chest physiotherapy

(d) Work up for pulmonary embolism

The correct answer is (b). Even slight narrowing of the lumen
of the endotracheal tube can result in significant airflow
obstruction. The endotracheal tube was, a short time ago,
completely blocked, and it is likely that encrustations remain,
causing partial blockage. Apart from the risk of reblockage,
breathing through a narrowed endotracheal tube entails a
high work of breathing and predisposes to respiratory muscle
fatigue. When in doubt, the endotracheal tube should be
changed.
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On the evening of the next day, the low pressure and low
minute ventilation alarms began to sound. Also, the inspired
tidal volume exceeded the expired tidal volume. The poten-
tial problem could be any of the following except:

(a) ET obstruction

(b) ET cuff leak or rupture

(c) Airleak from temperature monitor port
(d) Leak from exhalation valve

The correct answer is (a). Note that this is an “except” ques-
tion. Endotracheal tube obstruction leads to the activation of
the high airway pressure alarm and not the low airway pres-
sure alarm. The other three mentioned above can all lead to
a fall in airway pressures.

Auscultation over the trachea revealed harsh breath sounds
over the entire duration of the inspiratory phase. What should
be done?

(a) Increase the minute volume

(b) Check and inflate pilot bulb to the required pressure
(c) Increase flow rate

(d) All of the above

The correct answer is (b). The presence of a hiss over the
trachea during the ventilator delivered breath argues in favor
of a cuff leak. The cuff should be reinflated by inflating the
pilot bulb. If the pilot bulb fails to fill despite inflation with
repeated boluses of air, a cuff rupture is likely and the ET
should be replaced.

The ET was replaced, but with a much smaller sized endotra-
cheal tube owing to some difficulty in reintubation. The infla-
tion of the pilot bulb resulted in the disappearance of the
inspiratory sound, but the pilot bulb pressure required to
achieve this seal was 36 cm H,O. The problem now was:

(a) Right main-stem intubation
(b) Size of ET too small for the patient’s airway
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(c) Defective pilot bulb
(d) All of the above

The correct answer is (b). Much more air needs to be intro-
duced into the pilot bulb of an ETT which has a diameter that
is small relative to the trachea, in order to ensure an effective
seal.

18.2 Case 2

Mrs. B, aged 32 years was brought to the ICU after falling off
the pillion of a motor-scooter half an hour ago. She had
become unconscious after the fall and had not gained con-
sciousness since. On arrival at the ICU, she had a BP of
140/90 and a heart rate of 108 beats/min. She had a single
bruise on her occiput, and there were multiple lacerations on
her chest and arms. Her lungs were clear to auscultation.
Withdrawal response to painful stimuli was present and the
pupils were equal and responsive. A CT scan of the brain
showed an intracranial bleed. Mrs. B’s chest film showed frac-
tures of three ribs on her right side, as well as a small right
sided pneumothorax. An intracranial probe revealed that the
intracranial pressure was raised.

The indications for intubation in the case of Mrs. B would be:

(a) To protect the airway

(b) To ventilate with an intent to produce hypocapnia
(c) Both the above

(d) None of the above

The correct answer is (c). In cases of neurological injury,
mechanical ventilation with deliberate hyperventilation with
the intent of producing hypocapnia is not resorted to unless
the intracranial pressure is high. In cases of raised intracra-
nial pressure, hypocapnia has been gainfully employed to
quickly reduce the intracranial tension. In a patient with poor
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airway defense mechanisms, intubation can protect the air-
way and prevent aspiration. Since even a small pneumotho-
rax has the potential to transform itself into a tension
pneumothorax on the ventilator, a chest drain was inserted
into the right pleural cavity.

A while later, expiratory tidal volumes fell well below the
inspiratory tidal volumes. A circuit check revealed no obvi-
ous leak in the system. The most likely cause of this phenom-
enon could be:

(a) Herniation of the endotracheal tube cuff

(b) Alveolar instability

(c) A large air leak through a bronchopleural fistula
(d) Any of the above

The correct answer is (c). Sustained bubbling from the under-
water seal of the chest drain throughout the respiratory cycle
was seen, which was surprising since the pneumothorax had
been quite small. A large bronchopleural fistula was
diagnosed.

Appropriate action should now include:

(a) Measures to reduce alveolar distension

(b) High frequency jet ventilation

(c) Sealing of the local bronchopulmonary segment by gel-
foam or fibrin

(d) Laser coagulation of the leak

In theory, all these options have been attempted to treat bron-
chopleural fistulae. In practice, it is seldom necessary to do
anything other than to limit the alveolar over-distension that
often engenders them. Bronchopleural fistulae generally
resolve parri-passu with improvement in the underlying lung
pathology and in instances such as above where the minute
ventilation is not compromised, a conservative line of manage-
ment is often sufficient. Therefore, (a) is the correct answer.



510  Chapter 18. Case Studies

18.3 Case 3

Mr. C, 56-years old, having chronic bronchitis, was admitted
with an acute exacerbation of his condition, and in due
course, had to be intubated and ventilated for hypercapnic
respiratory failure which had progressed despite optional
medical therapy.

On day 2 of ventilatio on the assist-control mode, Mr C’s
already elevated peak airway pressure suddenly rose further.
Mr. C became tachypneic, began overbreathing the set respi-
ratory rate, and looked distressed. A suction catheter passed
down the endotracheal tube encountered no perceptible
resistance and airway secretions were not much in evidence.
Breath entry appeared markedly diminished on the left side.
Diagnostic possibilities would include:

(a) Collapse of the left lung due to secretions

(b) Collapse of the left lung due to endotracheal tube migra-
tion into the right main-stem bronchus

(c) Leftsided pneumothorax

(d) Any of the above

The correct answer is (d). Lack of aspirable secretions from
the endotracheal tube cannot rule out mucus plugging more
distally, and endotracheal tube migration into the right main
bronchus can obstruct the orifice of the left main bronchus
causing absorbtive atelectasis. Barotrauma in a patient on
mechanical ventilation is also a possibility at any time and a
high degree of suspicion for the same must be maintained.

An urgent bedside chest film revealed a collapsed left lung.
The tip of the endotracheal tube was visualized well proxi-
mal to the carina and distal migration of the endotracheal
tube was so ruled out. SpO, at this stage was 92% on a FIO,
of 0.6.

Appropriate therapy at this stage would be:

(a) Chest physiotherapy
(b) Urgent bronchoscopic toilet
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(c) Chest physiotherapy followed by bronchoscopic toilet,
should the lung not expand with the former
(d) Deep suctioning

The correct answer is (c). Deep suctioning is not an option. In
any case, a suction catheter would be liable to follow the path
of least resistance and pass into the right main bronchus
which is more aligned with the trachea and not the left main
bronchus which is likely to be obstructed with a mucus plug
or a blood clot. Chest therapy is a reasonable initial option
since a saturation of 92% is for the time being satisfactory,
but this should be followed up with a bronchoscopic toilet,
should the lung not expand with chest physiotherapy alone.

18.4 Case 4

Mrs. D, aged 72 years was intubated and ventilated for type 1
respiratory failure secondary to cardiogenic pulmonary
edema. Having improved, she was extubated after 48 h.
Immediately post extubation, Mrs. D developed stridor and
considerable respiratory difficulty. Diagnostic possibilities
include:

(a) Laryngospasm
(b) Laryngeal edema
(c) Eitheraorb

(d) Tracheal stenosis.

The correct answer is (c). Since the stridor occurred within a
short time of extubation, laryngeal edema (as a result of
injury to the larynx during intubation) could be proposed as
a likely cause of stridor. Laryngospasm is also possible; tra-
cheal stenosis usually takes much longer to manifest.

Inspection of the larynx revealed laryngeal edema, but
absence of other significant injury. At this stage, the initial
treatment could include:

(a) Tracheostomy
(b) Corticosteroids
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(¢) Lidocaine
(d) Racemic epinephrine, followed by reintubation if
required, with a smaller sized endotracheal tube

The correct answer is (d). Tracheostomy is not an option at
this stage without allowing a little time for resolution of the
laryngeal edema. Corticosteroids have not been convincingly
demonstrated to be beneficial and although IV or tropical
lidocaine has been used in cases of laryngospasm with some
benefit, its role in laryngeal edema is unknown.

Mrs. D required reintubation, and a smaller sized endotra-
cheal tube was used to negotiate the swollen larynx. She was
extubated after another 48 h and made an uneventful
recovery.

What parameter or test could have predicted the presence
of laryngeal edema before extubation?

(a) SpO,

(b) Tidal volume

(c) Spontaneous respiratory effort
(d) Cuff leak test

The correct answer is (d). Deflation of the ET cuff by evacu-
ating the pilot bulb should result in an inspiration sound on
auscultation over the trachea, as air leaks between the ET
tube and the airway. Lack of such a sound would imply a snug
fit between the ET and the airway, and the cause of this could
possibly be laryngeal edema.

18.5 Case 5

On day 7 of ventilation for a neuromuscular problem, Ms. E,
aged 22 years, suddenly developed ventilatory distress. She
was removed from the ventilator and bagged. A suction cath-
eter passed down the ET encountered no resistance, and on
auscultation, the breath entry was normal and equal. The
therapist then hooked her back onto the ventilator, and
noticed that although the oxygen saturation had fallen, the
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lung compliance and resistance were unchanged. The possible
problem could be:

(a) Pneumothorax

(b) Pulmonary embolism

(c) Lobar collapse

(d) Endotracheal tube obstruction

The correct answer is (b). Although it is possible for a small
pneumothorax to go undetected on clinical examination,
pneumothoraces in patients on mechanical ventilation often
become tension pneumothoraces and become clinically
obvious.

Endotracheal obstruction is virtually ruled out by the
unhindered passage of a suction catheter down the breathing
tube, and the absence of clinical wheeze or a rise in airway
pressure can reasonably exclude bronchospasm. Likewise,
the absence of a fall in pulmonary compliance and/or a rise in
airway pressures argues against major lobar atelectasis.
Pulmonary embolism is the correct answer since it can pro-
duce hypoxemia without a significant change in either com-
pliance or resistance. An unchanged chest film in this case
strengthened the suspicion of pulmonary embolism which
was later confirmed.

18.6 Case 6

Mr. F, a 42-year-old persistent asthmatic was intubated and
ventilated during an attack of acute severe asthma which
failed to respond to conventional medical therapy. He was a
hypertensive, well controlled on medication and was in the
habit of taking 5 mg diazepam nocte for the last 10 years.
Postintubation ventilator settings were: assist-control mode
with a backup of 14 breaths/min, at 500 mL/breath, FIO,
(which, a few minutes earlier had been 1.0) 0.6. After awak-
ening from the sedation that he required at intubation, Mr. F
became increasingly agitated and violent and had to be
sedated and paralyzed. At this point, his pulse rate rose to 130
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beats/min, respirations 36 breaths/min. SpO, was 98%.
Possible causes of hiss restlessness could be:

(a) A blocked endotracheal tube
(b) Steroid psychosis

(c¢) Intrinsic PEEP

(d) Any of the above

The correct answer is (d). A blocked endotracheal tube is in
many cases the cause of sudden restlessness and agitation in
a ventilated patient. Tenacious secretions coat the luminal
surface of the endotracheal tube and can progressively
reduce the lumen of the endotracheal tube before a plug of
inspissated mucus or clot of blood causes sudden total occlu-
sion. The patient’s distress may not immediately be accompa-
nied by a fall in SpO,, as a change in saturation usually takes
time to register on the monitor. An acute rise in peak pres-
sure is often the clue and resistance to the passage of a suc-
tion catheter down the endotracheal tube is virtually
diagnostic of a tube block. Although ET blockage is unusual
in a recently intubated patient, it should still be ruled out in
such a situation. Sleep deprivation is also known to produce
agitation and some patients on glucocorticoids develop ste-
roid psychosis. The development of intrinsic-PEEP (auto-
PEEP) can lead to considerable patient-ventilator asynchrony
and this can manifest in the patient fighting the ventilator. In
this instance, the cause of the patient’s agitation proved to be
a high intrinsic PEEP due to air-trapping and dynamic
hyperinflation.

Appropriate corrective measures would include all, except:

(a) Bronchodilation

(b) Decreasing I:E ratio

(¢) Increasing the duration of the inspiratory pause

(d) Adding a small amount of external PEEP (about 50-75%
of the measured intrinsic-PEEP)

The correct answer is (c). Note that this is an “except” ques-
tion. Decreasing inspiratory time leaves more time for
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expiration, and more complete lung emptying is possible,
reducing dynamic hyperinflation, and thereby decreasing the
auto-PEEP. The addition of a small amount of external PEEP
reduces the gradient against which the patient must inspire,
thus reducing the work of breathing.

Increasing the pause time, however, (note that the inspira-
tory pause is considered part of the inspiratory time) will
actually leave less time for expiration and will actually worsen
dynamic hyperinflation.

In Mr. F’s case, despite the application of optimal ventilator
strategies, peak and plateau pressures remained at unaccept-
able levels; the setting of maximal airway pressure at 45 cm
H,O resulted in termination of the inspiratory breath when
280 mL or so of the tidal volume had been delivered at each
breath, and the hypoventilation resulted in a rise in the
PaCO, to 72 mmHg. Appropriate strategies at this stage com-
prise all of the following except:

(a) Ventilation with helium-oxygen gas mixture
(b) Pressure control ventilation

(¢) Permissive hypercapnia

(d) Raising the upper airway pressure limit

The correct answer is (d). Note that this is an “except” ques-
tion. Since the set tidal volume is 500 mL and the breath is
anyway being pressure limited to 280 mL, reduction in tidal
volumes would serve no purpose. Since the low tidal volumes
are now resulting in reduced minute ventilation, one way to
allow delivery of the targeted tidal volumes would be to raise
the upper airway pressure limit. This would, however, allow
the upper airway pressure to rise and thereby unacceptably
increase the risk of barotrauma.

The other strategies are all acceptable in this situation,
though the usage of heliox is limited to a few centers and not
yet in the realms of conventional ventilatory strategy.
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18.7 Case 7

Mr. G, a 21-year-old man was admitted to the ICU, after a
collision with a bus caused his vehicle to overturn. On exami-
nation, Mr. G was well oriented and alert but in considerable
pain. His heart rate was 110 beats/min, respirations 22
breaths/min and BP 140/80. Breath entry was equal and satis-
factory on both sides, but a flail segment of the sternum
moved paradoxically with each breath.

The chest film confirmed the presence of multiple rib frac-
tures bilaterally and some subcutaneous emphysema, but no
obvious pneumothorax. The ABG on FIO, of 0.4 showed pH
7.36, PaCO, 38, and PaO, 120 mmHg. Appropriate action
now would be:

(a) Observation and adequate analgesia

(b) External stabilization of the chest by splints

(c) Internal stabilization of the chest by intubation ventila-
tion and the application of PEEP

(d) Closed chest drainage

Mr. G’s blood gases do not show the presence of respiratory
failure, which is the indication for mechanical ventilation in
flail chest. A PaCO, of 38 mmHg is reasonable: it certainly
does not indicate hypoventilation. The respiratory rate is a bit
high, which is understandable since the impaired mechanics
of the chest wall do not allow complete excursions of the
chest and Mr. G is fulfilling his minute volume requirements
by raising his respiratory rate; the latter by itself, is not high
enough to impose a significantly high work of breathing. In
fact, noninvasive ventilation could be considered if the work
of breathing were judged to be bordering on high.
Subcutaneous emphysema does not always equate with
pneumothorax, though the chest X-ray should be carefully
scrutinized for a small inobvious pneumothorax; it is also
mandatory in such cases to closely watch the patient for the
subsequent development of a “late” pneumothorax. External
splints are often not very effective. Analgesia plays an impor-
tant role, facilitates bronchial toilet, and prevents chest infec-
tions. The correct answer therefore is (a).
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Later on, Mr. G became increasingly tachypneic and dis-
tressed, and it was discovered that he did eventually develop
a pneumothorax on the right. Closed chest drainage was per-
formed, but during the while, Mr. G’s saturations dropped
and he had to be intubated and ventilated. A postintubation
chest film showed that the pneumothorax had resolved, but
the left lung had now collapsed. Diagnostic possibilities
would include:

(a) Obstruction of the left main bronchus by clot

(b) Obstruction of the left main bronchus by a mucus plug
(c) Fracture of the left main bronchus

(d) Any of the above

The correct answer is (d). All three are possible in this setting.
A diagnostic bronchoscopy discovered a mucus plug, the ori-
gin of which was uncertain, and the procedure proved to be
of therapeutic benefit as well. Mr. G thereafter made an
uneventful recovery.

18.8 Case 8

Mr. H, a 60-year-old diabetic, hypertensive, and smoker of
thirty cigarettes per day for the last 40 years, was admitted
with chest discomfort and difficulty in breathing since the last
hour. On arrival, Mr. H was orthopneic, diaphoretic, and rest-
less. His BP was recorded as 160/100, his heart rate 110 beats/
min, and respirations 40 breaths/min. The JVP was raised,
there was bilateral pedal edema, and profuse basal crepita-
tions were heard in both lungs.

A chest film demonstrated cardiomegaly and bilateral
symmetrical pulmonary parenchymal shadowing characteris-
tic of cardiogenic pulmonary edema. The ECG showed evi-
dence of evolving myocardial infarction. PaO, remained at
47 mmHg in spite of high flow oxygen, and there was lack of
significant response to diuresis and other medication.
Treatment options would include:

(a) Further observation and more diuresis
(b) NIPPV
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(c) Intubation and ventilation
(d) All of the above

The correct answer is (c), since the patient already satisfies a
number of criteria for intubation and ventilation viz., refrac-
tory hypoxemia, tachypnea, and increased work of breathing
in the presence of cardiac ischemia, especially in the face of
lack of response to medication. It is unlikely that NIPPV
would be beneficial at this stage since it would likely be inef-
fective in supporting the patient at this stage.

The following is accepted as a conventional ventilatory strat-
egy in CCF:

(a) High frequency jet ventilation
(b) Nitric oxide

(c) PEEP

(d) Heliox

The correct answer is (c). The benefits that occur due to the
application of PEEP are due to its ability to reduce preload in
a failing heart. Also, by decreasing transmural aortic pressure,
PEEP improves cardiac output, and by increasing functional
residual capacity, it improves oxygenation and compliance.
Since the effect of PEEP in an individual patient is by and
large unpredictable, the patient should be closely monitored.

18.9 Case 9

Mrs. J, a 28-year-old asthmatic was brought to the ICU in
status asthmaticus. She was breathless and tachypneic, with a
respiratory rate of 28 breaths/min. Auscultation revealed
markedly diminished breath entry on both sides and her
chest film showed hyperinflated lungs, but no obvious infil-
trate. An ABG taken 2 h after the administration of IV ste-
roid, O, and continuous nebulization showed pH 7.20, PaCO,
44, and PaO, 75 mmHg on FIO, 0.5. What should be the fur-
ther course of action?
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(a) Continue treatment with continuous nebulization
(b) Noninvasive positive pressure ventilation

(c) Addition of a diuretic

(d) Consider intubation and ventilation

The correct answer is (d). A patient in exacerbation of asthma
should normally be hyperventilating and will therefore show
a reduced PaCO,. A normal PaCO, implies that the partial
pressure of CO, is beginning to trend upward due to respira-
tory muscle exhaustion. In Mrs. J’s case, the acidic pH testifies
to this. At this juncture, it is very unlikely that NIPPV will
provide enough support to the respiratory muscles to reverse
the critical process. The choice in such a patient should be
elective intubation and ventilation when it becomes obvious
that the PaCO, is trending upward and the patient is
fatiguing.

After the intubation and ventilation, Mrs. J was put on the
assist-control mode. All of the following ventilator settings
would be appropriate in her case except:

(a) Large tidal volumes to wash out the accumulating PaCO,
(b) Titration down of the FIO, to keep PaO, above 60 mmHg
(c) See the upper airway pressure alarm at 40 cm H,0

(d) Low L:E ratio

The correct answer is (a). Note that this is an “except” ques-
tion. Large tidal volumes in the setting of airway obstruction
have the potential to exacerbate dynamic hyperinflation
which is already a problem in such circumstances. A FIO,
tailored to keep PaO, above 60 mmHyg is sufficient, for at this
PaO, the hemoglobin should be near-completely saturated
with O,. A low L:E ratio helps in that, with the shorter inspira-
tion, a longer expiratory time is available to the overdis-
tended lung to empty. A peak pressure of 40 and above has
been linked to an increased risk of barotrauma, though it now
appears that plateau pressures of more than 35 cm H,O
equally, if not more closely, correlate with pressure-induced
pulmonary injury.
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18.10 Case 10

Mr. K, a COPD patient was ventilated 2 days ago for type 2
respiratory failure. At this stage, his current ventilator settings
were as follows: On the assist-control mode, the tidal volume
was 550, the respiratory rate 15 breaths/min, FI1O, 0.28, inspira-
tory trigger —2 cm H,O, and inspiratory flow rate 50 L/min.

Although the blood gases and vitals were acceptable, Mr.
K evinced a sense of dyspnea. Which of the following changes
in the ventilator settings would be likely to help?

(a) Increasing the tidal volume

(b) Increasing the respiratory rate

(c) Increasing the FIO,

(d) Increasing the inspiratory flow rate

The correct answer is (d). Since the blood gases are accept-
able the minute ventilation need not be changed. Similarly, if
the PaO, is >60 mmHg on the present F1O, (0.28), no change
in F10, is required either. The inspiratory trigger is fairly low,
so this should not impose a significant inspiratory load on Mr.
K’s respiratory muscles. It is important, however, to realize
that many persons, particularly patients with normal respira-
tory drives, require high inspiratory flow rates to fulfill the
demands of their respiratory centers. Increasing the inspira-
tory flows should help.

Later, Mr. K was put on SIMV (set rate 10 breaths/min) with
a pressure support of 5 cm. The respiratory care practitioner
noticed that Mr. K’s spontaneous tidal volumes ranged
between 130 and 210 mL. What could be done to increase the
tidal volume of the spontaneous breaths:

(a) Increase the number of SIMV breaths
(b) Increase the level of pressure support

(c) Increase the tidal volume
(d) All of the above
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The correct answer is (b). Increasing the level of pressure
support can help increase the tidal volume of spontaneous
breaths.

A few days later Mr. K seemed better; he was still being venti-
lated on the SIMV with PS mode, at a pressure support of
10 cm H,O. Mr. K was then breathing at the SIMV backup rate
of 9 breaths/min and taking an additional six breaths of his
own at a tidal volume of 350400 mL, through an endotracheal
tube of size 7.5. In the morning, the ABG read as follows: pH
7.38, PCO, 32 mmHg, and PaO, 154 mmHg on 0.5 FIO,. On
switching to the pressure support mode (PSV of 10 mmHg),
Mr. K’s spontaneous tidal volumes fell to 250 mL and sponta-
neous respiratory frequency rose to 35 breaths/min, accompa-
nied by subjective and objective signs of distress. The respiratory
care practitioner reverted to the previous mode. Which of the
following could make Mr. K wean successfully?

(a) Reduction in FIO,

(b) Change in the endotracheal tube to a larger size

(c) Progressively raising the PCO, to approximately 50 mmHg
before beginning the weaning process

(d) All of the above

The correct answer is (d). Theoretically, a reduction in FIO, to
0.28 or thereabouts would help boost the respiratory drive of
the chronic lunger who is habitually accustomed to a high
PaCO, though admittedly there appears nothing grossly wrong
with Mr. K’s respiratory drive at this moment. By the same
token, the starting point for a spontaneous breathing trial for a
COPD patient should ideally be at a PaCO, level that is at the
patient’s usual premorbid baseline, and so a PaCO, buildup to
about 50 mmHg or even higher is considered appropriate in
such cases before commencing the weaning trial. When weaning
becomes difficult, a change in the endotracheal tube to as large
a size as possible would help in substantially reducing the air-
way resistance and considerably help in the weaning process.
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18.11 Case 11

Mr. L, a 72-year-old COPD patient was brought to the EMD.
During transport, Mr. L had been given oxygen supplementa-
tion by a partial rebreathing mask at 12 L/min. At reception,
Mr. L was drowsy and was breathing at only 5-6 breaths/min.
An ABG performed on arrival showed pH 7.19, PaO,
66 mmHg, PaCO, 92 mmHg.

Treatment options would include:

(a) Administering FIO, at 0.28 by ventimask

(b) Making the patient breathe room air

(c) Increasing FIO, by administering O, through a nonre-
breathing mask

(d) Intubation and ventilation

The correct answer is (a). It is conceivable that the high flow
oxygen administered to the patient during transport has sup-
pressed his respiratory drive, compounding the hypercapnic
respiratory failure. Reducing the FIO, to an acceptable level
is logical, in that the patient would still be getting enough
FIO, to maintain a reasonable O, saturation and the reduc-
tion in FIO, would also allow Mr. L’s hypoxic respiratory
drive to improve his ventilatory status.

Completely stopping supplemental oxygen is not an option.
The PAO, (the partial pressure of oxygen in the alveolus) is
determined by the following equation:

PAO; = [(Atm pressure — Partial pressure of water vapour)
x FIO;] — [(PaCO, / respiratory quotient)]

At sea level with a respiratory quotient of 0.8, assuming
that 12 (LPM) by partial rebreathing mask corresponds to an
FIO, of approximately 0.6,

PAO; = [(760 - 47) x 0.6] —[(92/0.8)]
=312.8 mm Hg

If the supplemental O, were to be suddenly stopped, the
patient would be breathing room air only (FIO,>0.21) and
with a PCO, of 92,
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PAO, =[(760 —47) x 0.21] - [(92/8)]
=34 mm Hg

A low partial pressure of oxygen in the alveolus would
mean that the arterial PaO, would be lower yet, and this
could result in cerebral hypoxia. Supplemental oxygen should
therefore never be completely removed.

Many physicians may feel that it would be hasty to intu-
bate and ventilate the patient in a situation such as this, and
would rather give the patient a chance to recover with a trial
of initial conservative therapy. The role of NIPPV in this set-
ting is unclear. Certainly, in a drowsy patient NIPPV is rela-
tively contraindicated, (and here, there may be differences of
opinion), but can be tried as the sensorium begins to improve.
Bronchodilators, corticosteroids, antibiotics and respiratory
stimulants may be used as the situation demands, with
recourse to mechanical ventilation being taken if the PaO, is
not sustainable at 260 mmHg with conservative therapy, or if
there is a progressive rise in PaCO, with acidosis inspite of
optimal treatment.

18.12 Case 12

Mrs. M aged 30 years, weighing 65 kg is being ventilated for
severe ARDS. The mode of ventilation initially used is assist-
control. Appropriate tidal volumes for this patient should be:

(a) 400 mL
(b) 600 mL
(c) 800 mL
(d) 1,000 mL

The correct answer is (a). Patients with severe ARDS have
“baby lungs.” This means that healthy alveoli comprise
approximately a third of the lung volume; another third of
the lung is represented by collapsed but recruitable alveoli,
while the remaining third is composed of densely consoli-
dated or collapsed alveoli. Ventilating such patients with
large tidal volumes would cause overdistension of the healthy
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and compliant alveoli, resulting in alveolar injury. Low tidal
volumes coupled with enough PEEP to hold the unstable
alveolar units open is the currently recommended strategy
for ARDS. At approximately 6-7 mg/kg body weight, a
400 mL tidal volume would be appropriate for Mrs. M.

Mrs. M’s set respiratory rate is 22 breaths/min, FIO, is 0.9 and
PEEP is 5 cm H,O. Her BP is 140/90 and her ABG is as fol-
lows: pH 7.39 PaCO, 43 mmHg and PaO, 49 mmHg. An
appropriate intervention to increase Mrs. R’s oxygenation
would be:

(a) Increase the FIO,

(b) Increase the PEEP

(c) Increase the respiratory frequency
(d) Lower the tidal volume further

The correct answer is (b). The FIO, is already 0.9, which is too
high to be safe and the physician should try to reduce the
FIO, rather than increase it, in order to decrease the chances
of oxygen-induced lung injury. Increasing the PEEP would be
a good idea, since the blood pressure at this stage is well
preserved.

During the incremental application of PEEP to 14 cm H,O,
monitoring of which one parameter is particularly relevant?

(a) Heart rate

(b) Blood pressure
(¢) Urine output
(d) EtCO,

The correct answer is (b). Increase in PEEP decreases the
venous return to the thorax and can have an early impact
upon the blood pressure which therefore should be closely
monitored. Mrs. M tolerated a PEEP of 14 cm well, and her
BP was steady at 130/80.

Over the next few days, Mrs. M’s lung mechanics worsened
further and she was switched to pressure control ventilation.
Despite all attempts to decrease the FIO, to 0.6, it was not
possible to do so and Mrs. M’s PaO, was 50 on a FIO, of 1.0
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and PEEP 16 cm H,O. The next option to increase Mrs. M’s
oxygenation should be:

(a) Permissive hypercapnia
(b) Inverse ratio ventilation
(c) ECCOR

(d) ECMO

The correct answer is (b). PC-IRV (pressure control-inverse
ratio ventilation) or VC-IRV (volume control-inverse ratio
ventilation) should be the next option. Patients find the
inversion of the respiratory time extremely uncomfortable
and regularly require deep sedation with or without paralyz-
ing agents. Placing the patient in a prone position too may
help. The benefits conferred by extracorporeal life support
are slender, though recent reports show better outcomes with
LFPPV-ECCO,R.

With the application of PC-IRV with a PCV level of 40 cm
H,O and an I.LE ratio 1:1, a PEEP of 12 cm H,O and an FIO,
of 0.8, the PaO, was a bit better at 58 mmHg, but the PaCO,
gradually climbed to 55 with a progressive fall in the tidal
volume. Further attempts to increase the I:E ratio resulted in
a fall in the patient’s blood pressure. An appropriate option
at this point of time would be:

(a) Permissive hypercapnia

(b) Increasing L:E ratio to 2:1

(c) High frequency jet ventilation
(d) Increasing the PEEP

The correct answer is (a). The problem now seems to be that
the increasing airway pressure is limiting the tidal volumes
causing the PaCO, to rise, and compromising the hemody-
namics. In the end, it may be better to accept a moderate rise
in CO, since the PaO, seems better than before.
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Acrosol therapy, 486
Airway humidification. See Humidification, airway
Airway occlusion pressure, 399
Airway pressure release ventilation (APRV), 97-98
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PaO,/PAOQ, ratio, 151-152
Arteriovenous oxygen difference, 172-173
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Assist control mode, 84
Asthma. See Obstructive lung disease
ASV. See Adaptive support ventilation
Asynchrony, patient-ventilator, 225

flow asynchrony, 227-238
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ventilator support level and work of breathing, 223
Automode, 106-107
Auto-PEEP
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BAL. See Broncho-alveolar lavage technique
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case study, 510
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CPR, 182
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factors affecting, 177



530  Index

health and disease, 176
vs. PaCO,, 179
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Cardiopulmonary resuscitation (CPR), 182
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Control variables, 74-75
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case study, 505
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D
Dead-space

alveolar, 40
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Decelerating waveform, 123
Diffuse alveolar damage, 332-333
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causation mechanism, 316
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EPAP. See Expiratory positive airway pressure
Epistaxis, 307-308
ESBL. See Extended-spectrum beta-lactamase
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Expiratory valve, 73
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Extended-spectrum beta-lactamase (ESBL), 366
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Eye irritation, 431
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premature termination, 232-234
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flow-time scalar, 229
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derived information, 197, 198
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flow waveforms, 196
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airway secretions, 223, 225
auto PEEP, 219, 221
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pressure-control ventilation, 216, 218
pressure support ventilation (PSV), 216-217, 219
tubing compressibility, 222-224
volume loss, 221-222
volume-targeted ventilation, 215-217
Forced vital capacity (FVC), 12
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Functional residual capacity (FRC), 19
FVC. See Forced vital capacity
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Gas exchange monitoring, 149-184
Gastric distension, 430
Gastrointestinal dysfunction, 63

H

Haldane effect, 329, 330
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Heated humidifiers (HHs), 453
Heat-moisture exchangers (HMEs), 455-456
Helium—oxygen mixtures, 493-494
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Hemodynamic compromise, 431
Hemodynamic effects of mechanical ventilation, 55-58
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structure, 156, 158

oxygenated and non-oxygenated, 161
Hepatobiliary dysfunction, 62—63
HFJV. See High-frequency jet ventilation
HFOV. See High-frequency oscillatory ventilation
HFPPV. See High-frequency positive pressure ventilation
HFPV. See High-frequency percussive ventilation
High expired minute volume alarm, 143-144
High-frequency jet ventilation (HFJV), 482-484
High-frequency oscillatory ventilation (HFOV), 484485
High-frequency percussive ventilation (HFPV), 485-486
High-frequency positive pressure ventilation (HFPPV), 482
Historical aspects of mechanical ventilation, 1-6
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Humidification, airway

dry air, 451
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overheated air, 451-452

isothermic saturation boundary, 449-450

nasal mucosa role, 449

NIV, 456

water losses, 450
Hypercapnic respiratory failure

case study, 510-511

COPD exacerbation, 426-427

decompensated obstructive sleep apnea, 427
Hyperoxic hypercarbia, 329-332Hypocapnia, 508
Hypovolemic shock, 244-245
Hypoxemia

diffusion defect, 54-55

hypoventilation, 4649

right to left shunt, 52-53

V/Q mismatch, 50-51
Hypoxemic respiratory failure, 424-426
Hypoxia, tissue, 172

|

Indications for mechanical ventilation
hypoventilation, 1011
hypoxia, 9-10
increased work, breathing, 11
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Intracranial pressure, 246
Intermittent mandatory ventilation (IMV). See Synchronized intermittent
mandatory ventilation
Intrathoracic pressure (ITP), 21, 23
Intubation
esophageal, 309-310
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compliance, 208-212
elastic work and resistive work, 211-214
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PEEP, 206, 208
spontaneous breath, 203-204
transalveolar pressure gradient, 205-207
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volume-time, 200-202
ventilator waveforms, 189
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Metered-dose inhaler (MDI), 472
Methicillin-resistant Staphylococcus aureus (MRSA), 347, 368
Methicillin-sensitive Staphylococcus aureus (MSSA), 346
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MMV. See Mandatory minute ventilation
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MRSA. See Methicillin-resistant Staphylococcus aureus
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NAVA. See Neurally adjusted ventilatory assist
Nebulization, 469471
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aerosolization, 466
factors affecting, 467
instrumentation, 464—465
technique, 467-468
ultrasonic, 468-469
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Nebulization, 469471
Negative pressure ventilation (NPV), 441445
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cuirass, 443
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Neurally adjusted ventilatory assist (NAVA), 497
Neurological injury, 247

case study, 508-509

cerebral autoregulation, 245, 246

cerebral vasoconstriction, 247

intracranial pressure, 246
Neurologic complications, 312
Neuromuscular disease, 512-513

bulbar muscles involvement, 285-286

spinal injury, 280, 281
NIPPV. See Noninvasive positive pressure ventilation
Nitric oxide (NO), 488491
NIV. See Noninvasive ventilation
Nonhomogenous lung disease, 288—289
Noninvasive positive pressure ventilation (NIPPV/NIV), 275, 409
Noninvasive ventilation (NIV)

advantages, 416

air leaks, 422-424

bronchoscopy, 428

contraindications, 418, 432

CPAP, 415

devices, 421

extubation failure, 428

humidification, 422

hypercapnic respitatory failure, 426427

hypoxemic respiratory failure, 424-426

indications, 427432

initiation steps, 428—429

interfaces, 418-420

modes, 420421

monitoring, 432

outcomes, 432433

weaning, 427
NPV. See Negative pressure ventilation

(0]
Obstructive lung disease
asthma and COPD, general treatment principles, 276
bronchopleural fistula, 278-279
ET size, 276-277
external PEEP, 275
general anesthesia, 277
NIV, 275
PaCO,, 268-269
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permissive hypercapnia, 277

pressure support mode, 271-272

respiratory rate, 273

tidal volume, 272-273

trigger sensitivity, 275

ventilator settings, 272-275
Open-loop and closed-loop systems, 72
Open lung concept, 135
Optical plethysmography, 160-161
Oxygen cascade, 149-150
Oxygen concentration alarm, 146
Oxygen extraction ratio, 173
Oxygen-related lung injury, 326-333
Oxyhemoglobin dissociation curve, 163, 164
Otalgia, 430
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PaO,, 151
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PaO,/PAO, ratio, 151-152
Patient-ventilator asynchrony
flow asynchrony, 228
expiratory asynchrony, 231-238
flow and pressure volume loop, 230
flow-time scalar, 229
triggering asynchrony
ineffective triggering, 227
response time, 226227
trigger type, 227
ventilator support level and work of breathing, 223
PAV. See Proportional assist ventilation
PCV. See Pressure-controlled ventilation
Peak airway pressures, 190
PEEP. See Positive end expiratory pressure
Phase variables, 75
Pharmacokinetics, VAP, 368-371
Pharyngeal trauma, 306
Plateau pressures, 190-191
Pneumatic nebulizers. See Jet nebulizers
Pneumomediastinum, 319-320
Pneumothorax, 516517
Poiseuille’s law, 20-21
Poncho-wrap, 442-443
Positive end expiratory pressure (PEEP)
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advantages, 130-131
auto-PEEP overcoming, 126-127
barotrauma and lung injury protection, 125-126
case study, 524-525
disadvantages, 131
flow waveforms, 132-133
indications and forms, 127
inspiratory time, 133
prone ventilation, 134
titration, 128-130
PPB. See Positive pressure breathing
Pressure, airway
distending pressure, 25
intrapleural pressure, 21-26
intrathoracic pressure (ITP), 21, 23
mean airway pressure, 191-193
pause airway pressure, 320
peak aiway pressure, 190-191
pressure gradients, 24
transalveolar pressure, 205-207
transpulmonary pressure, 22
Pressure-controlled ventilation (PCV)
advantages and disadvantages, 99
PAV, 101-102
volume control and pressure control modes, 100
Pressure regulated volume control (PRVC)
advantages, 105-106
algorithm, 104
disadvantages, 106
modes, 105
Pressure support ventilation (PSV)
advantages, 91, 93
airway pressures, 89-90
disadvantages, 92, 93, 408-409
patient-ventilator asynchrony, 93-94
weaning algorithm, 407-408
Pressure-time product (PTI), 404
Pressure-time scalar
mean airway pressures, 191-193
peak airway pressures, 190
plateau pressures, 190-191
Pressure-volume loop
airway pressures, 204-206
compliance
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low, 208-210
high, 211, 212
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elastic work and resistive work, 211-213
Pressurized metered-dose inhalers. See Metered-dose inhaler (MDI)
Prone ventilation, 134, 480
nonconventional mode, 479-497
proning test, 264-265
Proportional assist ventilation (PAV), 101-102
PRVC. See Pressure regulated volume control
PSV. See Pressure support ventilation
Pulmo-wrap, 442443
Pulse oximetry
absorption spectra, 168
carboxyhemoglobin (CO), 168
cooperativity, 158
disadvantages, 163
error sources, 167
hemoglobin structure, 156, 158
leftward shift and rightward shift, 165
light absorbance, 162
limitations, 161
optical plethysmography, 160-161
oxygenated and non-oxygenated hemoglobin, 161
spectrophotometry principle, 160

R
Rapid shallow breathing index (RSBI), 402
Ratio of inspiration to expiration (I:E ratio)
physiological effects, 120
prolonging inspiratory time, 121
R, . See Resistance, airway (R )
Recruitment maneuvers, 260261
Renal effects, mechanical ventilation, 60—62
Resistance, airway (R )
calculation, 37, 38
Poiseuille’s law, 35
pulmonary elastance (P,), 35-36
tracheobronchial tree, 37
Reverse ramp pattern. See Decelerating waveform
Reynold number, 493-494
Right main bronchial intubation, 310-311
RSBI. See Rapid shallow breathing index
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flow-time, 196-201
pressure-time, 190-196
volume-time, 200-202
Self-extubation, 314-315
Simplified weaning index (SWI), 403
SIMV. See Synchronized intermittent mandatory ventilation
Sine waveform, 123
Sinusitis, 322-323
complications, 354
nosocomial sinusitis treatment, 364
occurrence, 352
pathologic mechanisms, 353
Skin ulceration, 430
Spacers, 472-473
Spectrophotometry principle, 160
Spinal injury, 280, 281
Square waveform, 122
Spectrophotometry principle, 160Starling equation, 250
Stress ulcer prophylaxis, 362
Surfactant therapy, 491-493
SWI. See Simplified weaning index
Synchronized intermittent mandatory ventilation (SIMV)
advantages, 87-88
assist control mode vs. SIMV mode, 8687
case study, 521
disadvantages, 88
weaning, 406407

T
Tank ventilator, 442
Time constants, mechanical ventilation, 38-39
Tissue oxygenation monitoring, 171-174
TLV. See Total liquid ventilation
Tooth trauma, 308
Total liquid ventilation (TLV), 496
T-piece weaning, 4045—406Tracheal/bronchial rupture, 307
Tracheobronchitis, 328
Tracheocutaneous fistula, 326-327
Tracheoesophageal fistula
air leakage, 323-324
cuff pressures, 325
formal repair, 326
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Tracheoinnominate artery fistula, 325-326
Transcutaneous blood gas monitoring, 169171
Transpulmonary pressure (P,,), 22

Triggering asynchrony, 226227

Trigger variable, 75

Two-minute button alarm, 148

Type 1 respiratory failure, 511-512

Type-2 respiratory failure, 505-508, 520521
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Ultrasonic nebulizers, 468-469

Upper airway pressure limit alarm, 144—146
Upper oxygen concentration (F10,) alarm, 147

A\
VAP. See Ventilator-associated pneumonia
Veno-arterial (VA) bypass-ECMO, 486487
Veno-venous (VV) bypass-ECMO, 487
Ventilation and perfusion, 27
Ventilator alarms. See Alarms
Ventilator-associated lung injury (VALI), 318-322
Ventilator-associated pneumonia (VAP)
diagnosis
differential, 355-356
sample interpretation, 358360
sampling methods, 357-358
endotracheal tube/ventilator circuit, 363-364
incidence, 345
microbiology, 345-347
patient positioning, 354-355
prevention, 361-363
risk factors, 347-354
treatment, 365-374
antibiotic resistance, 365-368
duration, 371-373
lack of response, 373-374
pharmacokinetics, 368-371
Ventilator-induced lung injury (VILI), 318-322
Ventilator settings
ET size, 276-277
flow profile, 122-123
flow rate, 118119
fraction of inspired oxygen (FIO,), 131
L:E ratio, 120-121
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open lung concept, 135
PEEP, 125-131
advantages, 130-131
auto-PEEP overcome, 126127
barotrauma and lung injury protection, 125-126
disadvantages, 131
flow waveforms, 132—133
indications and forms, 127
inspiratory time, 133
IRV, 133
oxygenation, 124125
oxygen carrying capacity, 134
oxygen consumption, 134
prone ventilation, 134
titration, 127-130
Vibrating mesh nebulizers (VMNSs), 469
VMN. See Vibrating mesh nebulizers
Volume assist-control mode (ACMV)
advantages, 81-83
disadvantages, 83
trigger sensitivity, 82
Volume support (VS), 108-109
Volume-targeted modes. See Volume assist-control mode (ACMV)
Volume-time scalar, 200-202
Volutrauma, 320-321

w
Waveforms, ventilator, 189
Weaning
central respiratory drive assessment, 399
factors affecting, 392
indices, 393-394
integrative indices
CROP, 404
PTI, 404
RSBI f/V, ratio, 402
SWI, 403
methods
extubation, 409411
NIPPV, 409
PSV, 407-409
synchronized IMV, 406-407
T-piece breathing, 405-406
oxygenation adequacy assessment
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A-a DO, gradient, 396
oxyhemoglobin dissociation curve, 395
PaO,/FIO, ratio, 395-396
PaO,/PAO, ratio, 396
respiratory muscle strength assessment
minute ventilation, 398
PI_ ,396-397
respiratory rate, 398
vital capacity, 397-398
respiratory system compliance, 401
sleep deprivation effects, 393
work of breathing, 400—401
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