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Preface

Adequate oxygenation and carbon dioxide removal are integral parts of respiratory
system homeostasis. In respiratory failure, one or both of these vital functions

are compromised. Respiratory failure can be due to pump failure manifested by
hypercapnia and lung failure manifested by gas exchange failure and hypoxemia.
Four pathophysiological mechanisms can lead to respiratory failure: ventilation-
perfusion mismatch, shunt, diffusion impairment, and alveolar hypoventilation

[1, 2]. Incidence of respiratory failure is 137.1/100,000, with mortality as high as
29%-42%. In the United States in 2017, there were approximately 1,146,195 patients
discharged from the hospital with the diagnosis of respiratory failure, with an
average length and hospital charge of 10.5 days and a cost per admission of $158,493
[3, 4]. While the incidence of cardiovascular disease is decreasing, the incidence and
prevalence of respiratory illness, including obstructive lung disease, is on the rise.
Globally, 545 million people live with respiratory illness, representing 7.4% of the
world’s population. Chronic obstructive pulmonary disease is the third leading cause
of death globally, with 3.2 million deaths in 2019. In addition, there were 495,000
deaths due to asthma [5]. Respiratory illness accounts for 20% of all mortality. In
addition, the COVID-19 pandemic created global havoc with the SARS-CoV?2 virus
causing respiratory failure and associated high mortality. COVID patients who
required mechanical ventilation had an increased risk of death [6, 7].

This book provides a comprehensive overview of respiratory insufficiency. In the first
section, Chapter 1 discusses the pathophysiology of respiratory failure. It addresses
the anatomy and physiology of the respiratory system and examines lung volume,
capacities, and changes during obstructive and restrictive lung disease. In addition, it
discusses the pathophysiology of hypoxemia and hypercapnia and the physiological
response to the pathologies.

Section 2 discusses respiratory failure in obstructive lung disease. Chapter 2 discusses
acute respiratory failure exacerbating bronchial asthma. The chapter reviews the
pathogenesis of asthma, early and late response to antigens, airway remodeling
phenomenon, and other factors such as microbiome and microbiota. It also discusses
dynamic hyperinflation and its predisposing factors. Chapter 3 on respiratory support
in obstructive syndrome discusses the biomechanics and gas exchange in acute respi-
ratory failure, respiratory support, and its algorithm. It also discusses the challenges
for patients with mechanical ventilation.

Section 3 addresses issues in patients with respiratory failure due to COVID-19. As
mentioned, patients with respiratory failure due to COVID-19 have high mortality.
Chapter 4 discusses the clinical manifestation and management of respiratory failure
in COVID patients as compared to that in non-COVID-19 patients.

Section 4 addresses respiratory failure in specialized conditions, including in patients
with liver disease, and the management of mechanical ventilation in burn patients,



which carries a high mortality. Chapter 5 discusses porto-pulmonary hypertension
and hepatopulmonary syndrome. It discusses the clinical features, diagnosis, and
management of these conditions as well as the role of liver transplant in patients
with hepatopulmonary syndrome. Chapter 6 discusses airway management in burn
patients, including those with carbon monoxide and cyanide toxicity and inhalation
injury. It also reviews the diagnosis and mechanical ventilation management among
burn patients.

The book concludes with Section 5 on the role of veno-venous extracorporeal membrane
oxygenation (VV-ECMO) in respiratory failure. Chapter 7 discusses the physiology

of VV-ECMO as well as its management and complications. It also discusses the role
of VV-ECMO in patients with acute respiratory distress syndrome (ARDS) due to
COVID-19.

This book provides an understanding of the basic physiology and management of
patients with respiratory insufficiency. It discusses specialized populations with
respiratory failure and the role of VV-ECMO. We hope that readers will find this book
useful and informative.

Salim Surani, MD, MPH, MSHM, FACP, FCCP, FAASM, FCCM
Clinical Professor,

Texas A&M University,

College Station,

Texas, USA

Visiting Professor,
Aga Khan University,
Nairobi, Kenya

Syed Anjum Khan, MD

Regional Chair of Critical Care Medicine,
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Chapter 1

Pathophysiology of Respiratory
Insufficiency

Mohammed Mohammednoor

Abstract

This chapter will discuss the pathophysiology of the two types of respiratory failure
type 1 and type 2, also known as hypoxic type and hypercapnic type respectively, which
will help in understanding how respiratory diseases emerge. The next few pages will go
through anatomy, physiology, and mechanisms of developing hypoxia and hypercapnia.
This will be the fundamental of respiratory diseases. Diseases that can cause any type of
respiratory failure will be mentioned without going into detail as it has a separate
chapter. Hypoxia can be caused by V/Q mismatch, right-to-left shunt, and diffusion
restriction. Hypoventilation can result in both hypoxic and/or hypercapnic types.

Keywords: respiratory failure, respiratory insufficiency, pathophysiology,
hypoxemia, hypercapnia

1. Introduction

This chapter will shed light on the pathophysiology of respiratory failure or the
new term respiratory insufficiency to understand how respiratory diseases emerge,
their complications, and management. This chapter will include the anatomy and
physiology of the lungs, the pathophysiology of respiratory insufficiency, and the
interpretation of ABG.

2. Anatomy of the respiratory system
2.1 General

The respiratory tract can be categorized into upper and lower or conduction and
gas exchange parts (Figure 1).
1. Upper vs. Lower

The upper respiratory tract includes the nasal cavity, paranasal sinuses, pharynx,
and larynx above the vocal cord.

The lower respiratory tract includes the larynx below vocal cords, trachea,
bronchi, and lungs (bronchioles and alveoli) [1].

2.Conduction vs. Ventilation (Gas exchange)

3 IntechOpen



Respiratory Insufficiency

Conduction includes all parts from the nose to the terminal bronchioles.
Gas exchange includes respiratory bronchioles and alveoli.
2.2 Blood supply

Lungs receive arterial blood supply from both bronchial arteries branches of the
thoracic aorta (oxygenated blood) and pulmonary artery originating from the right

TLC

FRC IC

RV ERV v IRV

A - Normal lung

TLC

FRC IC

RV ERV TV IRV

B - Obstructive lung disease

e Note

All lung volumes
and capacities are
— ic reduced.

RV ERV v IRV

C —Restrictive Lung disease
Figure 1.
This figure illustrates the difference between a; Normal lung function, B: Obstructive lung diseases, C: Restrictive

lung diseases. Note the change of width of different lung function parameters.
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ventricle of the heart (deoxygenated blood for gas exchange). Venous drainage via
bronchial veins (deoxygenated blood) which drain into the azygos vein (right) and
left superior costal vein or hemiazygos vein (left) and pulmonary veins (oxygenated
blood) which drain into the left atrium [1].

2.3 Nerve supply

Respiratory system is supplied primarily by sympathetic and parasympathetic
fibers originated from pulmonary plexuses which lie anterior and posterior to the
lungs roots, it provide supply to the smooth muscles of the bronchial tree, the vessels
and the mucus membranes [1].

2.4 Lymphatic drainage

Bronchopulmonary lymph nodes at the bifurcation of the large bronchi drain lungs
and visceral pleural lymphatic that then passes to hilar tracheobronchial nodes, which
drain into the broncho mediastinal trunk on each side [1].

3. Physiology of the respiratory system

Gas exchange between the alveolus and the blood capillary depends on the passive
diffusion of PO, in the alveolus (around 100 mmHg), and the blood entering the
capillary (around 40 mm). This difference results in the diffusion of O, from the
alveolus to the capillaries. The barrier to this process includes a cytoplasmic extension
of type 1 cells, the basement membrane, and the capillary endothelial layer. CO,
diffuses more readily than O, because of its high plasma solubility [2].

Another important part of lung physiology is compliance which simply means the
opposite of stiffness. During inspiration, contraction of the diaphragm creates negative
pressure around the lungs allowing the lungs to expand in addition to the positive
pressure exerted on the lungs from the airways. Thus, the difference between the
positive pressure (from airways) exerted on alveoli, and negative pressure in the pleural
space is called transpulmonary pressure. So, the compliance relationship (pressure-
volume relationship) between transpulmonary pressure and the volume inside the
lungs can be represented by a curve that flattens at high distending pressure when
the lungs reach their upper limit of expansion. That means the elastic tissue of the
lungs at this point cannot be stretched further, and no additional volume of air can be
added [2].

So, diseases affecting the alveoli may disrupt compliance making the lung either
stiffer (more resistant to expansion) or less stiff (easily expandable). For stiff lungs
(less compliance), the curve is shifted to the right, so lower volume is achieved for any
transpulmonary pressure. So, patients with more compliant lungs shift the curve to
the left, and higher volume can be achieved with low pressure [2]. as shown in
Figure 1, changes in lung volumes in obstructive vs. restrictive vs. normal lung [2].

Airway resistance is inversely proportional to lung volumes which means during
inspiration, airway resistance decreases, especially in small bronchioles, to enhance
expansion. Conversely, airway resistance increases during forceful expiration due to
flow-limiting segments [2].

Given the compliance, the lung can have different volumes and capacities as
shown in Table 1 and Figure 1.
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Volume/capacity ~ Definition Normal values
Tidal volume (TV) amount of air passing into and out of the lungs during 300-500 ml

breathing. (6-8 ml/kg)
Inspiratory reserve the extra volume of air that can be inhaled into the lungs 1900-3300 ml
volume (IRV) during maximal inspiration, i.e., over and above normal TV

Expiratory reserve  the volume of air that can be expelled from the lungs during  700-1200 ml

volume (ERV) maximal expiration
Residual volume the volume of air remaining in the lungs after forced approximately
(RV) expiration. 1200 ml (20-25 ml/
kg)
Inspiratory amount of air that can be inspired with maximum effort 2200-3800 ml
capacity (IC) IC=TV + IRV
Vital capacity (VC) the maximum amount of air a person can expel from the approximately
lungs after a maximum inhalation. 4800 ml
VC =1IC + ERV
Functional Amount of the air remaining in the lung after normal 1800-2200 ml
Residual Capacity ~ expiration
(FRC) FRC = RV + ERV
Total lung capacity The maximum amount of air the lungs can accommodate 4-6L
(TLC) TLC = VC + RV
Table 1.

Definition of lung volumes and normal ranges.

In normal adults, only 70% of tidal volume (350 ml) is available to exchange as
30% remains in what is called anatomical dead space (150 ml) (which extends from
nose to terminal bronchioles).

4. Pathophysiology of hypoxemia and hypercapnia
4.1 Pathophysiology of hypoxemia

Hypoxemia can be defined as PaO, < 10.6 kPa. Also known as lung failure.

Alveolar — Arterial Oxygen Gradient:

It’s the difference between alveolar oxygen level (A) and arterial oxygen level (a).

A-a: PAO, - Pa0,, it is simply reflecting the integrity of the alveolocapillary
membrane and the effectiveness of gas exchange:

PAO, = FiO,x (Pb — PH,0) — (PACO,/R)

PAO, = mean alveolar oxygen pressure.

FiO, = fractional concentration of inspired Oxygen. Which is 021 in room air.

Pb = barometric pressure (760 mmHg at sea level).

PH,0 = water vapor pressure (47 mmHg at 37 C).

PACO,; = alveolar Pressure of CO,, which is almost equal to PaCO,.

R = respiratory quotient and is approximately 0.8 at steady state on the standard diet.
From this, normal PAO, = 0.21x (760-47) — (40/0.8) = 100 mmHg.

Table 2.
PAO, is not measured unlike PaO,, but it is calculated using the following equation.
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Hypoxemia with a normal A-a gradient indicates hypoventilation, whereas a High
A-a gradient indicates V/Q mismatch, diffusion restriction, and shunt. See Table 2,
how to calculate alveolar oxygen pressure.

A-a difference is <10 mmHg in young people, but it increases with age due to an
increase in V/Q mismatch. It is estimated that after 70 years of age, PaO, drops by
0.43 mmHg every year. A high gradient indicates high FiO,, which increases both
alveolar and arterial oxygenation, but arterial O, pressure does not increase in the
same proportion to the alveolar O, pressure due to mixing with deoxygenated blood
from Bronchial veins and mediastinal veins.

Also referred to as Type 1 respiratory failure, it can be divided into four categories

1.V/Q mismatch.

It is the commonest mechanism for hypoxemia, normal V/Q level is 0.8. it varies
across the lung where apexes are well-ventilated and poorly perfused, which
means a higher V/Q ratio. And bases are well perfused than ventilated, giving
low V/Q. This explains why the apical region has higher O, and low CO, and
bases have low O, and high CO; content [3].

Parts of the lungs where there is a low Ventilation-perfusion ratio return more
deoxygenated blood to the systemic circulation. i.e., fluid-filled alveoli or airway
disease impairs the ventilation of alveoli. e.g., pneumonia, or the broad term
ARDS (acute respiratory distress syndrome), where there is an increase in
permeability of pulmonary capillaries leading to increase extravasation of fluids
to the surrounding tissue and alveoli [4].

The normal physiological response of pulmonary vasculature to poorly-
ventilated regions is constriction and diversion of blood to well-ventilated areas
(this creates shunting), but that can fail to compensate in extreme situations and
lead to hypoxia. This physiological response is called Hypoxic pulmonary
vasoconstriction (HPV).

HPV is a protective mechanism to maintain a normal ventilation/perfusion ratio. But
it has a negative consequence in chronic cases as it can lead to chronic pulmonary
hypertension. As shown in Table 3, the mechanism of development of HPV.

Characteristics of high V/Q mismatch [4]:

* Hypoxemia is easily treated by increasing FiO,. Hence supplemental oxygen
therapy.

* Widened A-a Gradient can indicate a high V/Q mismatch.

» Examples of common diseases that can result in hypoxemia due to V/Q
mismatch are asthma, COPD, bronchiectasis, cystic fibrosis, interstitial lung
disease (ILD), pneumonia, and pulmonary hypertension. Note most of these
diseases can progress to type 2 respiratory failure.

2.Right-to-left shunt [4].

Right-to-left shunt means blood from the right side of the heart (deoxygenated)
mixes with blood in the left side circulations (oxygenated). Normally there is a



Respiratory Insufficiency

* The inhibition of the oxygen-sensitive potassium channel initiates the process of HPV.

* Hypoxia inhibits the voltage-gated K+ channels present in the pulmonary artery leading to the
accumulation of intracellular K+ and depolarization of the cells.

* Depolarization opens the voltage-gated L-Type Ca2+ channels resulting in Ca2+ influx and
subsequently results in vasoconstriction.

Table 3.
Mechanism of HPV.

2% fraction due to anastomosis between bronchial veins carrying deoxygenated
blood and pulmonary veins carrying oxygenated blood.

Shunt is considered an extreme form of V/Q mismatch where there is no
ventilation. It has a poor response to oxygen therapy, so the failure to increase
Pa0, is due to the failure of delivering O, (PAO,) to unventilated parts of the
lung. It can progress to hypercapnia when the shunt fraction is>50%. Lack of
hypercapnia is due to stimulation of the respiratory center by chemoreceptors as
a result of an increase in PaCO,.

Characteristics of pulmonary shunt:
¢ P (A-a) O, is elevated
* Poor response to oxygen therapy
* PCO, is normal until the late stages

* Examples of common diseases associated with a shunt are pneumonia,
ARDS, alveolar collapse, and pulmonary arteriovenous communications.

3.Diffusion restriction

It means diffusion of O, across the alveolocapillary membrane is reduced due to
a decrease in alveolar surface area as a result of inflammation, fibrosis, low
alveolar oxygen, and short capillary transit time.

As both O, and CO, diffuse through the membrane during gas exchange, low
permeability should result in both hypoxemia and hypercapnia, but that is not
the case since CO, is 20 times more soluble than O,, hence less likely affected by
diffusion restriction [3].

Normal gas exchange time is 0.25 sec, whereas capillary transit time is 0.75 sec.
So, diffusion restriction can result in the development or worsening of
hypoxemia during exercise. This can be explained as a shortening of capillary
transit time during exercise due to the rise of CO. Additionally, venous O, level
drops due to increased oxygen consumption by tissues. In a normal person, that
usually does not happen as compensatory mechanisms come into action, such as
recruitment of the capillaries, distention of capillaries, and increase in PAO,.
Thus, patients with pulmonary fibrosis are unable to recruit more capillaries
which results in exercise-induced hypoxemia [3].

Characteristics of diffusion restriction:
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* Good response to oxygen therapy
* A-agradient is elevated
¢ PaCO, is normal

* Examples of common causes of hypoxemia due to diffusion limitations are
emphysema and ILD.

4.Hypoventilation [4]

Ventilation contributes to oxygenation and CO, washout; thus, the hallmark of
hypoventilation is a rise in PaCO, and the development of hypercapnia, i.e., type 2
respiratory failure. But initially, hypoventilation results in low PAO, and eventually
hypoxemia (low Pa0,), i.e., type 1 respiratory failure. As mentioned earlier,
hypoventilation is associated with normal A-a gradient but not exclusively, as
prolonged hypoventilation can cause atelectasis which leads to the widening of the A-a
gradient [4].

Normal pulse oximetry indicates adequate ventilation (normal PaCO,) in the patient’s
breathing room air, but it is difficult to interpret in a patient on supplemental oxygen, as
hypoventilation may persist. In other words, hypoventilation-induced hypoxemia is
responsive to supplemental oxygen but does not mean correction of PaCO, as well.

COPD, asthma, and ILD patients initially develop type 1 respiratory insufficiency,
but after a period, it can progress to type 2 respiratory failure due to the retention of
PaC02.

Alveolar gas equation [4]:

!
PaCO2 =K vieo 5 (1)
VT XRR (1-2)

PaCO, = arterial partial pressure of CO,.
V'CO, = CO; production in the body.

K = Factor (0.863) is constant.

Vr = tidal volume.

RR = respiratory rate.

VD = Dead space Ventilation.

Note:

¢ VT X RR = minute ventilation (V’E).
¢ Alveolar Ventilation (V’A) = V'E — V’D.

Thus, the reasons for the increase in PaCO, could be due to the increased produc-
tion of CO, by the body (V'CO,). Without a compensatory rise in alveolar ventilation
(V’A), rise in dead space ventilation VD, and drop in RR and/or VT.

A-a oxygen gradient can help differentiate whether the high PaCO, is due to the
reduction in VT or an increase in VD. The gradient will be normal on VT reduction
and high in increased VD. If compensatory functions are normal, increased body
production of CO, will not increase PaCO,.
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Conditions that may raise body production of CO, are burns, sepsis, exercise,
hyperthermia, intake of carbohydrate-rich diet, tetanus, seizures, and tremor.
Conditions that may give rise to VD/VT ratio are PE, COPD, ARDS, and Bronchiectasis.
Mechanism of Hypoventilation:
Hypoventilation arises from respiratory dysfunction at various levels; hence it can
be divided into central and peripheral causes:
1.Central: - impaired central drive
i. Brain stem: hemorrhage or infarction
ii. Drugs overdose: opioids, benzodiazepines, alcohol

iii. Primary alveolar hypoventilation

iv. Spinal cord level: amyotrophic lateral sclerosis, cervical spinal cord
injury.

2. Peripheral:
i. Nerve supplying respiratory muscles: Guillain-Barre syndrome
ii. Neuromuscular junction: Myasthenia gravis, Lambert-Eaton syndrome
iii. Respiratory muscles: Myopathy
iv. Defects in chest wall: Kyphoscoliosis, thoracoplasty, fibrothorax.
Characteristics of hypoventilation:
* Hypoxemia has a good response to supplemental oxygen.
* A-agradient is usually normal

* PaCO, will eventually rise if hypoventilation persists.

4.1.1 Essential measurements for hypoxemia

Arterial oxygen partial pressure: PaO, indicates dissolved oxygen, not hemoglobin-
bound oxygen. It is measured by an arterial gas analyzer.

In mixed venous blood, PaO, is 40 mmHg, 75% saturation. On the other hand, in
arterial blood, it is 97% saturation. It never gets to 100% saturation as the presence of
anatomical dead space.

Arterial oxygen content (CaO,) is the summation of hemoglobin-bound oxygen
and the dissolved oxygen in the arterial blood. The following equation calculates it

Ca0, = (Hgb x 1.34 x Sa0;) + (0.0031 x PaO,). (2)

From the above equation, it can be noted that dissolved PaO, has minimal
contribution to the arterial oxygen content, which explains normal PaO; in anemia.
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Arterial oxygen saturation (SaO,): means the percentage of hemoglobin saturated
with oxygen. It can be measured by both pulse oximetry and gas analyzer.

Pa0,/FiO; ratio: it is the ratio of partial pressure of oxygen in arterial blood to the
fraction of inspired oxygen. The normal ratio is between 300 and 500 mmHg. It plays
a major role in prognostication in ARDS patients. ARDS is categorized into mild
(PaO,/FiO; ratio 200-300 mmHg, moderate 100-200 mmHg, and severe PaO,/FiO,
< 100 mmHg). As mentioned earlier, it can be used to estimate shunt fraction. A
Pa0,/FiO, ratio of <200 indicates a shunt fraction is more than 20%.

4.2 Pathophysiology of hypercapnia

On the other hand, hypercapnia, defined as an increase in PaCO, > 6 kPa, also can
be referred to as pump failure. And the mechanism of development of hypercapnia
can be divided into four categories:

1. Decreased minute ventilation (i.e., hypoventilation) which can be due to central
or peripheral causes (see above).

2.Increased dead space
3.Increase CO, production
4.Multifactorial.

Decreased minute ventilation: It has been discussed earlier in the pathophysiology
of hypoxemia [3].

4.2.1 Increased dead space

Dead space is defined as the area of the lung that is unable to provide gas exchange,
whether anatomically or physiologically incapable.

There are two types of dead space anatomical (from nose to bronchi), and physi-
ologic dead space which is equal to the summation of anatomical dead space and
alveolar dead space (volume of air in the alveolar that does not participate in gas
exchange).

Anatomical dead space represents 30% of tidal volume which is roughly equal to
150 ml.

Tachypnea which could contribute to washing out CO, from blood can also par-
ticipate in hypercapnia by increasing dead space to tidal volume ratio VD/Vt. High
alveolar ventilation (VA) and associated with V/Q mismatch are considered the main
reasons for hypercapnia in COPD patients [3].

4.2.2 Increased CO; production

As we know, CO, is a by-product of oxidative metabolism. Thus, any increase in
metabolic status can lead to an increase in CO,, such as fever/sepsis, exercise, total
parenteral nutrition, and thyrotoxicosis. In the normal respiratory system, this rise in
CO;, production is well compensated by the rise in minute ventilation, but that may
become pathological if there is a failure of the compensatory mechanism.

11
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Normal young adult production of CO, (V'CO,) is around 200 mL.min"? or 110 ml
in males and 96 ml in females. It increases by 14% for each degree Celsius rise in
temperature [5].

5. Physiological response to hypoxia

5.1 Physiological response to hypoxia
The body’s response to low levels of oxygen in the blood can be divided into two [5]:
1.Systemic response:

* Several chemosensory systems act in sync during reduced availability of O,
by modulating ventilation, perfusion, and blood circulation to optimize
oxygen supply mainly to vital organs.

2.Vascular smooth muscles response:

* The instant response of vascular smooth muscle to low oxygen is the dilation
of peripheral vessels and constriction of pulmonary vessels to shunt blood
away from poorly oxygenated lung tissue.

3.Carotid and neuroepithelial bodies:

* Airway neuroepithelial bodies sense changes in inspired oxygen. However,
carotid bodies work by monitoring arterial oxygen levels. Both send
feedback signals to the brain to modulate ventilation and various
mechanism to maintain oxygen supply.

* Carotid bodies are highly vascularized and found at the bifurcation of the
common carotid arteries on both sides.

* Neuroepithelial bodies are situated at the airway bifurcation.
5.2 Regulation of cellular metabolism

Cell thrives by maintaining a high level of ATP, which plays a crucial role in
different parts of metabolic pathways. Cell death occurs when ATP production fails to
meet the energy maintenance demands of ionic and osmotic equilibrium. ATP pro-
duction depends on oxygen supply. Thus, hypoxia induces cell death [5].

Mitochondria represent the main target of hypoxia, as it is responsible for gener-
ating ATP, response to hypoxia is by reallocation of cellular energy between essential
and non-essential AT demands process.

Regulation of Gene Expression:

Response to hypoxia is by:

1.Increase ventilation

2.Increase cardiac output
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3.Switch from an aerobic to an anaerobic mechanism

4.Improve vascularization
5.Increase oxygen carrying capacity of the blood

These responses take place early in hypoxia and are regulated by modifying gene

expression.

13

1. Pathological response of hypoxia [5]:
2.Cerebral ischemia: The brain has high oxygen consumption, around 20% of the
whole-body consumption. Under normal physiological conditions, this demand

is met by an increase in cerebral blood flow. Ischemia develops when this process

can no longer maintain an adequate oxygen supply to the brain. The longer the
hypoxia, the more brain areas are affected.

It is found that the most vulnerable areas are the brainstem, hippocampus, and
cerebral cortex.

3.Myocardial ischemia: A brief period of ischemia (<20 minutes) is reversible if
reperfusion is obtained.

4.Tumor angiogenesis: Most tumors during the growth period develop in the area
of low oxygen supply that may trigger the formation of new vessels to maintain
the growth, which explains how some anti-cancer treatments work.

Symptoms and signs of hypoxemia:

1.Headache

2.Dyspnea

3.Tachycardia

4.Bluish discoloration of the peripheries.

5.Cough

6. Wheeze

7.Confusion

Symptoms and signs of hypercapnia:

1. Shallow breath

2. Altered consciousness

3.Headache (cerebral vasodilation)

4.Pounding pulse and Tachycardia
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5.Flushed skin
6.Profuse sweating
7.Irritability

8.Fever

9.Fatigue or sleepiness

10.Tremor and seizures

6. Pulse oximetry

It is a non-invasive method to detect the oxygen content of the blood by placing a

probe on the finger or earlobe [6].
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Uses:

1.detection of/screening for hypoxemia
2.targeting oxygen therapy

3.routine monitoring during anesthesia
4.diagnostic (e.g., sleep apnea)
Limitation:

1.Presence of carboxyhemoglobin, methemoglobin, fetal hemoglobin, and sickling
red cells

2.Surgical and imaging dyes: methylene blue, indocyanine green, and indigo
carmine may cause falsely low saturation levels.

3.Nail polish/varnis
4.High ambient lights level (fluorescents, xenon lamp)
5.Motion artifact

6.Reduced pulse volume: hypotension, low cardiac output, vasoconstrictions, and
hypothermia.

Pulse oximetry is not affected by the following:
1. Anemia
2.Jaundice

3.Skin pigmentation.
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7. Conclusion

In conclusion, Respiratory insufficiency can be divided into two main categories:
hypoxic type and hypercapnic type, both have different pathophysiological
mechanisms to develop. Note most of type 1 respiratory failure (hypoxic) diseases can
progress to type 2 respiratory (hypercapnic) if not treated urgently.

Hypoxia could be a result of V/Q mismatch, right-to-left shunt, or diffusion
restriction. However, decreased minute ventilation increased dead space, and
increased CO, production lead to the development of hypercapnia.

Pulse oximetry is a noninvasive way to monitor the oxygen content of blood, but it
has certain limitations that need to be considered before completely relying on it.
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Acute Respiratory Failure in
Exacerbations of Bronchial Asthma

Eva Sdnchez

Abstract

Asthma is defined as a chronic inflammatory disease of the respiratory tract in
which various cells and inflammatory mediators are involved. It is characterized by
remodeling of the airway wall. Multiple inflammatory mediators may be involved,
including interleukins. Physiologically, acute asthma has an early component, with
an acute bronchospastic aspect marked by smooth muscle bronchoconstriction and
a later inflammatory component, resulting in airway swelling and edema. In the
early stages of asthma, hypoxemic respiratory failure occurs. If the asthmatic crisis is
maintained over time, it will produce a status of severe acute asthma (ASA), which is
characterized by hypercapnic respiratory failure.

Keywords: airway resistance (Raw), functional residual capacity (FRC),
ventilation/perfusion (V/Q), interleukins (IL), acute severe asthma (ASA)

1. Introduction

From a pragmatic point of view, asthma could be defined as a chronic inflamma-
tory disease of the airways in which various cells and inflammatory mediators are
involved, conditioned in part by genetic factors, which occurs with bronchial hyper-
reactivity (BHR). Acute asthma attacks can cause great variability in gas exchange, as
can be seen by measuring both the pressures of oxygen and carbon dioxide (PaO, and
PaCO,) on an arterial blood gas analysis, the same which may remain within normal
values or experience a slight variation up to values that reflect severe hypoxemia,
accompanied or not by hypercapnia.

2. Concept

Asthma is a chronic inflammatory disease in the airways. This state of chronic
inflammation causes bronchial hyperresponsiveness, which leads to the narrowing
of the conductive airways with airflow obstruction, which can be reversible
spontaneously or with treatment. Asthma is a syndrome that includes various
clinical phenotypes that share similar clinical manifestations but of probably
different etiologies. From a pragmatic point of view, it could be defined as a chronic
inflammatory disease of the respiratory tract, in the pathogenesis of which various
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cells and inflammatory mediators are involved, conditioned in part by genetic factors
and which occurs with bronchial hyperresponsiveness (BHR). In patients with
asthma, during acute attacks, arterial oxygen and carbon dioxide (PaO, and PaCO,)
values can range from nearly normal or slightly abnormal to extremely altered,
ultimately resulting in profound hypoxemia with or without hypercapnia [1, 2].

3. Pathogenesis

One of the main triggers for an acute asthma attack is exposure to an allergen,
which in susceptible people causes inflammation of the respiratory airways. The
inflammation is generally predominantly eosinophilic, although the involvement of
other cells, such as T cells, neutrophils, and mast cells, has also been identified. Many
inflammatory mediators are involved in this process, including interleukins (IL)-3,
IL-4, IL-5, IL-6, IL-8, IL-10, and IL-13, leukotrienes, and granulocyte-macrophage
colony-stimulating factors (GM-CSF). In cases of sudden-onset, as is often with near
fatal asthma, the infiltration is usually predominantly neutrophilic.

From the physiological point of view, acute asthma has two components: an
early acute aspect marked by bronchoconstriction that occurs at the smooth muscle
level; this, bronchoconstriction is usually episodic (asthmatic crisis or exacerba-
tion); and an inflammatory component that develops later and causes edema of the
airways [3, 4].

3.1 Early bronchospastic response

This response develops within minutes after exposure to a certain allergen and
is characterized by the degranulation of mast cells or mast cells. This degranulation
causes the release of immunoreactive mediators, such as histamine, prostaglandins,
leukotrienes, and proinflammatory cytokines. These mediators produce smooth
muscle bronchoconstriction and can compromise any level of the tracheobronchial
tree, mainly compromising the peripheral airway (less than 2 mm in diameter in
an adult). Other alterations that are observed are increased capillary permeability,
mucus secretion, and activation of neural reflexes. This early response is
characterized by a good response to inhalation therapy with beta 2-agonists [5].

3.2 Later inflammatory response

It is currently known that the airway epithelium is not only a passive barrier but an
essential part of the local immune response in the airways, bridging innate and adap-
tive immunity against various environmental insults [2]. The release of inflammatory
mediators primes adhesion molecules on the airway epithelium and capillary endo-
thelium, allowing inflammatory cells, such as eosinophils, neutrophils, and basophils,
to adhere to the epithelium and endothelium, and subsequently migrate to the tissues
of the respiratory tract. A key inflammatory cell in asthma is the eosinophil of which
there are increased numbers both locally and systemically in individuals with asthma.
Eosinophils release eosinophil cationic protein (ECP) and major basic protein (MBP),
and both ECP and MBP can cause desquamation of the airway epithelium and expose
nerve endings. This interaction promotes increased airway hyperresponsiveness in
asthma. This inflammatory component can even manifest in individuals with a mild
exacerbation of asthma.
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Bronchospasm, mucus secretion, and edema produced in the peripheral airways
increase airway resistance and obstruction, by causing, in addition to airway closure,
mucous plugging, and impaired mucociliary clearance. It has been determined
that airway obstruction does not occur uniformly in the different lung areas. Air
trapping will lead to lung hyperinflation, ventilation/perfusion (V/Q) mismatch, and
increased dead space. The lung will then inflate near the end of the inspiration on the
lung compliance curve and, consequently, can have a variable degree of increase in
the work of breathing.

Lung obstruction and hyperinflation, resulting from increased pulmonary and
pleural pressures, together with increased mechanical forces of alveolar distension,
lead to decreased alveolar perfusion. The formation of atelectasis, together with
decreased perfusion, causes a V/Q imbalance in the lung units with the consequent
hypoxemia and an increase in minute ventilation [5].

In this sensitization phase, inhaled allergens are captured by dendritic cells (DCs)
and presented to naive CD4+ T cells in the presence of coactivators, including epithe-
lium-derived cytokines, which promote T helper cell activation and polarization of
2 (Th2) that produce IL-4, IL-5, and IL-13. These T2 cytokines are also produced by
type 2 innate lymphoid cells (ILC2) and are prominent orchestrators of the allergic
inflammatory cascade that occurs in asthma. IL-4 drives B cell isotype switching and
the production of IgE, which binds to the high-affinity IgE receptor on mast cells.
Re-exposure to allergens results in allergen-mediated IgE cross-linking, causing rapid
activation and degranulation of mast cells. IL-5 promotes airway eosinophilia, IL-4,
and IL-13 act directly on the airway epithelium to induce goblet cell metaplasia and
mucus hypersecretion, and IL-13 mediates airway eosinophilia. Airway hyperrespon-
siveness through effects on airway smooth muscle cells [5].

3.3 Airway remodeling phenomenon

Asthma is characterized by remodeling of the airway wall: epithelial cell loss,
goblet cell hyperplasia, airway smooth muscle hyperplasia and hypertrophy, and
thickening of the basement membrane, with increased collagen deposition and
increased vascular density.

The lesion-repair processes cause structural changes in the bronchial wall
(fibrosis, hyperplasia and hypertrophy, denudation of the epithelium) that are an
expression of the remodeling experienced by the asthmatic patient’s airway and will
be responsible for a particular phenotype that shows worse airway control of the
clinical parameters and response to treatment [3, 6].

This remodeling begins in the early stages of asthma, and a correlation has been
established between the thickness of the airway wall and the severity of the disease.
The thickening, along with the effects of increased vasculature, favors airway
narrowing, the main long-term complication of asthma [3, 6].

Below is the basement membrane, which can increase up to five times in some
asthmatic patients. This thickening has an impact on the efficacy of treatment since it
correlates with limited responsiveness to glucocorticoid treatment.

Further down, we enter the submucosa, which in asthmatic patients is
characterized by a marked increase in the vasculature and an increased presence of
eosinophils and mast cells. These vessels are more permeable, which leads to edema
and inflammation of tissues. The vasculature may contribute to the pathology of
asthma in several ways: First, this increased angiogenesis with more permeable vessels
may cause tissue edema and thus narrow airways; second, the exudation of plasma
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can aggravate local inflammation and remodeling; and third, an increased blood
supply provides the hyperplastic and hypertrophied smooth muscle cells with the
nutrients and oxygen necessary for their maintenance [6].

Even further down, we find the smooth muscle cells, which are the effectors that
determine the diameter of the airways, causing them to relax or constrict according
to different stimuli. Bronchoconstriction is the most serious symptom of an asthma
attack, and these cells are the main effectors. In asthma, these cells are characterized
by hypersensitivity to low doses of stimuli and hyperreactivity that produce a
bronchoconstrictor response. This increased smooth muscle mass is already present
in asthmatic children and youth without any signs of eosinophilic inflammation,
suggesting that it could be the cause, rather than the consequence, of disease
progression [6].

3.4 Other factors: Microbiome, microbiota, and asthma

It is estimated that the intestinal microbiome (a community of microorganisms
that occupies a particular environment and performs a function within a specific
environment) contains 150 more genes than the human being and there is a constant
interaction between the two that, under normal circumstances, can thrive via
symbiosis. Circumstances such as the country of origin, the route of delivery (vaginal
or by cesarean section), and the use of antibiotics or lactation (maternal or artificial)
influence the establishment of the microbiota.

Although we have less knowledge about how infections by viruses or bacteria,
which cause many of the exacerbations of chronic respiratory diseases, modify
the respiratory microbiota, recent studies have revealed the relationship between
infections by certain respiratory viruses in childhood and predisposition to asthma.

When compared to that of healthy subjects, the microbiota of patients with
asthma has a higher bacterial load, especially of the genus Proteobacteria, and less
diversity in their lower airways. Instead, the Firmicutes and Actinobacteria genera are
more common in healthy subjects. There is a relationship between the microbiota and
certain characteristics of asthma, such as disease severity or resistance to treatment,
as well as bronchial hyperreactivity. In fact, some of the bacteria could potentiate the
allergic response of the airway. Other cohort studies, with various platforms, have
shown that resistance to corticosteroids could be related to changes in the microbiome
of patients. Thus, it has been shown that corticosteroid-resistant patients have a
higher load of proteobacteria, including Neisseria and Hemophilus, while members
of the Bradyrhizobium and Fusobacterium families predominate in corticosensitive
patients [7, 8].

4. Pathophysiology of acute asthma

Various phenomena can be observed in acute asthma, the most characteristic
functional alteration of asthma being increased airway resistance (Raw), particularly
those located in the periphery (<2 mm in diameter). The main factors that cause a
decrease in its lumen are smooth muscle contraction, mucus hypersecretion, and wall
thickening due to inflammation and/or remodeling. There are also two important fac-
tors that also favor the closure of the airway in asthma: the alteration of the surfactant
produced by the protein exudate of the inflammatory process, which can also undergo
degradation by eosinophilic enzymes; and decreased transpulmonary pressure (TP),
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also called elastic recoil pressure. Under normal conditions, at the end of a passive
expiration, there is a balance between the tendency of the lung to collapse and that of
the ribcage to expand. The decrease in elastic recoil is important because when trac-
tion is lost in areas of the peripheral airway, they tend to close prematurely at the end
of expiration, causing classic air entrapment. The classic airway changes in asthma
(bronchospasm, mucus hypersecretion, inflammation, and remodeling) are added to
this tendency to premature collapse. Air entrapment is manifested by an increase in
residual volume at the expense of a decrease in vital capacity.

When an asthma exacerbation occurs, the lung loses elasticity, that is, the
decrease in TP is accentuated, causing the equilibrium point between the lung and
the rib cage to be reached at higher volumes (increased functional residual capacity
[FRC]), which implies that the patient may breathe the same tidal volume, but with
more inflated lungs. During forced expiration, the premature closure of the airways
causes air entrapment, that is, an increase in the residual volume. If the asthmatic
exacerbation is severe, regional abnormalities in ventilation may become unbalanced
with respect to blood perfusion, causing hypoxemia, likewise, increased work of
breathing can lead to muscle fatigue, hypoventilation, and hypercapnia [4, 9].

4.1 Bronchial obstruction

The basic functional impairment in asthma is airflow obstruction caused by
a decrease in the caliber of the airway, especially during expiration. Bronchial
obstruction is a diffuse and heterogeneous phenomenon, resulting from a mixture
of spasm-inflammation and mucous plugs, which causes a significant reduction in
airflow (peak expiratory flow, PEF, maximum expired volume in the first second of
forced expiration, and FEV1). Sometimes it is found that there are no such mucous
plugs, which suggests that bronchospasm alone can cause mortality asphyxia.

Although during an exacerbation, obstruction can occur at any level of the
tracheobronchial tree, the peripheral airway (less than 2 mm in diameter in an
adult) seems to be the main site of obstruction. Other functional abnormalities may
arise from this alteration, such as increased work of breathing, alteration of lung
mechanics and lung volumes, imbalance of the ventilation/perfusion (V/Q) ratio,
and compromised gas exchange.

Although bronchospasm is the most important phenomenon, it would be
simplistic to reduce the problem to obstruction since it underestimates the
consequences that this causes on the distribution of ventilation [4, 9, 10].

4.2 Dynamic hyperinflation due to pulmonary overdistension

In acute severe asthma (ASA), the increase in airway resistance prevents the
respiratory system from reaching its end-expiratory resting volume or functional
residual capacity (FRC), because exhalation is incomplete, and alveolar pressure
remains positive at the end of expiration. Lung hyperinflation places the diaphragm
at a mechanical disadvantage, which causes the appearance of progressive pulmonary
overdistension, which in turn causes an increase in end-expiratory intra-alveolar
pressure (intrinsic PEEP or auto-PEEP), which is known as dynamic lung
hyperinflation.

The respiratory pattern that the patient adopts in response to this is what
contributes to the appearance of this phenomenon. Tachypnea and active expiration
further limit expiratory flow by shortening expiratory time and dynamic airway
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collapse, respectively. Consequently, the balance point of the respiratory system
moves to a greater volume than that of the FRC, which implies a greater workload for
the inspiratory muscles, placing them in a position of mechanical disadvantage due to
an unfavorable muscle length-tension relationship.

In all acute states of bronchial asthma, the ventilation/perfusion ratio (V/Q)
imbalance is the main mechanism of alteration of arterial gases, being the
determining factor of the degree of hypoxemia. On the other hand, hypercapnia is
attributable to V/Q imbalance, although alveolar hypoventilation due to fatigability
and/or weakness of the respiratory muscles also play an important role [11, 12].

4.2.1 Dynamic hyperinflation: Predisposing factors

Factors that predispose to dynamic hyperinflation are reduced expiratory
time and increased respiratory rate, tidal volume, or inspiratory time. The initial
tachypnea achieves an increase in minute ventilation and hypocapnia. However, the
increased minute ventilation in the setting of airflow obstruction leads to dynamic
hyperinflation, that is, incomplete exhalation and air-trapping. If the exhalation is
incomplete, the alveolar pressure remains positive at the end of expiration; this is
termed auto-positive end-expiratory pressure (PEEP). Lung hyperinflation places the
diaphragm at a mechanical disadvantage [12].

A randomized placebo-controlled trial, which included 32 asthma patients on
inhaled glucocorticoid therapy, showing dynamic hyperinflation, defined by a
>10% reduction in inspiratory capacity measured by standardized metronome-
paced tachypnea test, showed that treatment with systemic glucocorticoids partly
reversed dynamic hyperinflation, suggesting that it is caused by inflammatory
processes that affect the airway in asthmatic patients. It was also observed that this
improvement was more marked within the group of patients who presented greater
eosinophilia [11].

4.2.2 Hemodynamic impact

Dynamic hyperinflation leads to hemodynamic consequences that represent the
deleterious effect that air trapping causes on intrathoracic blood volume and can lead
to cardiac dynamics. Pulmonary hypertension, due to compression of the pulmonary
vasculature, alters the compliance of the right ventricle and causes displacement of
the septum toward the left ventricle (LV). This phenomenon, known as ventricular
interdependence, adds to reduced venous return’s effect on LV end-diastolic volume
and leads to a drop in cardiac output. The paradoxical pulse then appears as an
expression of cardiorespiratory interactions in the severe exacerbation of asthma.

5. Acute respiratory failure

In the early stages of asthma, hypoxemic respiratory failure (type I) occurs,
which can be observed on arterial blood gas examination as a blood pressure of
oxygen (Pa0,) less than 60 mm Hg together with a blood pressure of carbon dioxide
(PaCO,) abnormal or low. This is the most common form of respiratory failure that
accompanies most acute lung diseases and is generally due to fluid filling or collapse
of the alveolar units. The disease process that causes progressive airway obstruction
results in decreased oxygen available in the distal airways for uptake through the
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pulmonary capillaries. Through hypoxic pulmonary vasoconstriction, the blood flow
of these lung units decreases, but this decrease is of less magnitude than that observed
in the availability of oxygen.

If the asthmatic crisis is maintained over time, it will produce a status of acute
severe asthma or Asthmatic Status (ASA), which is characterized by hypercapnic
respiratory failure (type II) caused by excessive CO, production or decreased
effective alveolar ventilation and characterized by a PaCO, higher than 50 mm Hg.
The pH depends on the bicarbonate level, which, in turn, depends on the duration of
hypercapnia.

All asthmatic patients are susceptible and at risk of developing status asthmaticus,
which is a life-threatening episode of asthma that is refractory to usual therapy.
Recent studies report an increase in the severity and mortality associated with
asthma. In the airways, inflammatory cell infiltration and activation and cytokine
generation produce airway injury and edema, bronchoconstriction, and mucus
plugging. The key pathophysiological consequence of severe airflow obstruction
is dynamic hyperinflation. The resulting hypoxemia, tachypnea, together with
increased metabolic demands on the muscles of respiration, may lead to respiratory

muscle failure [12]. If this state is maintained over time, it can inevitably lead to
death.

6. Conclusions

* The airway epithelium is the first line of defense against pathogenic environmen-
tal factors. Therefore, the airway epithelium plays an important role in initiating
host defense and controlling immune responses in asthmatic patients.

* The key pathophysiological consequence of severe airflow obstruction is
dynamic hyperinflation. Dynamic hyperinflation in asthmatic patients with
increased eosinophilia has a better response to anti-inflammatory therapy and
eosinophilic biologics.

* Near-fatal or fatal asthma is a catastrophic, devastating clinical condition
that occurs despite an increased understanding of its pathophysiology and
pathogenesis.

* The intestinal microbiota plays an important role in bronchial asthma. Compared
to that of healthy subjects, the microbiota of patients with asthma presents a
higher bacterial load, especially of the genus Proteobacteria, and less diversity in
their lower respiratory tracts.
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Chapter 3

Respiratory Support for
Obstructive Syndromes

Alexey Gritsan

Abstract

This chapter will present data on the biomechanics of respiration and gas exchange
in acute respiratory failure of obstructive etiology. This chapter delineates main gen-
eral principles of respiratory support, including non-invasive ventilation, and “tradi-
tional” mechanical ventilation. The principles of choosing positive end-expiratory
pressure (PEEP) depending on the auto-PEEP are substantiated. The most commonly
used respiratory support parameters for obstructive acute respiratory failure are
presented. It is argued that the volume control (VC) ventilation modality is preferable
in patients with asthma, since in this regimen positive inspiratory pressure (PIP) and
inspiratory plateau pressure (Pplat) can be directly controlled, in contrast to the
pressure control (PC) ventilation modality. The main options for selecting the venti-
lation mode will be presented.

Keywords: COPD, bronchial asthma, respiratory support, ventilation graphics,
obstructive pulmonary disease

1. Introduction

Chronic obstructive pulmonary disease and bronchial asthma exacerbation are
manifested by severe respiratory failure, which requires various methods of respiratory
therapy. To date, enough information has already been accumulated to develop clinical
recommendations for respiratory support in these diseases. We believe that special
attention should be paid to the biomechanics of respiration in obstructive pulmonary
diseases, the algorithm (step by step) of respiratory support, and indications and
contraindications for non-invasive ventilation of the lungs. The choice of parameters
for conventional lung ventilation is presented within the framework of the concept of
protective ventilation; all the main complexities of mechanical ventilation manage-
ment are identified; as well as the principles of weaning the patient from the ventilator.

2. Biomechanics of respiration and gas exchange in acute respiratory
failure of obstructive genesis

It is well known that, like other skeletal muscles, the respiratory muscles can work
with a load of about 60% of their maximum power indefinitely and without fatigue.
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Figure 1.
Mechanism of formation of PEEPi, due to early expiratory closure of the airways (adapted from: Tuxen and
Lane [1]).

Conceptually, if the load on the respiratory muscle’s increases, or their maximum
contractility decreases, then the respiratory muscles become fatigued, and eventually
respiratory failure occurs. In bronchial asthma and chronic obstructive pulmonary
disease (COPD), respiratory failure can occur against the background of the above
factors (breathing demand and power (contractility) of the respiratory muscles).

Respiratory failure in bronchial asthma (BA) or obstructive pulmonary disease is
associated with a sufficiently large increase in airway resistance (Raw) and increased
work of breathing. As a rule, this is due to the presence of bronchospasm, the presence
of a large amount of mucus in the tracheobronchial tree, inflammatory or fibrotic
changes in the airways, or decreased lung compliance in emphysema.

The phenomenon of early expiratory airway closure that develops against this
background leads to air entrapment (tidal volume (Vt) > exhaled tidal volume (Vte)),
an increase in functional residual lung capacity (FRC), and, consequently, to
overdistension of the alveoli with the formation of internal positive end-expiratory
pressure (PEEPi) (Figure 1). The captured volume increases FRC and results in
PEEPi (auto-PEEP). After each respiratory cycle, the “residual” volume increases. The
consequence of these disorders is increased work of breathing, hypoxemia, and
hypercapnia.

It is important to note that in bronchial asthma, these changes are usually acute
(occuring during an exacerbation), while in COPD, the patient may be on the verge of
respiratory muscle fatigue almost constantly, because of which even small changes in
his somatic status can lead to respiratory failure.

Acute respiratory failure (ARF) of obstructive genesis is usually accompanied
by overdistension of the lungs, which in most cases moves spontaneous breathing to
a higher (less elastic) part of the volume/pressure curve (Vt/Paw), which
inevitably leads to an increase in the elastic and resistive components of the work of
breathing [2].

An increase in the work of breathing inevitably causes an increase in oxygen
consumption and carbon dioxide production. Attempts to maintain the patient’s
PaCO; and pH at normal levels due to the more active work of the respiratory muscles
lead to even greater production of CO,.

Patients with COPD also have higher levels of dead space ventilation (up to
60-70% of Vt), which inevitably requires even higher minute ventilation and more
work of the respiratory muscles to maintain pH at a safe level.

In patients with COPD, the activity of the respiratory center is also increased, but
they are not capable of it in response to an additional load on the respiratory muscles.
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The high stimulus manifests itself in high inspiratory flow rates with a corresponding
increase in the work of breathing during the inspiratory phase. This failure of the
respiratory center may add a central component to the development of respiratory
failure.

As the demand for work of breathing increases, the ability of the respiratory
muscles to do work is hampered by the obstructive process. Hyperdistention of the
lungs is the single most significant mechanism in COPD, acting in such a way that the
diaphragm enters a biomechanically unfavorable position in which it becomes unable
to perform adequate work of breathing. Therefore, prevention and correction of lung
hyperdistention are the two main goals of respiratory support in the management of
patients with obstructive acute respiratory failure.

It is generally known that the tension developed by a contracting muscle is directly
proportional to the length of the muscle at rest. In an emphysematous (inflated) chest,
the diaphragm flattens and therefore geometrically shortens. The resulting shortening
of the muscle fiber in the relaxation (rest) phase reduces the maximum level of
contraction that can develop with diaphragmatic contraction.

The tension (T) that occurs in this case is inversely proportional to the speed of
muscle contraction. When a patient with COPD or asthma and respiratory failure
breathes rapidly and shallowly, the rate of diaphragmatic contraction increases, and
maximum tension decreases. The amount of pressure that can be generated by a
contracting diaphragm is determined by La Place’s law:

P = 2T/R, (1)

which means that the transdiaphragmatic pressure (P) for a given contraction is
inversely proportional to the radius (R) of the curvature of the diaphragm. The
increased radius of the flattened diaphragm significantly hinders its force of contraction.

As the overstretched diaphragm descends, its position in relation to the ribs
becomes more horizontal, which prevents the ribs in the lower chest from participat-
ing in the inspiratory phase (Hoover’s syndrome).

It is important to remember that diaphragmatic contractility is also affected by
hypoxemia, hypercapnia, and acidosis.

The level of gas exchange disorders in obstructive ARF is characterized by hyper-
capnia with mild to moderate hypoxemia. Hypoxemia is caused by the following
combination of factors:

1.violation of the ventilation—perfusion ratio (VA/Q)
2.intrapulmonary shunting of blood (Qs/Qt)
3.decrease in alveolar oxygen tension (PAO,) due to hypoventilation of the alveoli.

As a rule, hypoxemia is easily corrected by a moderate increase in the oxygen
fraction in the inhaled gas mixture.

The increase in PaCO, is due to decreased ventilation, increased carbon dioxide
production, and increased dead space (Vd). Hypercapnia may further increase with
the correction of hypoxemia through (Haldane), the essence of which is to raise the
level of PaCO, with an increase in PaO, [3].

Thus, changes in the biomechanics of respiration and gas exchange during exacer-
bation of chronic obstructive pulmonary diseases and bronchial asthma, on which the

31



Respiratory Insufficiency
tactics and strategy of respiratory support depend, are characterized by the following
key criteria [4]:
1l.increase in airway resistance (Raw)
2.increased work of breathing and flattening of the diaphragm
3.hyperextension of the lungs due to emphysema, the phenomenon of early
expiratory airway closure, and a decrease in pulmonary-thoracic compliance
(Clt) as a result
4.high Vd/Vt ratio

5.an increase in oxygen consumption and carbon dioxide production

6.hypercapnia and hypoxemia due to impaired VA/Q, Qs/Qt, and decreased PAO..

3. Basic principles of intensive care

The principles of intensive care in patients with obstructive acute respiratory
failure depend on the severity of the ARF itself and are aimed at the following main
goals:

1.elimination of bronchial obstruction (bronchodilators; corticosteroids; methods
that facilitate the drainage of sputum from the tracheobronchial tree)

2.correction and maintenance of adequate gas exchange

3.maintaining adequate cardiac output against the background of PEEPi (infusion
therapy, drugs for inotropic support of hemodynamics)

4.normalization of metabolism and acid-base state (ACS)

5.prevention of secondary bacterial infection (according to indications, the
appointment of antibiotic therapy)

6.prevention of gastrointestinal bleeding against the background of the use of
glucocorticosteroids (stress ulcer prophylaxis)

In this chapter, we will focus more on methods of correcting and maintaining
adequate gas exchange using various respiratory support options.

4. Respiratory support

In the 80s, on an average, about 15-16% of patients with acute severe bronchial
asthma required intubation and mechanical ventilation [5-7], while currently it is 2—
4% on average [8, 9]. Bronchial asthma is a rather labile pathological process which
may rapidly develop manifestations of acute respiratory failure requiring an
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immediate initiation of mechanical ventilation. However, in some cases, “aggressive”
therapy aimed at eliminating bronchospasm, removing sputum from the tracheo-
bronchial tree and/or mask (non-invasive) positive pressure ventilation can avoid
intubation and mechanical ventilation.

Emergency intubation of a patient with bronchial asthma may become necessary in
the following cases [9]:

1.the presence of cyanosis, PaO, < 60 mm Hg (despite oxygen therapy)

2.progressively increasing hypercapnia (PaCO, > 55 mm Hg) with altered
sensorium with a GCS score of 9 or less

3.the presence of pathological pattern of breathing, silent chest, or respiratory
arrest

4.the appearance of life-threatening cardiac arrhythmias or cardiac arrest.
4.1 Evidence of progressive exhaustion

At the same time, it should be remembered that the lack of response to drug
therapy, severe metabolic acidosis, persistent hypoxemia, and patient anxiety can also
be indications for patient intubation and respiratory support.

In patients with chronic obstructive pulmonary diseases, indications of mechanical
ventilation include alveolar hypoventilation, a decrease in pulmonary-thoracic com-
pliance, inadequate work of breathing, and unstable neuro-respiratory drive [10]. It
should be remembered that patients with COPD, depending on the neuro-respiratory
drive, are divided into two types: “Pink Puffer”—an almost normal respiratory drive
and “normal” PaCO, and “Blue Bloaters”—a reduced respiratory drive and increased
PaC02.

Tracheal intubation should be performed using a low-pressure cuffed endotracheal
tube, and the largest possible endotracheal tube diameter should be used to reduce
airway pressure levels. Orotracheal intubation is less comfortable for the patient, and
there is a greater risk (compared to nasotracheal intubation) of unintentional
extubation.

The main tasks of respiratory support in obstructive ARF are as follows:

1. maintaining alveolar ventilation
2.maintaining oxygenation at a sufficient level

3.ensuring the rest of the respiratory muscles, sufficient to recover from the state
of fatigue that accompanies ARF.

However, it should be remembered that mechanical ventilation is a form of
“physiological” support and should be carried out in combination with “aggressive”
drug therapy for the underlying disease. Respiratory support should not exacerbate
existing pathophysiological processes; it should be carried out in such a way as to
minimize the occurrence of various complications. Withdrawal of respiratory support
should not be attempted until the patient’s underlying condition and comorbidities (if
any) have improved.
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4.2 Respiratory support algorithm

Correction and maintenance of gas exchange at various stages of intensive care in
obstructive ARF is carried out using various types of mechanical ventilation modes:
continuous mechanical ventilation (CMYV), assist control mechanical ventilation (A/C
MYV), continuous positive pressure ventilation (CPPV), pressure support ventilation
(PSV), intermittent mandatory ventilation/synchronized intermittent mandatory
ventilation (IMV/SIMV), or continuous positive airway pressure (CPAP) or their
analogues.

Because airway resistance (Raw) can change very quickly in this type of acute
respiratory failure, pressure-controlled (PC) ventilation cannot guarantee adequate
minute ventilation. Therefore, volume-controlled ventilation (VC, CMV) is preferred
for most patients. A high level of Raw can lead to quite high values of peak inspiratory
pressure (PIP), and therefore, a modern respirator is needed that can provide a given
Vt at a PIP of at least 80 mbar. However, in some cases, when ventilation in VC
(CMV) mode is unable to overcome high airway resistance, it may be necessary to
switch to PC mode. In such a situation, dynamic control of the gas composition of the
blood, SaO, and PetCO,, is mandatory.

Typically, the starting mode of ventilation for patients with obstructive ARF is A/C
MV. CMV is preferred for restless patients who have difficulty in comfortable syn-
chronization with the ventilator and for patients with extremely high PIPs. Complete
control of the patient’s ventilation can be achieved through continuous sedation as
well as the administration of muscle relaxants. Typically, CMV is continued until
airway resistance and wheezing decrease. In patients with BA, improvement in the
condition can be observed within a few hours, while in COPD this process may extend
for several days.

Modes A/CMV or SIMV (or their equivalents) are more suitable for patients with
comorbidities who are not prone to hyperventilation. However, when using these
modes of respiratory support, the respiratory muscles perform part of the work of
breathing, most of which can be spent to initiate mechanical (hardware) inspiration.
At the same time, the fatigue of the respiratory muscles will persist, and the depen-
dence on the respirator will be prolonged. Patients with extremely high respiratory
drive may ventilate with A/CMV or SIMV at a high respiratory rate, which will
inevitably lead to an increase in PEEPi and hemodynamic disturbances.

The respiratory support algorithm for obstructive ARF is presented as follows
(Figure 2).

Based on this algorithm, the tactics and strategy of respiratory support are carried
out in the following order.

Firstly, attention is given to oxygen inhalation or the so-called oxygen therapy.
This technique is not a separate option for respiratory support; however, oxygen
inhalations quite often accompany medical treatment of patients with COPD and BA
in a hospital setting. One of the main goals of oxygen therapy is to achieve a satisfac-
tory level of oxygenation (PaO, > 60 mmHg or SaO; > 90%), which is quickly
achieved in non-severe forms of obstructive ARF.

Since asthma has a low level of carbon dioxide retention, oxygen therapy is
prescribed with medications (if there are no obvious contraindications). The
starting level of oxygen concentration varies within 40-50% through a face
mask or at a rate of 5 1/min through nasal cannulas. Subsequently, based on the
data of the gas analysis of blood, the oxygen fraction in the inhaled gas mixture is
corrected.
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Figure 2.
Respiratory support algorithm for obstructive ARF.

At the same time, in most patients with COPD, the level of PaCO, in response to
oxygen therapy will first increase by an average of 10-15, and then, it will stabilize.
Therefore, a starting FiO, is set between 24 and 30% using a face mask or 3-4 L/min
via nasal cannulas. At the same time, the PaCO, level should be carefully monitored
(risk of carbon dioxide retention).

If, after 20-30 minutes of oxygen inhalation in a patient with obstructive ARF, the
effectiveness of oxygen therapy is minimal or absent, and a decision should be made
on the use of assisted ventilation.

When signs of ARF appear (increase in F, Raw, Vd/Vt, PaCO, (PetCO,), decrease
in Clt, V4/Q, PaO,, PaO,/FiO,), respiratory support begins with oxygen therapy or
non-invasive ventilation (CPAP) followed by transition to CPAP + PSV. If NIV is
ineffective, they switch to traditional mechanical ventilation in the following modes:
CMV (VC), A/CMV, PC, SIMV, PSV + PEEP + kinetic therapy. Individual selection
of Vt and/or PIP is carried out by the Paw/Vt loop, and the value of the hardware
PEEP is selected in accordance with the level of PEEPi. Correction of Ti, I/E ratio is
done on the Flow/Vt loop and flow/time curve by increasing the inspiratory flow rate
and/or applying a decelerating flow waveform. With regression of signs of ARF
(decrease in F, Raw, Vd/Vt, PaCO, (PetCO,), increase in Clt, V,/Q, PaO,,
Pa0,/Fi0,), respiratory support is withdrawn, followed by extubation. Detailed
description is shown in the text below. Abbreviations: F—number of breaths, Raw
—airway resistance, Vd/Vt—ratio of dead space ventilation to tidal volume, cummxenne
Clt—pulmonary-thoracic compliance, V,/Q—ventilation/perfusion ratio,
CPAP—continuous positive airway pressure, PSV—pressure support ventilation,
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CMV—continuous mechanical ventilation, VC—volume control, A/CMV—assisted
CMV, PC—pressure control, SIMV—synchronized intermittent mandatory ventila-
tion, PSV—pressure support ventilation, Vt—tidal volume, PIP—peak inspiratory
pressure, Paw/Vt loop—tidal volume/airway pressure loop, PEEPi—internal positive
end-expiratory pressure, Ti—inspiratory time, and I/E ratio—ratio of the phases of
inhalation and exhalations.

4.3 Non-invasive respiratory support

Non-invasive respiratory support includes the actual non-invasive artificial venti-
lation of the lungs (through masks or helmets), as well as high-flow oxygenation
through special nasal cannulas.

Non-invasive ventilation of the lungs (compared to “invasive” ventilation through
an endotracheal tube and standard oxygen therapy) has several advantages and dis-
advantages.

The advantages of NIV over invasive ventilation are as follows:

1.absence of complications from tracheal intubation and prolonged need for the
endotracheal tube

2.reduction in the frequency of nosocomial infections
3.reducing the need for medical sedation

4.the non-invasive nature of the procedure and its simplicity
5.the possibility of early mobilization of the patient
6.economic benefits.

The advantages of NIV over standard oxygen therapy through a face mask or nasal
prongs are as follows:

1.providing positive end-expiratory pressure (PEEP) or continuous positive
airway pressure (CPAP)

2.providing inspiratory pressure (Pinsp or inspiratory positive airway pressure
(IPAP)) with inspiratory and expiratory trigger adjustment

3.adequate humidification and heating of the respiratory mixture.

The disadvantages of NIV are as follows:
1.the need for active cooperation of the patient with medical personnel
2.inability to apply high inspiratory and expiratory pressures
3.1ack of direct access to the respiratory tract for oral hygiene

4. high risk of aerophagia
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5.high risk of aspiration of the contents of the mouth and stomach
6. maceration and necrosis of the skin in places where the mask fits
7.hypoxemia when the mask is displaced
8. conjunctivitis
9.drying of the oropharynx and nasopharynx

10.nosebleed.

The use of non-invasive mechanical ventilation leads to an improvement in gas
exchange, a decrease in the work of breathing, and an improvement in the prognosis
compared with oxygen therapy alone (through a face mask or cannulas) in exacerba-
tion of COPD (with the development of moderate respiratory acidosis
(7.35 > pH > 7.25) and compensated ARF) [11-14].

The criterion for choosing non-invasive ventilation during exacerbation of
COPD is the presence of respiratory acidosis, and not the level of hypercapnia:
in the absence of respiratory acidosis, NIV has no advantages over standard
oxygen therapy, at pH = 7.25-7.35 NIV should be used to prevent tracheal
intubation, and when pH less than 7.20—as an alternative to mechanical
ventilation [15-17].

In general, the main indications for the initiation of non-invasive respiratory
support are the following clinical and laboratory criteria:

1.increase in the work of breathing (severe dyspnea at rest, respiratory rate > 25-30
resp./min, participation of accessory muscles, and abdominal paradox)

2.hypercapnia (PaCO, > 45 mm Hg and/or its progressive increase)

3.pH level < 7.35 and its progressive decrease

4.hypoxemia (PaO, < 60 mm Hg, SaO, < 90% with FiO2 = 0.4-0.5) and
gas exchange disorders (PaO,/FiO, < 300 mm Hg with FiO2 = 0.21,
Qs/Qt > 10%)

5.increase in airway resistance (Raw) from the norm by 1.5-2 times.

Non-invasive respiratory support should not be used in the following cases:

1.lack of spontaneous breathing (apnea)

2.unstable hemodynamics (hypotension, ischemia or myocardial infarction,
life-threatening arrhythmias, and uncontrolled arterial hypertension)

3.inability to protect the respiratory tract (impaired coughing and swallowing)
and a high risk of aspiration

4.excessive bronchial secretion
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5.signs of impaired consciousness (excitation or depression of consciousness),
inability of the patient to cooperate with medical personnel

6.facial trauma, burns, and anatomical disorders that prevent the installation of
the mask

7.severe obesity
8.inability of the patient to remove the mask from the face in case of vomiting
9.active bleeding from the gastrointestinal tract

10.obstruction of the upper respiratory tract

11.discomfort from the mask

12. operations on the upper respiratory tract.

Tt is recommended to initiate non-invasive ventilation with a standard technique.
For non-invasive respiratory support, the PEEP (CPAP) mode with a

pressure level of 5 to 10-12 mbar, or its combination with PSV (IPAP). Currently,
NIV modes are practically no different from “invasive” ventilation modes (CPAP,
CPAP + PS, pressure-controlled ventilation volume guaranteed (PCV-VG)),
proportional auxiliary ventilation (proportional assist ventilation (PAV) and
proportional pressure ventilation (PPV)), adaptive support ventilation (adaptive
support ventilation (ASV)), in the settings of the device there is a setting for the
backup mode of ventilation, and it is also possible to set both inspiratory and
expiratory triggers. Randomized trials have not shown the benefits of any regimen for
NIV [18-20].
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The standard technique for conducting NIV is as follows:
* Set the value of PEEP 5 mbar

* Select the level of inspiratory pressure support (PS, IPAP) individually by
stepwise increase from 5 to 8 mbar until reaching a tidal volume equal to
6-8 ml/kg of proper body weight (DMT) [calculation of DMT (kg) is carried out
according to the following formulas: men = 50 + 0.91 x (height, cm—152.4),
women = 45.5 + 0.91 x (height, cm —152.4)]. As a rule, this is achieved with a PS
value of 10-16 cm of mbar.

* Set the minimum trigger sensitivity at which there is no auto-triggering
(—1.5-2.0 mbar for pressure trigger, 2-3 L/min for flow trigger).

* Set the inspiratory fraction of oxygen in the inhaled gas mixture (FiO,) to the
minimum level that provides SpO, 88-95%,

* Adjust the expiratory trigger sensitivity to improve synchronization with the
ventilator (the standard setting of 25% is usually not suitable for patients with
active inspiratory attempts and COPD, and such patients should set the
sensitivity to 40-50%),
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* Increase PEEP to 8-10 mbar in patients with SpO, less than 88% against the
background of FiO, 0.3 with an increase in PEEP tolerance.

High levels of PEEP/CPAP (>12 mbar) and/or PS (>20 mbar), despite a temporary
improvement in oxygenation, lead to patient discomfort and reduced efficacy of NIV.

Reduction of dyspnea is usually achieved soon after an adequate ventilation regi-
men is established, while correction of hypercapnia and/or hypoxemia may take
several hours.

In the first hours, assisted non-invasive ventilation of the lungs should be carried
out continuously. Further, after a gradual decrease in respiratory support, it is possible
to switch to NIV sessions for 3-6 hours a day until it is completely liberated.

It should be noted that NIV can also be carried out in volume, also equal to 6-8 ml/
kg of proper body weight [21].

In the process of conducting NIV, it is necessary to monitor and evaluate the
effectiveness of non-invasive ventilation of the lungs. If mask ventilation is ineffec-
tive, the patient should be intubated immediately, and “invasive” mechanical ventila-
tion should be started.

Criteria for the ineffectiveness of NIV:

1.Inability of the patient to wear the mask due to discomfort or pain
2.Failure of mask ventilation to improve gas exchange or reduce dyspnea

3.The need for endotracheal intubation for secretion management and airway
protection.

4.Hemodynamic instability
5.Myocardial ischemia or life-threatening arrhythmias
6.Impaired sensorium or delirium
7.Increase in F
8.Increasing the F/Vt ratio above 100
9.Pa0,/FiO; below 175 mm Hg one hour after the start of NIV
10.Increase in the PaCO,.
4.4 Invasive (traditional) mechanical ventilation
In those cases when the patient’s non-invasive ventilation is ineffective (or
unavailable), invasive (traditional) ventilation is performed. This type of respiratory
support is selected initially if there are indications for its implementation upon
admission of the patient.
The main indications for the start of invasive mechanical ventilation are the fol-

lowing clinical and laboratory criteria:

1.ineffectiveness of non-invasive respiratory support
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2.cyanosis, increased work of breathing (severe dyspnea at rest, respiratory
rate > 35 resp./min, accessory muscle use, pathological rhythms of breathing,
etc.)

3.severe hypercapnia (PaCO, > 55-60 mm Hg and/or its progressive increase)
4.severe acidosis (pH < 7.25 and its progressive decrease)

5.the presence of persistent and/or increasing hypoxemia (PaO, < 50 mm Hg,
Sa0, < 85% with FiO, > 0.5 or PaO, < 35 mm Hg when breathing atmospheric
air) and gas exchange disorders (PaO,/FiO, < 200 mm Hg, Qs/Qt > 15%)

6.an increase in Raw from the norm by two times or more, and a decrease in Clt
from the norm by 20-35%.

Initial modes (depending on the clinical situation) can be CMV (VC), PC, A/CMV,
PSV, or SIMV (and their analogues). When using CMV, A/CMV, PC, and SIMV, it is
most appropriate to use the following starting ventilation parameters: Vt = 6-8 ml/kg
(with PC PIP level = 25-30 mbar), FiO, = 0.6, F = 80% of the age norm), I/E = 1:2,
PEEP = 5 mbar, and flow = 35-40 I/min. If the PSV mode is selected, the selection of
parameters is carried out similarly to the technique used for non-invasive PSV (see
above).

A/CMV and PSV modes (or their analogues) require the installation of a trigger
pressure on the respirator ((—1.5)-(—2.0) mbar) or flow (3—4 1/min).

Upon reaching, against the background of the above parameters of respiratory
support, sufficient chest excursion, improvement in the conduction of respiratory
sounds, PaO, > 65 mm Hg, SaO, = 93-95%, the oxygen concentration in the inhaled
gas mixture is reduced to 0.45-0.3 under the control of Sa0O,.

If the movements of the chest are limited, then it is necessary to increase Vt in
steps by 30-50 ml (or PIP by 2-3 mbar) until a “normal” level of chest excursion is
reached and evaluate the result.

While maintaining PaO, at a level of less than 60 mmHg at FiO, = 0.6, it is
necessary to increase the level of PEEP in steps of 1-2 mbar until PaO, > 65 mm Hg,
Sa0, > 92%.

Hypoxemia in obstructive ARF is usually a consequence of alteration of the venti-
lation—perfusion ratio and easily responds to a moderate increase in FiO,. Setting
FiO, = 30-45% is usually sufficient for SaO, > 90% or PaO, = 60-70 mmHg [2, 22].
High levels of oxygen concentration in the inhaled gas mixture may be necessary for
patients with concomitant shunt-diffusive respiratory failure associated with acute
respiratory distress syndrome, pulmonary edema, etc.

Further, after the improvement of oxygenation, hypercapnia, acidosis, the
phenomenon of early expiratory closure of the airways and hyper distension of the
lungs are corrected by optimizing the main parameters of respiratory support (Vt,
MV, PEEP, Ti, I/E, and flow) in accordance with the concept of “safe” mechanical
ventilation.

During selection of tidal volume, it is advisable to carry out based on the analysis of
the Vt/Paw loop as follows: a stepwise increase or decrease in Vt by 20-30 ml until
the “beak” appears or disappears on the volume/pressure loop (when ventilation is
in PC mode, change the PIP value step by step by 1-2 mbar). That is, with the
“optimal” Vt, there should not be a “beak” on the Vt/Paw loop.
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Minute ventilation (MV) should be managed to correct the patient’s
respiratory acidosis over several hours by changing the number of machine breaths
and/or Vt. It is important to note that pH is a much more important parameter than
the PaCO,; at which this pH is reached. Rapid correction of hypercapnia and acidosis
can lead to post-hypercapnic metabolic alkalosis, hypokalemia, and
hypophosphatemia.

In patients with COPD, one should not achieve a PaCO, value of 40 mm Hg and a
pH of 7.40, since it is more physiological for them to maintain these indicators at the
level that they have in remission. Slight hypercapnia and a moderate decrease in pH to
7.35-7.38 will help to avoid the occurrence of alkalosis and will not cause a decrease in
neuro-respiratory drive or an increase in the severity of ARF during the transition to
spontaneous breathing [2, 22].

4.4.1 Internal positive end-expiratory pressuve and selection of hardware positive
end-expiratory pressure

In everyday clinical practice, the most difficult is the selection of positive
airway pressure, considering the level of internal positive end-expiratory pressure
(PEEPi) [23].

PEEPi is the result of overstretching and high residual volume. PEEPi is detected
in most patients with obstructive respiratory failure at levels often exceeding
10 mbar [24, 25]. If the expiratory time is insufficient, the high alveolar pressure
will encourage exhalation to continue at the start of the next ventilatory breath.
PEEPi has the same hemodynamic consequences as externally applied PEEP and
can cause significant hypotension with tachycardia after just a few machine breaths
in hyperventilated patients. Quickly disconnecting the patient from the ventilator
helps identify the cause of hypotension, as blood pressure returns to normal
immediately.

PEEPi also places additional stress on the respiratory muscles and contributes to
the difficulty in withdrawing respiratory support. The value of auto-PEEP can be
minimized by limiting the value of Vt and the frequency of machine breathing, as well
as by lengthening the exhalation time and machine PEEP.

Clinical experience has shown that two techniques can be used to select the “opti-
mal” level of PEEP and eliminate the phenomenon of early expiratory airway closure.
The essence of the first (the simplest) is to titrate the hardware PEEP (from the
starting level) in steps of 1-2 mbar until the moment when, during auscultation of the
lungs, the patient’s exhalation becomes audible until the start of the next hardware

breath.

The second technique is carried out under the control of PaCO, and PetCO, as
follows:

1. The arithmetic difference between the partial tension of carbon dioxide in
arterial blood and PetCO?2 is determined, which in obstructive ARF varies within
8-15 mm Hg, with the norm of this difference being 4.5-6.0 mm Hg. That is, the
utilization of carbon dioxide with exhaled air is insufficient.

2.The titration of the hardware PEEP begins by increasing it by 1 mbar every
5-7 min. When the level of PEEP becomes approximately equal to PEEPI, the
utilization of CO, from the alveoli increases, which is accompanied by an
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increase in PetCO, by an average of 15-25% of the initial level. An increase in
PetCO; is observed within 20-40 min, followed by a decrease to 37-40 mm Hg.

In both cases, after selection, the value of the hardware PEEP varies within 9-14 mbar.
The criteria for obtaining an effect when using the methods are as follows: (1) a
decrease in PaCO, by 25-35% of the initial level (according to the control gas analysis

of blood taken 2-3 hours after the selection of PEEP); (2) spontaneous synchroniza-
tion of the patient with the respirator, including after the abolition of sedation and/or
muscle relaxation (if they were used).

4.4.2 Further steps of the vespirvatory support algorithm

The next step in “optimizing” the respiratory support parameters is the selection of
the inspiratory time and the I/E ratio.

As previously stated, since lung hyper distension is always present in obstructive
ARF, normalization of lung volume becomes the main goal. Functional residual
capacity (FRC) depends on the ratio between the time needed to empty the lungs and
the time to exhale. If the duration of the expiratory phase is insufficient, then the
functional residual capacity of the lungs will exceed the normal FRC value. Each
successive breath progressively increases lung volume until a new steady state is
reached, typically 2-4 L above normal FRC [26, 27].

The time required to empty the lungs is a function of Raw and Clt and can be
represented as a time constant (TC) that is the product of Raw and Clt. Since the time
constant is the time required for exhalation from the lungs of 63% of the tidal volume
that originally entered the lungs, the normal time constant for humans is about 0.42 s,
while in COPD or bronchial asthma, these values are twice as high. Therefore, to avoid
air entrapment, the expiratory time (Te) should be 3.5-4.0 TC, or 2.5-3 s [27, 28].
Large tidal volumes can also increase gas retention in the lungs.

Thus, to ensure sufficient expiratory time, Ti should be set as short as possible, and
the I/E ratio should be set equal to 1: 2-1:4. At frequencies of 8-12 breaths/min, 4-6 s
in each respiratory cycle will be available for exhalation, which in most cases is
sufficient to ensure a full exhalation.

In addition to the empirical selection of inspiratory time and I/E ratio, it is advis-
able to use a graphical analysis of the flow/Vt loop and the flow/time curve (Figure 3).
Increasing the length of expiration time by decreasing Ti and/or the number of
machine respiratory cycles is carried out until a completely closed flow/Vt loop is
obtained and the expiratory flow reaches the isoline on the flow/Vt curve at the end of
inspiration.

Reducing the inspiratory time, of course, requires a change in the inspiratory flow
rate (flow) to deliver a given tidal volume to the airways. That is, “large” Vt and short
Ti require high flow rates.

However, one should not forget that the inspiratory flow delivered at a high level
of airway resistance (which is present in patients with obstructive ARF) during
ventilation in the CMV (VC) mode leads to an increase in peak inspiratory pressure
(PIP). Because high PIP has long been suspected of causing pneumothorax and
pneumomediastinum, it has been recommended that initial inspiratory flow rates are
limited to 35-40 L/min. However, in practice, most of the peak inspiratory pressure is
dissipated in the airways and is a less important factor in barotrauma than lung
overdistension. Therefore, peak inspiratory flow rates reaching (if necessary for a
particular patient) 80-100 1/min can be used [1, 5, 8, 27].
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Figure 3.

Selection of inspiratory time (Ti) and exhalation time (Te)—According to the flow/Vt loop and the flow/t curve.
The left side of the figure (a) shows an open flow/Vt loop (a) (shown by a solid arrow) and a flow/Vt curve (b) in
which the expiratory flow to the beginning of the next breath (shown by a solid arrow), indicating insufficient time
to ensure adequate exhalation (lung emptying). The right side of the figure shows the same graphs after adjusting Ti
and expiratory time Te: The flow/Vt loop is closed (s), and the expiratory part of the flow/time curve reaches the
isoline by the time the next breath begins (d).

If the technical capabilities of the respirator allow you to change the waveform of
the inspiratory flow, then it is better to use a decelerating waveform, which leads to
better gas exchange in the lungs compared to a constant or sinusoidal waveform of the
inspiratory flow.

In general, based on this algorithm for the individual choice of mechanical venti-
lation options, it offers for everyday clinical practice the most used parameters of
respiratory support for obstructive ARF, presented in Table 1.

Parameter Values

Ventilation mode vC

F, breath/min 8-14

Pplat, mbar No more than 30

PEEP, mbar 5-15

I/E, ratio 1:3.0-1: 4.0

Ti, s 0.7-1.5

Te, s 4-5

Flow, I/min Up to 80-100

Vt, ml/kgPBW 6-8

FiO, (0.21-1.0) 0.3-0.5 (until Sa0, is 94%)
Table 1.

Most commonly used respiratory support parameters for obstructive acute respiratory failure (based on data from
Laher and Buchanan [9]).
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5. Difficulties in managing mechanical ventilation

Key issues related to the provision of mechanical ventilation in patients with acute
and severe asthma and exacerbation of COPD include (1) methods for assessing
pulmonary hyperinflation (described at the beginning of this chapter), (2) the effect
of mechanical ventilation parameters on the severity of hyperinflation, and (3) the
consequences and correction of hypercapnia [8].

It is known that the most common method for assessing hyperinflation is to
measure the inspiratory plateau pressure (Pplat) and PEEPi during mechanical venti-
lation (Figure 4).

It should be remembered that PEEPi in severe asthma is often in the range of 10 to
15 mbar (cm H,0) but may be higher.

Hypercapnia is common with mechanical ventilation in patients with severe
asthma. At the same time, the PaCO, level can reach 68 mm Hg, at a pH less than 7.2,
and a minute ventilation of 9 I/min [8]. However, the term “permissive” hypercapnia
may not be entirely accurate when applied to severe asthma. Since hypercapnia is a
consequence of increased dead space ventilation, attempts to lower PaCO, by
increasing minute ventilation will lead to increased hyperinflation and a further
increase in physiological dead space.

Serious adverse effects of hypercapnia are rare. Of greatest concern is the effect on
the central nervous and cardiovascular systems. Cerebral edema and subarachnoid
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Figure 4.

Schematic representation of airway pressure (A) and flow (B) during mechanical ventilation. Note that the flow is
maintained at the end of exhalation, indicating that the final exhalation of alveolar pressure exceeds circuit
pressure (i.e., PEEPi is present). The dotted line represents Palv. Palv—Alveolar pressure; PEEP—Positive end-
expiratory pressure; Ppk—Peak inspiratory pressuve; Pplat—Inspiratory plateau pressure; Pres—Inspiratory
airway resistance.
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hemorrhage have been associated with hypercapnia but are rare. Acute hypercapnia
increases cerebral blood flow and intracranial pressure, an effect of greatest concern in
the setting of cerebral anoxia due to circulatory arrest prior to intubation. The cardiac
effects of acute hypercapnia include a decrease in intracellular pH, which decreases
contractility, but sympathetic activation more than compensates for this direct effect on
cardiac contraction and cardiac output, which tend to increase. Arrhythmias associated
with hypercapnia are not uncommon in the absence of underlying heart disease.

Alkaline agents may be considered when arterial pH is consistently less than 7.1.
Unfortunately, sodium bicarbonate has a limitation in correcting respiratory acidosis.
The CO, produced readily permeates cell membranes and can potentially lead to a
significant decrease in intracellular pH during rapid infusions. In addition, even par-
tial correction of severe respiratory acidosis may require several hundred
milliequivalents of sodium bicarbonate. Therefore, in the absence of an urgent reason
to correct the acidosis (e.g., severe arrhythmias, hyperkalemia, and unexplained
hemodynamic instability), it may be prudent to withhold “alkaline therapy” and wait
for the hypercapnia to decrease. Many patients experience a decrease in hypercapnia
during the first 12 hours of intubation.

Another important point, especially for patients with asthma exacerbation, is the
choice of ventilation mode.

The choice of ventilation mode must consider the degree of lower airway resis-
tance and the presence of alveolar hyperinflation and “permissive” hypercapnia (as
above). A high PIP, together with an increase in the pressure gradient of PIP to Pplat
in the analysis of the graphical ventilation curves, indicates the presence of high
resistance. PIP > 80-100 mbar is not an uncommon finding during mechanical venti-
lation in patients with severe asthma. Because the pathophysiology of asthma is not
directly related to the alveoli, Pplat (which reflects lung compliance or alveolar pres-
sure) is expected to be within normal limits (<20 mbar). Therefore, an increase in
Pplat suggests the presence or increase in bronchospasm with an increase in hyperin-
flation or pneumothorax (Figure 5).

The VC mode is preferred in patients with asthma because PIP and Pplat can be
directly controlled in this mode, in contrast to the PC mode. This should be kept in
mind as long as Pplat is maintained below 30 mbar, even a very high PIP level (which
is a sign of asthma) will not damage the alveoli (barotrauma).

When ventilating asthma patients, it is important to lower the upper pressure limit
to a value that is higher than the patient’s internal PIP. Failure to do so may result in
fatal alveolar hypoventilation secondary to premature cessation of delivery of a given
volume. This is better understood with the following example. If the upper pressure
limit is set to 40 mbar in an asthmatic patient with severe bronchospasm, then tidal
volume delivery will be terminated as soon as 40 mbar is reached. Because the
anatomical dead space volume is one third (approximately 150 ml in an adult) of the
normal volume (6 ml/kg), alveolar hypoventilation will occur. Therefore, the upper
pressure limit should be set above the PIP (> 80 mbar in this hypothetical scenario) to
prevent fatal alveolar hypoventilation. With a sudden improvement in bronchospasm
(and a decrease in PIP), the patient will continue to receive the target tidal volume
without an increase in alveolar pressure (Figure 6).

In contrast, PIP and Pplat cannot be controlled in a given pressure ventilation
mode. Therefore, the patient will only receive adequate tidal volumes in this mode if
the pressure limit as well as the set pressure is maintained above the internal airway
pressure. With fluctuations in the degree of bronchospasm and associated changes in
airway pressure, which can be sudden, there is a risk of either creating extremely high
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Figure 5.

Interpretation of the paw/time VC pressure—time curve in patients with asthma. A, Normal shape curve. B. Paw/
time shape changes secondary to bronchospasm without hyperinflation. Note the increase in both PIP and PIP-
Pplat gradient. Since Pplat vemains the same as in A, this means an increase in airway resistance only in the
absence of gas retention, since there is no change consistent with that in A. C. Changes in paw-time shape,
indicating either (1) bronchospasm with gas vetention or (2) pneumothorax. Note the same degree of increase in
both PIP and Pplat. Since the PIP-Pplat gradient vemains the same as in B, no further increase in the degree of
bronchospasm occurs (shaded avea, normal paw/time form). (Modified from Laher and Buchanan [9]).
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Figure 6.

Ventilate asthma patients using VC (vecommended). Left: Patient with severe bronchospasm and PIP = 80 mbar.
The upper pressuve limit was set too low at 40 mbay; consequently, inhalation stops prematurely. Note the low
tidal volume of 270 ml resulting in alveolar hypoventilation. Middle: Same patient with severe bronchospasm and
PIP—280 ¢cm mbar. The upper pressure limit is now corvectly set to over 80 cm H,O, with the patient now receiving
an adequate tidal volume > 450 ml. Note that despite the high PIP (80 mbar), the plateau pressure is 20 mbar,
which is within the recommended safe pressure limits. Right: Same patient with sudden improvement in
bronchospasm (PIP—50 mbar). Although the upper pressure limit remains unchanged at >80 mbar, delivered
tidal volume and plateau pressure remain unchanged at >450 ml and 20 mbar, vespectively. (Modified from
Laher and Buchanan [9]).
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Ventilate asthma patients using PC mode (not recommended). Left: Patient with severe bronchospasm and PIP—
80 mbar. The upper pressure limit was set too low at 40 mbar, allowing only a tidal volume of 270 ml, resulting in
alveolar hypoventilation. Middle: Same patient with severe bronchospasm and PIP—80 mbar. To achieve an
adequate tidal volume > 450 ml, pressure control was set to 80 mbar, and the upper pressure limit was set to
>80 mbar. Note that in this mode the plateau pressure cannot be determined; therefore, potential causes of high
plateau pressure in an asthmatic patient (pneumothorax or gas vetention) cannot be easily suspected in this mode.
Right: Same patient with sudden improvement in bronchospasm (PIP—50 mbar) and established pressuve control
>80 mbayr. Due to the sudden drop in airway pressure, the tidal volume (controlled by the 80 mbar pressure
regulator) is now dangerously high (1000 ml), increasing the risk of bavotrauma and pneumothorax. (Modified
from Laher and Buchanan [9]).

and harmful or unacceptably low tidal volumes that may go unnoticed if alarm limits
are not meticulously set and the patient is not under close supervision.

For example, if the above patient has severe bronchospasm and an underlying PIP
(airway pressure) of 80 mbar, the patient will only receive adequate tidal volumes if
an upper pressure limit as well as a pressure control/pressure maintenance level has
been set >80 mbar. In case of worsening of bronchospasm, when PIP is increased
(e.g., 90 mbar), the patient receives suboptimal tidal volumes, while if bronchospasm
is suddenly eliminated (and PIP decreases), the patient is at risk of receiving
extremely high and dangerous tidal volumes (Figure 7).

6. Weaning of respiratory support

If the underlying obstructive process is amenable to drug therapy, withdrawal of
respiratory support and restoration of spontaneous breathing may be considered.

The patient’s respiratory mechanics should be significantly improved by reducing
expiratory time, dyspnea, reducing airway resistance and PEEPi, and increasing
pulmonary-thoracic compliance. Sufficient oxygenation must be maintained at FiO,
less than 40%.

Patients with asthma may be ready to withdraw within hours, while patients with
COPD may not be ready for several weeks. Once the decision to initiate withdrawal
has been made, all sedation and muscle relaxation should be discontinued.
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With obstructive ARF, it is advisable to use the following additional criteria to
make a decision on weaning a patient: (1) a decrease in peak inspiratory pressure to
17-20 mbar up to 8-11 mbar, PEEP up to 4-7 mbar; (2) improvement in the biome-
chanics of respiration (reduction of Raw to 6-9 mbar/l/s) and gas exchange
(Sa0, > 93-94%, PaO, > 80 mm Hg, PaCO, < 40-44 mm Hg at FiO, < 0.35) [4].

One should draw attention to the fact that when canceling respiratory support, it is
necessary to strive to optimize the response of the respirator to the patient’s inspira-
tory effort, following the following rules:

1.Gradual (reasonable) decrease in the sensitivity of the trigger (from
the maximum sensitivity of the triggering threshold equal to (—1)-(—1.5) mbar
to —3 mbar)

2.The inspiratory and expiratory times set on the respirator should be as close as
possible to the patient’s respiratory pattern.

3.The flow rate of the gas mixture created by the respirator (both basic and
inspiratory) must correspond to the needs of the patient.

To stop respiratory support in patients with regression of ARF, SIMV and BIPAP
modes have been used since the advent of microprocessor ventilators, gradually
reducing the number of machine breaths, PSV mode, and breathing through a T-
shaped tube.

Several subsequent multicenter randomized controlled trials demonstrated the
benefit of the spontaneous breathing test using the PSV regimen with pressure support
of 7-8 mbar. Over the spontaneous T-tube test and the superiority of both methods over
SIMV weaning in duration of ventilator weaning and failure rate [29-31].

The largest and methodologically well-designed study demonstrated a higher rate
of successful weaning from mechanical ventilation using a 30-minute spontaneous
breathing test with a support pressure of 8 mbar compared with a simple 2-hour T-
tube spontaneous breathing test (without pressure support) [29].

Currently, to assess weaning from respiratory support, a spontaneous breathing
test (SBT) is recommended for 30 minutes with a small level of pressure support to
compensate for the work of breathing to overcome the resistance of the tube [29]:

1.Set CPAP/PEEP mode < mbar. With PS < 8 mbar.
2. Within 30 minutes, assess for intolerance to SBT:

a. excitation or depression of consciousness—A score on the Glasgow coma
scale of 13 points or less,

b. SpO, < 90%,
c. RR >35 per minute,
d. Tobin index <70,

e. HR > 140 per minute or more than 20% of baseline or the appearance of
arrhythmia,
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f. decrease in blood pressure below 90 mm Hg. or more than 20% higher than
the original,

g. participation in breathing of auxiliary muscles,
h. paradoxical movements of the anterior abdominal wall during breathing,
i. profuse sweating.

3.1f the 30-minute spontaneous breathing test is tolerated, consideration should be
given to disconnection from the ventilator and/or extubation.

4.1In case of test intolerance, it is necessary to return to the previous ventilation
parameters.

We pay attention to the following factors:

1.with all options for canceling mechanical ventilation during its implementation,
it is necessary to maintain PaO, > 60 mm Hg, pH > 7.35 at FiO, < 0.4

2.after extubation in some patients (especially with a long period of mechanical
ventilation), it is advisable to consider using non-invasive respiratory support as
a bridge.

In cases where it is difficult to wean from respiratory support in this category of

patients, it is possible to use a semi-sitting position at an angle of 45° to reduce the
level of PEEPi and reduce the load on the respiratory muscles [32].

7. Conclusion

In general, provision of respiratory support in patients with obstructive ARF
against the background of COPD and BA requires the physician to both understand
the main pathophysiological processes of the occurrence of ARF and a certain patience

in the selection of respirator settings due to dynamic changes in the mechanical
properties of lungs during therapy.
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Respiratory Failure in COVID-19
Condition
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Abstract

Respiratory failure, characterized as the unsuccessful maintenance of adequate
gas exchange, is associated with abnormalities of arterial blood gas tensions. The
coronavirus disease-2019 (COVID-19) is majorly a respiratory disease capable of
causing infection caused by the newly discovered coronavirus (SARS-CoV-2) with a
consequential effect on respiratory failure. Simply put, respiratory failure is the major
clinical demonstration of COVID-19 and the frontline cause of the associated mortal-
ity. Respiratory failure instigated by COVID-19 has some clinical features in affected
patients. Disorders of the respiratory neuromuscular, airway, pulmonary vesicles, and
lung parenchyma all manifest in COVID-19. These features are heterogeneous and
categorized into progressive respiratory distress and unique “silent hypoxemia” as
two phenotypes. Knowing the exact phenotype in patients with COVID-19 has been
of important clinical significance in seeking the right treatment strategies for treating
respiratory failure. The chapter will, therefore, provide more insights into the patho-
physiology, clinical attributes, pathogenesis, and treatment approach of respiratory
failure in COVID-19 conditions, as well as evaluate any similarities and differences
that may exist.

Keywords: COVID-19, respiratory insufficiency, breathing difficulty, ventilation,
oxygenation, respiratory dysfunction, respiratory failure, SARS-CoV-2

1. Introduction

Breathing is an indispensable requirement in life. Ideally, in humans and all mammals,
oxygen (O,) from the air is breathed into the lungs, while carbon dioxide (CO,) is breathed
out as a waste product made by cells of the body. Oxygen utilization and carbon dioxide
production are, therefore, essential to life. The proper function of tissues and organs
requires adequate oxygen from the lungs into the blood. The respiratory system allows the
entry of O, and the parting of CO, in the body. Accumulated carbon dioxide causes severe
damage and injury to these tissues and organs and slows the rate of delivery of oxygen to
the body.

Respiratory failure is a grave condition that makes breathing difficult without any
aid and usually sets in when the lungs are unable to get adequate oxygen (hypoxic
respiratory failure) into the blood or the difficulty of the lungs to get rid of carbon
dioxide (ventilator failure) to meet metabolic requirements. Acute respiratory failure
may be quick and happens without prior notice. In most cases, it is associated with
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breathing diseases/injuries such as pneumonia, stroke, opioid overdose, or even
injury of the spinal cord or lungs.

Patients with respiratory issues can have illness from a family of viruses known as
coronavirus. The term “corona” refers to the surface of the virus, which is coated in
spikes like crowns. Examples of coronaviruses that infect humans include the com-
mon cold and severe acute respiratory syndrome (SARS). A new coronavirus known
as severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the cause of the
infectious disease known as coronavirus disease-2019 (COVID-19) [1, 2]. The corona-
virus disease 2019 (COVID-19) pandemic is caused by the novel coronavirus regarded
as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). COVID-19 was
identified initially in December 2019 in Wuhan, China, by several patients. Since
then, COVID-19 has raised myriad global concerns [1]. One of the resultant effects
of COVID-19 is lung damage with gradual declination may result in acute hypoxic
respiratory failure and, in the worst scenario, results in acute respiratory distress
syndrome (ARDS). Acute hypoxemic respiratory failure is a major clinical feature of
COVID-19 during inflammation of the lungs. COVID-19-related respiratory failure
has features of injury to the alveolar epithelium cells, while the endothelium cells may
be less damaged [3].

Apart from meeting the Berlin definition of ARDS, COVID-19 has uniqueness in
both pathological and pathophysiological characteristics, not limited to endothelial
injury, pulmonary capillary hyperplasia, and extensive microthrombus [4]. COVID-
19 can, therefore, be regarded as a preponderantly respiratory infectious disease with
respiratory failure as the principal clinical outcome and the pre-eminent cause of
mortality [5].

As in patients who battle with respiratory failure instigated by other means, heteroge-
neity of clinical features exists in persons with respiratory failure instigated by COVID-
19. The gradually advancing respiratory distress and distinct silent hypoxemia are the
two phenotypes. Recognition of the exact phenotypes in patients with COVID-19 will be
of immense value for the best treatment options. In most cases recorded, respiratory fail-
ure due to COVID-19 develops very quickly because this disease affects the respiratory
system primarily while damage to other organs may be secondary [6]. Since there is still
no major cure treatment for COVID-19, it is therefore important that the key therapeutic
intervention focuses on symptomatic treatment of respiratory failure. This chapter is
focused on providing scientific insights into the epidemiology, pathophysiology, and
clinical features of respiratory failure in COVID-19 conditions to help healthcare profes-
sionals manage patients with COVID-19.

2. Respiratory failure

The system for taking in oxygen and releasing carbon dioxide commences at the
nose and mouth and goes through the airways and the lungs. Air usually comes in
through the respiratory system via the nose and mouth and is then taken down the
pharynx through the larynx. A cartilaginous structure known as epiglottis usually
covers the entrance to the larynx. The epiglottis prevents food from getting into the
airways by closing automatically during food intake [7].

Respiratory failure sets in when the respiratory system fails to meet the oxygen and
ventilatory demands of an individual/patient. Respiratory failure, therefore, is a clinical
term that defines the failure of the respiratory system to preserve its physiological role
of gas exchange such that PaO2 maintained is not beyond 60 mmHg and/or PaCO2

58



Respiratory Failure in COVID-19 Condition
DOI: http://dx.doi.org/10.5772/intechopen.111380

greater than 50 mmHg. Respiratory failure happens when the breathing system cannot
sustain enough levels of blood oxygen, as well as difficulties in eliminating carbon
dioxide in the blood [8]. Respiratory failure can be a slow development with symptoms
not limited to shortness of breath, distress in breathing, extreme tiredness, restlessness,
and drowsiness (when the low oxygen level is low), as well as headaches, blurry sight,
disarray, speedy breathing (carbon dioxide levels is high). In newborns, symptoms of
respiratory failure may include inward pull of the ribs’ muscles, speedy breath, nostrils
broadening with the breath, grunting, and bluish skin and lips tone. Respiratory failure

poses a serious threat to the lungs and other vital organs [9].

Diagnosis of respiratory failure may be determined by the blood levels of oxygen
and carbon dioxide levels apart from a physical examination. Generally, factors such
as the blood levels of oxygen and carbon dioxide, causative factors, and rate of devel-
opment determine the symptoms associated with respiratory failure. Acute respira-
tory failure can result in a life-threatening emergency that necessitates additional
oxygen through nasal tubes or a breathing-aided machine (ventilator) [10].

Factors such as age, environment, medical condition, lifestyle habits, or drugs
increase the risk of respiratory failure. For instance, infants with neonatal respira-
tory distress because of the under-developed lung, certain lung birth defects, or

S/N Circumstances Conditions Outcome
1 Difficulty in breathing Weakness following collapsed Blockage of the windpipe
airways and stroke
2 Difficulty exhaling Asthma condition and conditions Narrowing of airways;
of chronic obstructive pulmonary accumulation of mucus and
disease narrowing of the airways
3 The difficulty of air Weak muscles, severe pains, respiratory failure
entry to the lungs airway blockage by mucus,
fractured or broken ribs, and
pneumothorax
4 Retention of fluid in the Lack of oxygen passage from the Accumulation of fluid in
lungs air sacs into the blood makes it the lungs associated with
difficult for the blood’s carbon the condition such as ARDS,
dioxide to enter the air sacs to be pneumonia, drowning, heart
exhaled failure, and head injury or
trauma
5 Breathing muscles Spinal cord trauma or condition Non-vitality and muscle
difficulties of many diseases of the muscular wasting (muscular
system (occurring among dystrophy)
members of a family) due to
inadequate oxygen-rich blood in
reaching the diaphragm and other
breathing muscles or condition of
cardiogenic shock and sepsis
6 Situations that affect High concentrations of carbon Accumulation of carbon
the brain’s control over dioxide in the blood detected by dioxide in the body while the
breathing, usually when the brain concentration of oxygen fall
there is an overdose of
drugs like an opioid
overdose
Table 1.

Circumstances, conditions, and the resultant effect of respivatory failure.
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pulmonary hypertension are more vulnerable to respiratory failure, while aged
persons with weak breathing muscles or with a common cold or allergies are more
prone to respiratory failure [11]. Also, breathing lung irritants (such as dust, chemical
fumes, dyes and paints, asbestos, aniline, or smoke) from the environment for a long
period of time can lead to lung damage and pose a risk of severe lung diseases [12].
There is also more danger of respiratory failure with some medical conditions such
as disorders of the muscles and nerve (like Guillain-Barre syndrome, amyotrophic
lateral sclerosis, and myasthenia); diseases of the airways and lungs (cystic fibrosis,
interstitial lung diseases, asthma, and COPD); congestive heart failure or pulmonary
embolism; spinal cord or brain infections; meningitis; pneumonia; bronchiolitis;
obstructed airway; chest or back injuries; severe scoliosis; and food or drug allergies
[13, 14]. Moreover, life habits like smoking can instigate diseases of the lungs and
potentiate vulnerability to respiratory failure. Indiscriminate alcohol or drugs affects
the area of the brain that controls breathing by making breathing becomes slow and
shallow and may ultimately give rise to acute respiratory failure. In addition, some
sedatives used during surgery raise the risk of respiratory failure [15]. Respiratory
failure may be a resultant effect of many factors described in Table 1.

Respiratory failure can be classified as hypoxemic (Type 1) and hypercapnic
(Type 2). Hypercapnia often results from a failed respiratory, leading to PaCO2
greater than 50 mmHg. In the hypoxemic respiratory failure associated with COVID-
19, ARDs, severe pneumonia, and edema, PaO2 is lesser than 60 mmHg with normal
or subnormal PaCO2 [16].

3. Pathogenesis and pathology of ARDS-associated and non-associated
COVID-19

In contrast to the conventional ARDS, the pathogen of COVID-19 is obvious;
SARS-CoV-2 causes it, a beta-coronavirus that gains entry into the cells by binding
the angiotensin-converting enzyme 2 (ACE2) receptor via the viral structural spike
(S) protein. Alveoli (II) epithelial cells, small intestine, bronchia, vesicle, and numer-
ous types of immune cells, such as macrophages, monocytes, and dendritic cells, all
contain ACE2 receptors in varying degrees. As a result of attacking the lung immune
cells, SARS-CoV-2 can cause a lower respiratory infection and trigger an inflamma-
tory reaction [17].

Comparing COVID-19 to a typical case of ARDS, the pathophysiology is more
complex and varied. Some patients with acute COVID-19 proceeded to well-known
ARDS, although a sizable portion of these patients did not exhibit the “reduced lung
capacity and impaired compliance” that are typical of classical ARDS. In contrast
to how severe the hypoxemia is, their pulmonary compliance is almost normal.
Additionally, intrapulmonary shunt, along with dead space ventilation, is the primary
cause of ARDS-related hypoxemia [4, 18]. Hypoxemia caused by COVID-19 can be
understood by dysfunctional hypoxic pulmonary vasoconstriction, which impairs
lung perfusion regulation, and microthrombus of the lung alveoli, which simultane-
ously increases dead space and causes intrapulmonary shunt. Reports have shown that
patients with COVID-19 experience hypoxemia for a variety of reasons, including
vascular dysfunction, dead space, and intrapulmonary shunt [19].

Gattinoni et al. classified the COVID-19 phenotype as type H and type L. The fol-
lowing were the key L-type symptoms: (1) Low elastance, almost normal compliance,
and nearly normal lung gas content are indicators of low elastance. (2) Low ventilation
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to perfusion ratio. (3) Lightweight lungs and (4) Limited lung recruitment. Although
there is significant hypoxemia in these patients, respiratory compliance is beyond
50 ml/cm H20. The lung is not very recruitable and contains a lot of gas. The main
cause of severe hypoxia is the impaired ventilation-to-perfusion ratio [20].

High PEEP and prone positioning are used to increase oxygenation, but not
by encouraging the enlargement of the collapsed alveolar region, but rather by

TYPICAL ARDS COVID-19 INDUCED ARDS

Sepsis, trauma, shock, SARS-CoV-2
pneumonia, aspiration et al.

Epithelial cells Endothelial cells immune cells

Cell injury and proinflammatory
cytokines release

e

[ Diffuse alveolar injury J [Pulmonary capillary microthrombosis and]

hyperplasia and/or diffuse alveolar injury

T Ty

Reduced lung volume H-type: L-type:
Reduced lung Reduced lung volume Normal lung volume
compliance Reduced lung compliance Normal lung compliance
Mismatched V/Q ratio High right-to-left shunt Mismatched V/Q ratio
(predominately and dead space (intrapulmonary shunt
intrapulmonary shunt High lung weight and dead space)
supplement with dead High lung recruitability Low lung weight
space) Low lung recruitability

| |
e g

Respiratory distress Respiratory distress Silent hypoxemia or happy
Hypoxemia Hypoxemia hypoxemia

l

Lung protective ventilation with a +  L-type: larger tidal volume and \
low tidal volume lower PEEP level
High PEEP level + H-type: low tidal volume and
Neuromuscular blockers high PEEP level
Prone ventilation + Neuromuscular blockers
Extracorporeal membrane + Prone ventilation or awake prone
oxygenation ventilation

+ Extracorporeal membrane

oxygenation

Pharmacological therapy
Typical ARDS: Treatment of primary etiology, no clinical proved drugs
COVID-19:Antiviral therapy, anti-inflammatory therapy, anticoagulant treatment

Figure 1.
Comparison of ARDS-associated and non-associated COVID-19. Source: Lu [4].
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redistributing pulmonary perfusion and boosting the ratio of ventilation to perfusion.
Although the venous blood mixing from right to left shunt is apparent in these indi-
viduals, about 50% of computerized tomographic scans of the two lungs have shown
no notable alveolar region in these individuals [21]. The primary symptoms of H-type
COVID-19 include worsening of edema of the lungs and a reduction in pulmonary gas
volume, which causes an increase in stretching resistance and a reduction in pulmo-
nary compliance, high right-to-left shunt that is brought on by the alveolar collapse in
gravity-dependent areas, large lung mass, high recruit ability of the lungs. H-type and
conventional severe ARDS are comparable [22]. It has been reported that 20-30% of
COVID-19 patients who are hospitalized in the intensive care unit (ICU) show severe
hypoxemia and lung compliance below 4 ml/cmH20, which may indicate the exis-
tence of severe ARDS [23]. Individuals with serious hypoxemia who were hospitalized
in ICU had non-invasive ventilation initiated; these patients also exhibited robust
spontaneous inspiratory efforts and significant chest negative pressure. Thus, these
individuals also suffer patient self-induced lung injury (P-SILI) and viral infection
[24]. Many COVID-19 patients exhibited L-type in the early stages. L-type can change
into H-type in the late stages of the disease due to the progression of the condition and
lung damage brought on by high-stress breathing [25].

The pathophysiology of conventional ARDS and COVID-19-induced ARDS differ
significantly, with the L-type of COVID-19 being the most notable variation. There
are numerous explanations that could apply (Figure 1). Considering the etiology
of ARDS, typically, shock, sepsis, transfusion, trauma, and other insults result in
endothelial and epithelial damage as well as disruption of the blood-gas barrier, which
increases permeability and causes the flooding of the alveolar and interstitial spaces
by protein-rich fluid, resulting in low compliance, decreased lung volume, and an
improper ratio of ventilation to perfusion [4]. COVID-19 pathogen is nonetheless
known to be SARS-CoV-2 and the associated variations, which primarily target the
endothelium via the ACE2 receptor with only little effects on the epithelial cell. Asa
result, lung compliance and volume are practically normal. Additionally, COVID-19%
damaged pulmonary endothelium lost its ability to regulate lung perfusion due to
hypoxic vasoconstriction, which ultimately led to the development of an intrapulmo-
nary shunt [26, 27]. Furthermore, the COVID-19-damaged pulmonary endothelium
changes from a typical anti-inflammation condition to an “active” phenotype defined
by pro-adhesive qualities, inflammatory mediators production, and the development
of microthrombi, which causes the amount of dead space to increase [28].

4. Hypoxemic respiratory failure in COVID-19 condition

A better understanding of the pathophysiological aspects of COVID-19 continues
to ensue with the discovery of different variants of SARS-CoV-2. Viral pneumonia
remains the principal complication of COVID-19 simply because it is associated
with fluid retention in cells, tissues, or serous cavities of the interstices of the lungs,
usually situated in the sub-pleural areas [29]. Severe hypoxemia probably occurs
during the phase whereby a relative amount of lung parenchyma is involved, but the
exact mechanism is not fully understood. A perturbed control of pulmonary vascular
tone (vasoplegia) is, however, suggested to be the cause whereby vascular tone is not
constricted despite alveolar hypoxia (Figure 2) [31].

The mouth, nose, or eyes are the main entry points for COVID-19 causative virus,
SARS-CoV-2, into the body. The mucous membrane in the back of the throat and the
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Figure 2.
Severe hypoxemia probably occurs during the phase whereby a relative amount of lung parenchyma. Source:
Brosnahan [30].

rear of the nasal passages are the next places it travels. It attaches to the cells there,
reproduces, and enters the lung tissue. The virus might then move on to infect further
bodily tissues [32].

People who have respiratory issues can become ill from COVID-19 caused by SARS-
CoV-2. The most common clinical symptom and fatality factor of COVID-19 is respiratory
failure. Asymptomatic to severe respiratory failure are all possible clinical demonstrations
of COVID-19. People with COVID-19-related respiratory failure may deteriorate to the
point where they need invasive mechanical ventilation or may not survive [33].

Respiratory illness from mild to severe is usually experienced by most patients
with virus infection who may recover without special care, while serious ailments
and demand medical attention may develop in others. Serious illness is more likely to
affect the elderly and people with underlying medical conditions, including cardio-
vascular disease, diabetes, chronic respiratory diseases, or cancer. COVID-19 has
the potential to cause serious illness or kill anyone at any age [34]. Acute respiratory
distress syndrome, also known as ARDS, is a serious side effect of COVID-19, and
lung problems include pneumonia. There could be long-term harm to the lungs and
other organs because of sepsis, another potential COVID-19 side effect. More serious
respiratory diseases like bronchitis that can necessitate hospitalization may also be
brought on by more recent coronavirus strains.

Lung inflammation and fluid accumulation are symptoms of pneumonia.
Respiratory difficulties in certain patients can be so severe that they require medical
care, oxygen therapy, and perhaps a ventilator. Pneumonia due to COVID-19 usually
affects both lungs. Coughing, shortness of breath, and other symptoms appear when
the fluid-filled air sacs in the lungs’ ability to absorb oxygen are blocked. Despite the
fact that most patients recover from COVID-19-induced pneumonia without any
long-term lung damage, pneumonia can be rather severe. Lung damage may result
in breathing issues even after the illness has stopped; these issues may improve over
several months [34].
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Bronchitis in COVID-19 conditions is associated with excessive production of
sputum in the airways. The excessive sputum leads to cough and chest congestion and
constricts the airways, making breathing more difficult. Even after recovery from
COVID-19 infection, inflammation of the membranes lining the bronchial tubes
may continue to stimulate coughing with consequential effects on the quality of life
[35]. Furthermore, the alveoli are filled with fluid from the lungs’tiny blood veins
as COVID-19 pneumonia advances. The resultant outcome is the development of
acute respiratory distress syndrome (ARDS), which is the term for lung failure that
may occur as a result of shortness of breath. In order to assist the body in circulating
oxygen, many ARDS patients are unable to breathe on their own and may require
ventilator support. Recovery from COVID-19 and ARDS may result in lung scarring
that lasts a lifetime [36].

Severe COVID-19 infection complications include sepsis. When an infection gets
into the bloodstream and circulates throughout it, causing tissue damage, sepsis starts
to take hold. The collaboration between the organs breaks down in sepsis. The lungs
and heart are only two examples of the many organ systems that can begin to shut down
one after the other. Even in cases where sepsis is successfully treated, the patient may
experience long-term lung and other organ damage [37]. In the COVID-19 condition,
the immune system is actively battling the invader. This could make the body more sus-
ceptible to a superinfection—the simultaneous infection of the body with two viruses
or bacteria—on top of COVID-19. Additional infections may cause more lung damage.
There is a startling observation that one in four patients who get severe COVID-19 also
have a superinfection, which means that their recovery will be slower [38, 39].

5. Hypoxemic respiratory failure in COVID-19

The causes of respiratory failure in COVID-19 conditions can be intrapulmonary
shunting, lung perfusion regulation loss, intravascular microthrombi, impaired diffu-
sion capacity, preservation of lung mechanics, and rapid deterioration [40].

V/Q mismatch principally causes arterial hypoxemia at the initial state of SARS-
CoV-2 infection. Therefore, continuous flow of pulmonary arterial blood to the
non-ventilated alveoli manifests a significant increment in P(A-a) O2 gradient, which
eventually results in local interstitial edema domiciled mainly at the interface that can
be termed intrapulmonary shunting [14, 30].

A proportional failure of the hypoxic pulmonary vasoconstriction mechanism or
constriction of intrapulmonary arteries in alveolar hypoxia in COVID-19 condition
usually causes a never-ceasing increase in the pulmonary flow of blood to nonaerated
alveoli of the lung [3]. This cascade of events leads to the loss of control over lung
perfusion. The resultant effect is a decreased concentration of angiotensin-converting
enzyme 2 (ACE2) associated with an increased level of angiotensin II (Ang II),
leading to arbitration of pulmonary vasoconstriction via agonist effect at the Ang II
receptor, while being antagonized by Ang 1-7 [41].

Furthermore, the imbalance between fibrinolytic activity and procoagulant
majorly results in intravascular microthrombi when there is severe inflammation and
endothelial injury (a hallmark of COVID-19 pathogenesis). Endothelial injury can
be a result affect infection of the lung capillary endothelial cells by a cytopathic virus
that directly affects the expression of ACE2 [42].

It is also possible that the lung diffusion capacity is impaired due to the loss of
alveolar epithelial cells from COVID-19. This results in the propagation within the
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alveolar cells (type II cells). In this situation, the production of many viral par-
ticles that are being released leads to an immune response that mediates the death
of infected cells. This increases P(A-a) O2 gradient and arterial hypoxemia in the
COVID-19 condition [12, 43].

It has also been known that there is a peak of COVID-19 challenge in patients on
mechanical ventilation, signifying probably low respiratory system compliance. On
the contrary, an increased airway resistance or increase in physiological and anatomi-
cal inactive ventilation usually does not occur at the onset of infection. There is also a
steady breathing rate maintained at a low frequency as much as there is normality in
lung compliance in patients having no underlining lung disease [44].

There can be a rapid deterioration in patients with COVID-19 that has an impact
on the cortical response obtained from respiratory points. Consequently, the disease
advances with a concomitant increase in dyspnea [45].

6. Clinical manifestation of respiratory failure in COVID-19

An 8- to 12-day incubation period was usually experienced by persons having
COVID-19. The symptoms of COVID-19 might range from being asymptomatic
and having minor symptoms to having severe ARDS. The most prevalent symptoms
in patients with severe COVID-19 who needed to be admitted to the hospital were
cough, fever, and dyspnea [46]. Patients with COVID-19 frequently experience extra-
pulmonary organ symptoms, including gastrointestinal ones like vomiting, nausea,
and diarrhea, as well as taste and smell loss, headaches, bone pain, muscular aches,
and other similar ones [47].

Some patients with cases of COVID-19 do not exhibit evident dyspnea while having
significant hypoxemia, with oxygen saturation below 70% and partial pressure of
arterial oxygen below 40 mmHg, a condition known as “silent hypoxemia” or “happy
hypoxemia.” The predominant partial pressure of CO, inhibits the reaction of the brain
to hypoxia, abnormal chemoreceptor function of the carotid body caused by virus
attacks, inaccurate oxygen in arterial blood at low saturations, shifts in the oxygen
dissociation curve, and distinct permissiveness of low oxygen concentrations [45, 48].
Another possibility for “silent hypoxia” is a cardiorespiratory adaptation to hypoxemia.
Tachycardia and increased cardiac output are the typical reactions. However, these
reactions are constrained by aging, genetics, and concurrent diseases. Lactic acidosis,
bradycardia, and a lower cardiac output are signs that the body is unable to make up
for the reduced oxygen transfer. The latter could appear suddenly, and they are all
warning signs of impending tissue damage or hypoxemia-induced mortality [49].

Because there are so many blood vessels in lung tissues, SARS-CoV-2 can directly
instigate severe harm to the vascular endothelium of the lung. Variable degrees of
damage are also exhibited by the airway and alveolar epithelium [50]. Endothelial cell
activation potentiates inflammatory reactions and coagulation apart from participat-
ing in the adhesion, rolling, and migration of inflammatory cells. This cascade of
events eventually results in coagulation activation, diffusion dysfunction, and barrier
degradation [51].

Edema, infiltration of inflammatory cells, fibrinous exudation, congestion of
alveolar septal vesicle, vascular thrombi, and hemorrhagic necrosis are some of the
pathological symptoms of COVID-19 [52]. On postmortem, these patients had a diffuse
alveolar injury (DAD) recorded in 67-100% of them, which is consistent with the usual
ARDS. The COVID-19 patients did, however, exhibit specific vascular characteristics,

65



Respiratory Insufficiency

such as microthrombosis and hyperplasia, as a result of the severe endothelium destruc-
tion. SARS-CoV-2 infection directly contributes to the development of endotheliitis in a
number of organs as a result of viral participation (distinguished by the involvement of
viral bodies) and the response of inflammation of the host (Figure 3) [4].

Studies have shown distinctive vascular features in the lungs of COVID-19 fatality
patients. Capillary microthrombi of the lungs were nine times higher in COVID-19
patients than in influenza patients. It was complemented by capillary hyperplasia via
intussusceptive angiogenesis, together with interrupted cell membranes and severe
endothelial injury with an intracellular virus [53, 54]. A pulmonary embolism repre-
sented one-third of the patients’ primary causes of death in an autopsy analysis of 12
consecutive COVID-19 patients. The frequency of deep thrombosis in the veins was
up to 58%. These findings imply that the primary vascular alterations in COVID-19
patients, including microthrombosis of the lung capillary, damage of the epithelial
cells, and hyperplasia are what distinguish them from ARDS patients and resultin a
distinct pathophysiological action and therapeutic feedback [55, 56]. Although the
majority of patients had DAD, these data came from autopsies of people who had
COVID-19-related deaths. DAD is most likely a late-stage manifestation of this illness
rather than an early indicator [57].
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7. Management of respiratory failure in COVID-19 condition

The pathology and management of hypoxemic respiratory failure in the COVID-
19 condition have similarities with acute respiratory distress syndrome. Acute hypox-
emic respiratory failure, often manifested as hemoglobinopathies, pulmonary edema,
or vascular occlusion, is considered a grave complication of COVID-19 and requires
mechanical ventilation [19].

Mechanisms (including include vascular occlusion, hemoglobinopathies, pulmo-
nary edema, and a mismatch between ventilation and perfusion) have been proposed
for the substantial hypoxemic condition in patients. However, histopathological eval-
uation reveals the similarity between diffuse alveolar damage or related etiologies and
ARDS [58]. Also, many comparable features exist between the variable pulmonary
compliance in COVID-19 and pulmonary compliance values in ARDS. As a whole,
patients with COVID-19 have similar pathology to ARDS [19]. Oxygen therapy,
non-invasive ventilation, and intubation are ways of managing respiratory failure in
COVID-19 condition. However, there may be some factors to consider for the best
management choice [59]. For instance, there is controversy about choosing between a
high-flow nasal cannula (HFNC), early intubation, or non-invasive positive pressure
ventilation because there are patients who may need support beyond supplemental
oxygen. Protecting healthcare workers from being exposed to viral aerosols while
rendering care to patients may also be another issue. Also, non-invasive positive pres-
sure ventilation (NIPPV) usually renders ventilatory support out the requirement of
the endotracheal airway, which keeps the patients awake. This management option is
non-invasive, but it is not entirely benign. It has been shown that ventilation protec-
tion having minimal volumes and pressures of tide improves results in ARDS patients.
By and large, management options for respiratory failure in COVID-19 range from
optimized oxygenation, respiratory support availability, necessary intubation, and of
course, orienting ventilatory pressure with the needs of patients [31, 60].

8. Conclusion

COVID-19, caused by SARS-CoV-2, is highly infectious that leads to the fatal
coexistence of two or more related medical conditions, especially ARDS. People
with respiratory issues can be vulnerable to COVID-19. Therefore, for patients with
COVID-19 condition, severe hypoxemia associated with ARDS is the frontline cause
of acute respiratory failure. The most prominent clinical symptom and human death
factor of COVID-19 is respiratory failure. Symptomless or mild- to life-threatening
respiratory failure are possible clinical manifestations of COVID-19 condition.

In individuals with severe COVID-19, critical hypoxemia related to ARDS is the
major causative factor of acute respiratory failure. COVID-19-associated ARDS

have similarities with other causes of ARDS in relation to pathology and respiratory
physiology. In this regard, patients with respiratory failure in COVID-19 conditions
are usually managed as in the condition of ARDS. Since there is no clear-cut treatment
for COVID-19, supportive treatment is crucial. Sound knowledge of the features of
respiratory failure in COVID-19-related ARDS is crucial for accurate treatment. This
review provides more scientific information on the pathophysiologic mechanisms
linked with ARDS and severe COVID-19 pneumonia with emphasis on respiratory
failure related to COVID-19 associated with acute hypoxemia. This will help to
improve the prognosis.
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Abstract

Pulmonary complications are important cause for high incidence of mortality in
chronic liver disease patients admitted to the intensive care unit. Up to 50-70% of
patients report shortness of breath, reflecting the high prevalence of respiratory failure,
defined as an arterial pressure of oxygen (Pa0O,) of less than 60 mm Hg. The causes of
respiratory failure are multifactorial in chronic liver disease. Although much attention is
given to the pathologies of pulmonary microcirculation (i.e., portopulmonary hyper-
tension and hepatopulmonary syndrome), these specific conditions are found in <20%
of cirrhotic patients. The impact of liver disease on respiratory function extends far
beyond these two specific conditions and include micro-aspirations associated with
hepatic encephalopathy, fluid overload, hepatic hydrothorax, and basal atelectasis and
restriction due to large ascites. The impact of altered bile-acid composition induces a
shift in the gut microbiome and this may shed a new light on the molecular basis for the
‘gut-liver-lung axis’ as the driver for multiple organ failure. This chapter focuses on
current evidence surrounding the prevalence, management, and complications from
various etiologies of respiratory insufficiency in end-stage liver disease patients.

Keywords: chronic liver disease (CLD), portal hypertension, pulmonary hypertension,
portopulmonary hypertension, hepatopulmonary syndrome, hepatic hydrothorax

1. Introduction

Pulmonary disorder in liver disease can broadly be classified into the following 3
groups:
1.Pulmonary disorders which are direct sequelae of liver disease and portal

hypertension (hepatopulmonary syndrome (HPS), portopulmonary
hypertension (POPH), and hepatic hydrothorax (HH)

2. Coexisting common respiratory disease (i.e., asthma, chronic obstructive
pulmonary disease (COPD), interstitial lung disease) along with pulmonary
disease specific to liver disease

3.Disorders that affect both liver and lungs (Alpha-1 antitrypsin deficiency, cystic
fibrosis, sarcoidosis, hereditary hemorrhagic telangiectasia)
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Chronic liver disease (CLD) and portal hypertension are associated with an imbal-
ance between vasoconstrictors and vasodilators leading to hyperdynamic circulation
from splanchnic and systemic vasodilatation. This continued exposure to vasoactive
and proliferative mediators leads to remodelling processes in the pulmonary vascular
bed, either in the form of diffuse telangiectasia (in HPS) or hyperplastic lesions in
terminal pulmonary arterioles (in POPH) [1]. Effect of these pulmonary vascular and
parenchymal abnormalities is further augmented by mechanical restriction due to
ascites. The spectrum of presentation of these respiratory insufficiencies is varied,
with differences in symptoms, signs, pulmonary function tests, ultrasound findings,
and gas exchange abnormalities.

Although HPS and POPH are widely discussed in the literature, finding an isolated
pulmonary abnormality in end-stage liver disease is rare in real clinical circumstances.
There can be multiple diseases (pleural effusion and HPS, or COPD and POPH)
coexisting in the same patient. Identifying different contributors, quantifying their
severity, and their impact on overall clinical picture is important for patients’ symp-
tomatic treatment, optimization before transplantation, and perioperative management.

A comprehensive understanding of potential respiratory pathophysiology that may
complicate liver disease and liver transplantation (LT) is essential with the aim of
inclusive management. Disorders that affect both the liver and lungs are beyond the
scope of this book chapter. This chapter will deal with chronic liver disease’s direct
and indirect effects leading to respiratory insufficiency.

2. Hepatopulmonary syndrome

HPS is an oxygenation defect occurring in patients with liver disease and/or portal
hypertension resulting from intrapulmonary vascular dilatations (IPVDs). HPS may
also manifest in acute liver failure, ischemic or viral hepatitis, and portal vein throm-
bosis. The prevalence of HPS is around 5-30%, while isolated vasodilatation can be
found in up to 60% cirrhotic without evidence of arterial hypoxemia [2]. HPS is a
progressive disease, and gradual deterioration occurs in 87% of cases with a monthly
decline in PaO, of 1.1 + 1.4 mm Hg [3]. Patients with HPS are frequently asymptom-
atic, resulting in under-recognition of the disease and a delay in diagnosis. This delay
in diagnosis and LT is associated with increased mortality [2].

2.1 Suspecting the possibility of HPS

The typical symptom of HPS is dyspnoea on exertion (DOE) and in severe
cases Dyspnoea at rest. However, DOE is nonspecific in the case of cirrhosis, and
HPS patients may be asymptomatic at mild to moderate severity. This indicates that
we should actively screen the patients with cirrhosis for HPS. Clinical signs may
include digital clubbing, cyanosis, and diffuse telangiectasias. Although classically
described in HPS, platypnea (dyspnoea worsening when moving from supine to
upright position) and orthodeoxia (>5% or >4 mm Hg decrease in SPO, or PaO,,
respectively, after changing from supine to upright position) is observed in only
in 18-20% of patients with HPS [4]. The coexistence of other pulmonary
diseases, such as including COPD, asthma, and interstitial lung disease, should
be investigated, as they may exacerbate clinical symptoms and gas exchange
abnormalities.
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2.2 Screening

Pulse oximetry is easy to use, readily available and is a cost-effective tool to
identify hypoxemia. Oxygen saturation < 96% identifies all patients with hypoxemia
(PaO; < 70 mm Hg) at sea level [5]. In cirrhotic children hyperaemic arterialized
capillary blood gas determination found better screening tool than pulse oximetry [6].
A recent study has found that pulse oximetry is an insensitive screening test for severe
HPS in LT candidates and showed that a SaO, of 94% provides poor sensitivity
(22.1%) and specificity (89.8%) to detect severe HPS [7]. However, pulse oximetry
seems to be a widely accepted tool to exclude the diagnosis of HPS. To detect all
patients with HPS, ABG analysis should be done if oxygen saturation <96%.

2.3 Diagnostic criteria

The hallmark of HPS is intrapulmonary vascular dilatations (IPVDs) which
leads to oxygenation defect in the setting of advanced liver disease, portal
hypertension, or congenital portosystemic shunts. Abnormal oxygenation is
defined by an elevated resting alveolar-arterial oxygen gradient [P(A-a)

O, > 15 mm Hg or >20 mm Hg if age >64 years] while breathing room air in the
sitting position, in the absence of other than mild pulmonary function test
abnormalities (Table 1) [1, 2]. IVPDs can be demonstrated by contrast-enhanced
transthoracic echocardiography (CE-TTE) or Technetium-99 m (Tc99m) labelled
macro-aggregated albumin (MAA) lung perfusion scan [8]. Table 1 enumerates the
diagnostic criteria for HPS.

The severity of HPS is determined by the degree of hypoxemia on arterial blood gas.
Based on the European respiratory society (ERS) Task Force, severity is graded as mild
(PaO, > 80 mm Hg), moderate (PaO, = 60-79 mm Hg), severe (PaO, = 50-59 mm Hg),
and very severe (PaO, < 50 mm Hg) [8]. So PaO2 is not essential to diagnose HPS, it is
required to classify for severity of HPS.

Despite well-defined criteria for its diagnosis, HPS is often inaccurately diagnosed
because of the lack of use of standard diagnostic criteria, or attempt to diagnose and
classify during acute illness, and sometimes from diagnostic confusion with POPH and

Diagnostic Investigations
criteria

1 Abnormal oxygenation defined by elevated alveolar- Arterial blood gas analysis while patient
arterial oxygen gradient (>15 mm Hg or >20 mm Hgif  breathing room air, in sitting position at
age >64 years), in the absence of other than mild rest

pulmonary function test abnormalities®

2 Presence of liver disease and or portal hypertension/ Clinical diagnosis (ascites, gastroesophageal
portosystemic shunts varices, splenomegaly) or portal pressure
3 Demonstration of Intrapulmonary vasodilatations Positive CE-TTE or >6% brain uptake on

Tc99m MAA lung perfusion scan

“Other than mild pulmonary function test abnormalities: A forced vital capacity <70% of predicted for vestrictive
ventilatory defect. The obstructive ventilatory defect can be defined by a forced expiratory volume in 1 second/forced vital
capacity ratio <0.70 together with forced expiratory volume in 1 second percent predicted <80%. CE-TTE (contrast-
enhanced transthoracic echocardiography).

Table 1.
Diagnostic criteria for HPS.
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other associated respiratory diseases. Therefore, it is important that diagnostic criteria
be carefully applied whilst simultaneously demonstrating the absence or only
presence of mild form of coexisting pulmonary disease [9].

The response to 100% inspired oxygen is much better in patients with HPS alone as
compared to HPS with an additional pulmonary disease and it should be used when-
ever in doubt [9]. The response to 100% oxygen may also have prognostic importance
as it demonstrates significant scope of improvement in oxygenation.

2.4 HPS vascular patterns

On the basis of pulmonary angiographic findings, HPS can be divided into Type I
and II (Table 2 describe pulmonary angiographic patterns of HPS). On the basis of,
response to 100% inspired oxygen (PaO, < 300 mm Hg) and presence of discrete
abnormalities on high-resolution chest computed tomography, subgroup of patients
can be identified who should proceed to get pulmonary angiography [10]. Rarely coil
embolization can be successfully used to improve hypoxemia in type I (diffuse) and
type II (discrete) HPS [11].

2.5 Demonstration of IPVDs

IPVDs can be demonstrated non-invasively by saline contrast enhanced transtho-
racic echocardiography or invasively by 99mTc labelled macro-aggregated albumin
(MAA) lung perfusion scan.

2.5.1 Contrast-enhanced transthoracic echocardiography (CE-TTE)

The normal diameter of pulmonary capillaries is less than 8 to 15 pm [12]. The size of
microbubbles created by saline agitation is more than 10 pm in diameter, which due to
greater size, does not cross through the normal pulmonary capillary vasculature after
intravenous injection. The delayed appearance of these microbubbles in the left heart
after 3 or more cardiac cycles after visualization in the right heart demonstrates IPVDs.
CE-TTE can differentiate between IPVDs and intracardiac shunts (i.e., due to persistent
foramen ovale or atrial septal defect). In intracardiac shunts microbubbles appear early
in the left heart (i.e., within 1-2 cardiac cycles) [13]. It is minimally invasive, radially
available and highly sensitive examination and is gold standard for demonstrating IPVDs.
CE-TTE also has some limitations. For example, positive detection rate is 40%, in
patients who have normal arterial blood gas content. Therefore, demonstrating IPVDs,
using CE-TTE alone is not sufficient for the diagnosis of HPS [9].

Angiographic finding Symptoms Response to 100% Oxygen

Type 1 minimal Finely diffuse, spidery Hypoxemia Excellent
vascular abnormality

Type 1 advanced (evolves Diffuse spongy or blotchy Severe Limited response

from type 1 minimal appearance hypoxemia

Type 2 Discrete, direct arteriovenous Severe Extremely poor response
communications hypoxemia

Table 2.

Pulmonary angiographic patterns of HPS [10].
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2.5.2 Nuclear/invasive testing

Another method to demonstrate IPVDs is lung perfusion scanning (peripheral
venous injection of 20 pm 99mTechnetium labelled macro-aggregated albumin
[MAA] with brain uptake >6%). Although this can quantify the IPVDs, it does not
differentiate between intracardiac and intrapulmonary shunting and has lower sensi-
tivity as compared to CE-TTE for the detection of mild or moderate HPS in adults. In
children, MAA lung perfusion scans may have favourable sensitivity for detecting
mild degrees of IPVD relative to CE-TTE. In HPS patients with coexisting respiratory
problems abnormal brain uptake of 9mTcMAA after lung perfusion (uptake >6%)
helps to distinguish and quantify the degree of hypoxemia caused by IPVDs versus
hypoxemia due to nonvascular lung parenchymal abnormalities [13]. Although sensi-
tivity of 99mTc-MAA is lower than that of CE-TTE, its specificity is higher for the
diagnosis of HPS [9]. Whole-body uptake (>42.5%) of 99mTc-MAA was found
superior to simple brain uptake (>5.8%) for demonstrating IPVDs [14].

2.6 Pathogenesis

The oxygenation defect in HPS has been ascribed to 3 mechanisms resulting from
alterations in the alveolar microcirculation

i. Diffusion limitation
ii. Presence of direct arteriovenous communications
iii. Ventilation perfusion (V/Q) mismatch

Diffusion limitation occurs because oxygen needs to travels a more distance to
bind hemoglobin due to vascular dilation. Direct arteriovenous communications
bypass the alveolar microcirculation, resulting in the direct mixing of venous and
arterial blood. V/Q mismatch is consequence of increased pulmonary blood flow due
to microvascular alterations as compared to unchanged ventilation [15].

Work in the common bile duct model (CBDL) has identified underlying
pathophysiologic triggers for 3 mechanisms that contribute to the development of
hypoxemia in the HPS [16]:

1. Relaxation of blood vessels leading to vasodilation,
2. Angiogenesis leads to shunt formation, and
3. Alveolar dysfunction.

Endothelin-1 (ET-1) induced pulmonary vascular relaxation: Circulating ET-1
levels which increases in cirrhosis, has differential action on the sinusoidal and
pulmonary vasculature. Although it acts as a potent vasoconstrictor for sinusoidal
vasculature and increases sinusoidal and presinusoidal pressure, it causes nitric oxide
(NO) mediated pulmonary vasodilatation [15].

Bacterial translocation, endotoxemia, and pulmonary inflammation: Due to
portosystemic shunts bacterial translocation products and endotoxins reach the pul-
monary circulation, where they induce the local release of chemotactic factors, which
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then recruit immune cells. Pulmonary vascular monocytes in experimental HPS
models have been found to increase production of inducible nitric oxide synthase and
heme-oxygenase 1, leading to NO-mediated vasodilation and, increased production of
the vasodilator carbon monoxide [15].

Angiogenesis and intrapulmonary shunt formation and Alveolar dysfunction:
Increased pulmonary expression of proangiogenic factors occurs in HPS, which leads
to angiogenesis and formation of intrapulmonary shunts [15].

2.7 HPS and liver transplantation

Liver transplantation (LT) is only definitive therapeutic option for HPS. Previously
very severe hypoxemia (PaO, < 50 mm Hg) due to HPS was considered an absolute
contraindication for LT [17]. However, further evidence showed that LT improves
IPVDs, oxygenation, and even leads to complete resolution of HPS. HPS with PaO,
< 60 mm Hg is eligible for MELD exception points to facilitate early transplant [18].

Hypoxemia associated with HPS is progressive and with worsening severity the
risk of pre- and post-LT mortality increase [19]. In HPS patients with similar baseline
Pa0O,, brain uptake of 99mTcMAA and liver dysfunction, 5-year survival associated
with LT found to be 76% versus 23% without LT [17]. Improvement in PaO, can be
seen in all patients after LT by 12 months and subsequent normalization of the
99mTcMAA brain scan [17]. Once MELD exception points were implemented, both
survival rates and post-transplant oxygenation improved in adults whereas only
post-transplant oxygenation improved in children after LT [13].

A multivariate analysis of United Network for Organ Sharing (UNOS) data regard-
ing MELD exception points granted to HPS patients found no association between
waitlist mortality and severe hypoxemia, but a pre-LT PaO, < 45 mm Hg was associ-
ated with increased post-LT mortality [20]. In analysis of 1152 HPS patients listed for
liver transplantation, there was high likelihood of getting transplanted if patient PaO2
< 45 mm Hg. After LT, patients with a PaO, < 45 mm Hg had lower long-term survival,
however this difference became significant only after 2.6 years. The median survival
was 11.5 years in this subgroup. This suggests that in patients with very severe HPS
transplant may not provide long term survival benefit but they do benefit from LT [21].

In experienced centres, HPS patients with very severe hypoxemia (PaO; < 50 mm
Hg) and oxygen dependence showed an overall survival of 86%, comparable to
non-HPS patients undergoing LT. PaO, improved in all patients from a mean of
65.1to 90.9 mm Hg, and all patients dependent on ambulatory oxygen were able to
discontinue oxygen therapy [3].

2.8 Salient management points
Perioperative and intensive care management concerns in HPS patients who are
going for LT are mainly related to hypoxemia. Following are some general guidelines

that can be used during managing HPS patients:

i. Restrictive fluid therapy should be done to avoid fluid overload and
pulmonary congestion.

ii. The choice of volatile anesthetic agents does not affect oxygenation
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iii. Continuous monitoring of mixed venous oxygen saturation (SvO,) should be
carried out. If the mixed venous saturation falls below 65% on hepatic
vascular exclusion, veno-venous bypass may be beneficial [22].

iv. Low tidal lung protective ventilation in a supine position should be employed
v. Early extubation should be done to prevent ventilator-associated pneumonia
vi. O, saturation should be maintained >85% with supplemental oxygen

vii. Due to chronic hypoxia, HPS patients develop an increase in hemoglobin, so
their hemoglobin targets should be kept higher.

viii. Inhaled pulmonary vasodilators (nitric oxide) can be used to improve post-LT
oxygenation

ix. ECMO can be used as a bridge to LT

x. Supplemental oxygen should be discontinued when O, saturation remains
greater than 88% (rest, exercise, and sleep)

xi. High frequency nasal cannula and non-invasive ventilation should also be
utilized to improve oxygenation

2.9 Severe post-transplant hypoxemia

Severe post-transplant hypoxemia is defined as need of 100% oxygen to maintain a
saturation of >85% and this hypoxemia is out of proportion to any concurrent lung
process. It occurs in 6-21% of patients with HPS after liver transplantation. It is
associated with a peri-transplant mortality rate of 45% in patients with pretransplant
PaO, < 70 mm Hg. Due to impaired hypoxic vasoconstriction in the dilated pulmo-
nary vasculature and disproportionately increased vasoconstriction in normal pulmo-
nary vasculature there is increased blood flow through the dilated vessels which
results in enhanced worsening of V/Q mismatch is proposed mechanism for severe
post-transplant hypoxemia. Trendelenburg position, pulmonary vasodilators, inhaled
nitric oxide, intravenous methylene blue, and beta-blockers can be used to maintain
oxygenation [23]. Non-invasive ventilation and high frequency nasal cannula can also
be used to maintain oxygenation. Extracorporeal membrane oxygenation (ECMO)
showed good outcomes in patients with HPS either as a bridge to LT or to aid recovery
after LT with a median ECMO duration of 13 days and survival of 82.4%. ECMO is
found to improve outcome in severe HPS as compared to other indications in LT [24].

3. Pulmonary hypertension (PH) and portopulmonary hypertension
(PoPH)

3.1 Definition

Pulmonary arterial hypertension (PAH) which is secondary to portal hypertension
is termed portopulmonary hypertension (PoPH). The elevation of mean pulmonary
artery pressures (mPAP) is because of an increase in pulmonary vascular resistance
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(PVR) with normal pulmonary artery wedge pressure (PAWP). PoPH hemodynamic
diagnostic criteria are derived from Right heart catheterization (RHC) enumerated in
Table 3. To diagnose PoPH all hemodynamic criteria should be met.

3.2 Severity of PoPH

Based on the mean values of pulmonary artery pressure on RHC, PoPH is classified
as mild (25 < mPAP < 35 mm Hg), moderate (35 < mPAP < 45 mm Hg), and severe
(MPAP > 45 mm Hg). In contrast to HPS, there is no association between the severity
of PoPH with the disease state of CLD [13].

3.3 New developments in pulmonary hypertension

Since 1st World Symposium on Pulmonary Hypertension (WSPH) in 1973, PH has
been defined as mPAP > 25 mm Hg measured by RHC [25]. It was recognized that this
upper limit of normal mPAP of 25 mm Hg was empirical and arbitrarily defined [26]. This
definition remained unchanged and was adapted by liver transplant societies [13].

Recently, 6th World Symposium on Pulmonary Hypertension (WSPH) has
reconsidered the hemodynamic definition of PH and decreased the threshold for
PH (mPAP>20 mm Hg) but kept PVR > 3 WU for precapillary PH [25]. This
reconsideration was based upon a systemic review finding that mPAP at rest is
14.0 £ 3.3 mm Hg [27]. Two standard deviations of this, would suggest mPAP > 20 mm
Hg as upper limit of normal. This new cut-off (mPAP >20 mm Hg) to define PH is
evidence based [25].

The new definitions of PH have been endorsed and expanded in guidelines proposed
by the European Respiratory Society/European Society of Cardiology, including a revised
cut-off mPAP but they also reduced the PVR cut off to >2 WU [28]. (New definition of
PH shown in Figure 1.) These hemodynamic definitions are currently not adapted by
liver transplant societies. Till this update is incorporated into liver transplantation assess-
ment, we should use the definition adapted by International liver transplant society
(ILTS) and shown in Table 3. However hemodynamic characterization into precapillary,
isolated postcapillary, and combined post-precapillary PH can be done in CLD patients
using cut-off given in Table 3.

PH- mPAP>20
lg
I Tsolated |tpi1] c b‘e&l illa | |
o 50 €A 4

Precapillary PH ?ﬁ 4 "'l‘,‘o;t‘u_,p}ﬁ':;“’;'ﬂ t Exercise PH

mPAP >20 mmHg mPAP>20 mmHg mPAP> 20 mmHg ‘mPAP/CO slope between rest
EeE s ks PAWP >15 mmHg PAWP>15 mmHG \and-mmue >3 mmHg/L/min
[PVR>2 WU PVR 5 2WU PVR 52 WU

Figure 1.

New Hemodynamic definitions of pulmonary hypertension.
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Portal hypertension (clinical diagnosis by gastroesophageal varices, splenomegaly, ascites) or portal
pressure measurement

mPAP >25 mm Hg Hemodynamic parameters on Right heart catheterization
with patient supine and at rest

PVR > 3 wood units (240 dynes/s per cm ™)

PAWP < 15 mm Hg

Table 3.
Diagnostic criteria for portopulmonary hypertension.

3.4 Classification of PH

PoPH is a type of precapillary PH. However, other forms of PH, such as PH due to
left-sided heart disease, lung disease, and chronic hypoxemia, may coexist in chronic
liver disease patients. So, understanding the other hemodynamic definition of PH is
pertinent to the workup of PoPH.

Group 1: Pulmonary arterial hypertension (PAH). It includes Idiopathic PAH,
POPH, connective tissue disease, HIV-associated PAH, congenital heart disease, and
drug/toxin-induced PAH (Primarily precapillary).

Group 2 PH associated left-sided heart disease (both HF with preserved EF and
reduced EF) Valvular heart disease (Primarily postcapillary).

Group 3 PH associated with lung disease and chronic hypoxia-related.

Group 4 Mostly includes chronic thromboembolic PH (CTEPH) (Primarily pre
capillary).

Group 5 PH associated with the unclear or multifactorial mechanism.

3.5 Prevalence of PoPH

The prevalence of PoPH is assumed to be between 2% and 10% [29]. Up to 20% of
patients undergoing LT have elevated pulmonary pressures; however, only 4% of
patients have true PoPH [30]. More recent evidence shows the overall incidence of PH
in patients undergoing LT is around 5.8%; of this, 73% are postcapillary PH, 14%
PoPH, and 11.8% PH because of high cardiac output [31].

mPAP should not be used in isolation to characterize PoPH, as it does not define
different pathological process. In cirrhosis PAP elevation may be caused by various
chronic and/or acute pathological process and they have different management strat-
egies and outcomes. Apart from primary pulmonary hypertension an increase in
cardiac output (CO), left-to-right cardiac shunts, left heart disease (LHD), respiratory
diseases, and various drugs may lead to elevated PAP [25]. Postcapillary PH is more
common in CLD and it is characterized by elevated PAP and pulmonary artery wedge
pressure (>15 mm Hg) and normal pulmonary vascular resistance (PVR) (<3 WU)
[30]. This occurs due to volume overload because of secondary hyperaldosteronism
and left ventricular dysfunction [32]. Unlike true PoPH, other types of PH do not
seem to negatively affect the post-transplant outcome.

3.6 Screening and diagnosis

Dyspnea on exertion in the absence of gross ascites or pleural effusion, dyspnea
when bending forward (Bendopnoea), chest pain, weakness, easy fatigability,
peripheral edema, and syncope are symptoms of PoPH. However, these symptoms are

85



Respiratory Insufficiency

common in chronic liver disease. On clinical examination jugular venous distension, an
accentuated and split P2, right-sided S3 gallop, and right ventricular heave may hint
towards PoPH. Electrocardiograms may display right axis deviation, right bundle
branch block, and right ventricular strain. Chest radiographs may show enlarged right-
sided chambers and dilatation of the pulmonary arteries. Pulmonary function tests may
show decreased diffusion capacity, and the ventilation/perfusion lung scan is usually
normal except in cases of chronic thromboembolic PH. Arterial blood gases (ABGs)
may show an increased alveolar-arterial oxygen gradient (PA-a, O,), mild-to-moderate
hypoxemia, and decreased arterial carbon dioxide tension (<30 mm Hg) [27].

3.6.1 Transthoracic echocardiography

The single most important screening tool for PoPH is transthoracic echocardiogra-
phy (TTE), and it is recommended in all patients getting evaluated for LT [33]. In the
absence of right ventricular (RV) outflow tract obstruction, the RV systolic pressure
(RVSP) estimated by tricuspid regurgitation velocity (TRV) is equal to pulmonary
artery systolic pressure (PASP).

A PASP cut-off of >38 mm Hg was reported as the most accurate PASP cut off
value to detect all forms of PoPH (specificity of 83%, negative predictive value of
100%). Diagnostic accuracy further increases by adding the presence of right ventric-
ular dilatation to PASP cut-off (sensitivity of 100%, specificity of 93%, and negative
predictive value of 100%) [34]. As only moderate to severe PoPH affect outcome
post-transplant, liver transplant units have differed on when to investigate further
with RHC. Mayo clinic suggesting PASP cut-off of 50 mm Hg whilst [35], The Amer-
ican Association for the Study of Liver Diseases (AASLD) has recommended a value of
PASP >45 mm Hg [34].

Using the modified Bernoulli equation, PASP can be estimated from the tricuspid
regurgitant jet velocity (TRV) [PASP = 4V? + right atrial pressure (RAP)]. PASP mea-
surement is considered the standard for estimating PAP [36]. However, in Bernoulli
equation square of velocity is used so even a slight measurement error will get ampli-
fied, further RAP estimations are often inaccurate. Due to these two reasons, recent
guidelines for pulmonary hypertension recommend using the peak TRV (>2.8 m/s) in
place of estimated PASP, for the echocardiographic probability of PH [27].

Other echocardiography parameters which should be assessed alongside of PASP
are measures of RV function, including the tricuspid annular plane systolic excursion
(TAPSE), RV fractional area change (<35%), RV free-wall strain, and tricuspid
annulus velocity (S’ wave). To differentiate between postcapillary (group 2) PH and
other forms of PH both LV systolic function (LA size, LV hypertrophy, LV ejection
fraction) and diastolic functions (e.g., E/A ratio, E/E’) should be assessed [27].

3.6.2 Right heat catheterization

Patients with liver disease frequently have volume overload and increased cardiac
output, thus TRV tends to overestimate PASP. Hence, RHC is essential to confirm the
diagnosis of PH and to distinguish true PoPH (with elevated PVR) from other types of
PH (with a normal PVR). For a comprehensive assessment all measures listed in
Table 4 should be performed. All pressure measurements, including PAWP, should
be taken at the end-expiration (without breath-holding manoeuvre) and should be
averaged over at least three respiratory cycles [27].
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Right atrial pressure, mean (RAP)

Pulmonary artery pressure, systolic (sPAP)
Pulmonary artery pressure, diastolic (dPAP)
Pulmonary artery pressure, mean (mPAP)
Pulmonary arterial wedge pressure, mean (PAWP)
Cardiac output (CO)

Pulmonary vascular resistance (PVR)

Mixed venous oxygen saturation (SvO2)

Systemic blood pressure

Table 4.
Parameters to be noted on RHC.

3.7 Differential diagnosis

PH is hemodynamically classified in precapillary PH, isolated postcapillary, and
combined precapillary and postcapillary. As PH in chronic liver disease patients with
multiple comorbidities can be due to PoPH or a combination of other precapillary and
postcapillary causes it would be important to rule out a simple hyperdynamic state
(PVR < 240 dynes/ cm’) or volume overload (PCWP >15 mm Hg), and more com-
monly postcapillary PH due to LV systolic or diastolic dysfunction. Some patients
have elevated mPAP but low PVR and low PAWP. These patients do not fulfil the
criteria for pre-, post-, or combined PH. This subgroup is described as unclassified PH
and frequently characterized by elevated pulmonary blood flow which can be seen in
patients with liver disease, airway disease, lung disease, or hyperthyroidism. Etiolog-
ical workup for elevated pulmonary blood flow should be done [27] (Table 5 showing
differential diagnosis of PH in CLD).

3.8 Risk assessment

The severity of PoPH is based on resting mean PAP determined via RHC. It is
graded as mild (25 < mPAP < 35 mm Hg), moderate (35 < mPAP <45 mm Hg), and
severe (mPAP > 45 mm Hg) [8].

mPAP PVR PAWP CO Probable patologies

Diagnostic POPH t ' ey  Mild Severe True POPH
Probable  Hyperdynamic ' - ' I Gross ascites
diagnosis  circulation and AKI Albumin infusion

volume

overload

PH with left = I HEpEF HFrEF Diastolic or Systolic

heart disease

) l dysfunction

Unclassified PH ' 1 l A.» ”l Congenital heart disease

(CHD)), liver disease, airway
disease, lung disease, or
hyperthyroidism

Table 5.
Hemodynamic pattern in chvonic liver disease on vight heart catheterization.
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Signs of RV retrograde failure Signs of RV forward failure

Distended and pulsating jugular vein Peripheral cyanosis

Abdominal distension Dizziness

Hepatomegaly Pallor

Ascites Cool extremities

Peripheral edema Prolong capillary refill
Table 6.

Signs of right heart failuve.

Baseline clinical assessment is an important benchmark for the assessment of
disease severity and in determining whether it is improving, deteriorating, or getting
stabilized. The appearance of physical signs of RV failure also indicates disease sever-
ity (Signs of RV failure enumerated in Table 6). The World Health Organization
functional class (WHO-FC) at diagnosis and follow-up is one of the strongest pre-
dictors of survival [37], and worsening WHO-FC is an indicator of disease progression
[38, 39]. According to estimated 1 year mortality and patients can be divided in to low,
intermediate, and high risk. Other risk assessment parameters are pulmonary hemo-
dynamics, 6-minute walk distance, biomarkers, and other echocardiographic param-
eters. (Risk assessment parameters are described in Table 7).

3.9 Pathophysiology and therapeutic targets

Medial hyperplasia, intimal proliferation and plexiform lesions formation leads to
progressive pulmonary vasculopathy of PoPH. This vasculopathy leads to increase in
pulmonary vascular resistance and gradual right ventricular failure. (Figure 2
describe various pathophysiology and current therapeutic targets for PAH).

Patients with unclassified PH and isolated postcapillary PH should be followed up
regularly, or liver transplant should be performed if there is significant liver dysfunc-
tion. They do not need PAH-specific therapy.

In patients with an established diagnosis of PoPH, PAH specific therapy should be
started keeping following considerations:

* The severity of liver disease and urgency for LT
* PoPH specific indication and contraindication for LT.

PoPH patients are usually excluded from PAH treatment studies, but in principle,
all drugs approved for PAH can be used to treat patients with PoPH. 5-year survival on
PAH-specific therapy is 51% and reaches 81%, if patients underwent LT as well. In
patients presenting with mild liver disease, the main causes of death were PAH
progression and malignancy, whereas complications of liver disease were the most
common causes of death in patients with advanced liver disease [40]. The only RCT
dedicated to the treatment of PoPH, Macitentan, demonstrated a significant reduction
in PVR from baseline [41].

3.10 Prognosis without LT

Analysis of a US registry data showed a median survival from time of diagnosis to be
27.5 months. Overall survival was 89%, 77%, 51%, and 38% at 6 months, 1 year, 3 years,
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The prognosis (estimated Low risk (<5%)

1-year mortality)

Intermediate risk
(5-20%)

High risk (>20%)

Hemodynamics RAP < 8 mm Hg

RAP 8-14 mm Hg

RAP > 14 mm Hg

CI > 2.5 I/min/m?

CI 2.0-2.4 1/min/m?

CI < 2.0 I/min/m?

SVI > 38 ml/m?

SVI 31-38 ml/m?

SVI < 31 ml/m?

SvO2 > 65%

Sv02 60-65%

Sv02 < 60%

Signs of right HF Absent Absent Present
History of syncope No Occasional® Frequent”
Progression of symptoms and No Slow Rapid
signs
WHO-FC L 1I I v
6 MWD >440 m 165-440 m <165 m
BNP <50 ng/l 50-800 ng/l >800 ng/l
NT-proBNP <300 ng/l 300-1100 ng/l >1100 ng/l
Echocardiography RA area < 18 cm? RA area 18-26 cm” RA area > 26 cm?
TAPSE/ TAPSE/PASP TAPSE/PASP
PASP > 0.32 mm/mm  0.19-0.32 mm/mm Hg <0.19 mm/mm Hg
Hg
No pericardial Minimal pericardial Moderate or large
effusion effusion pericardial effusion
cMRI RVEF > 54% RVEF 37-54% RVEF < 37%

SVI > 40 ml/m?

SVI > 26-40 ml/m?

SVI < 26 ml/m?

RVESVI<42 ml/m?

RVESVI-2-54 ml/m?

RVESVI>54 ml/m2

6MWD, 6-minute walking distance; BNP, brain natriuvetic peptide; CI, cardiac index; cMRI, cardiac magnetic
resonance imaging; CPET, cardiopulmonary exercise testing; HF, heart failure; NT-proBNP, N-terminal pro-brain
natriuretic peptide; PAH, pulmonary arterial hypertension; pred., predicted; RA, right atrium; RAP, right atrial
pressure; sSPAP, systolic pulmonary arterial pressure; SvO2, mixed venous oxygen saturation; RVESVI, right ventricular
end-systolic volume index; RVEF, right ventricular ejection fraction; SVI, stroke volume index; TAPSE, tricuspid
annular plane systolic excursion; WHO-FC, World Health Organization functional class. Adapted and reproduced with
permission of the © European Society of Cardiology ¢ European Respiratory Society 2023: European Respiratory Journal
61(1):2200879; DOI: 10.1183/13993003.00879-2022. Published 6 January 2023 (from Ref. [28]).

“Occasional syncope during heavy exercise or occasional orthostatic syncope in a stable patient.” Repeated episodes of
syncope even with little or regular physical activity.

Table 7.
Risk assessment in pulmonary artery hypertension.

and 5 years, respectively. Patients with PoPH who did not undergo LT had a poor prog-
nosis [27]. United Kingdom National Pulmonary Hypertension Service registry reported
3-year survival of 60% and survival of patients with PoPH remained poor despite targeted
therapy and worse than patients with idiopathic PAH [42]. However, in both studies, most
of the patients were on monotherapy and recent use of combination therapy has shown
improved outcomes (3- and 5-year survival, 88.5% and 80.2%, respectively) [43].

3.11 Liver transplantation and prognosis after LT

Postcapillary PH does not negatively affect post-liver transplant survival, and a
higher cardiac output (11 I/min in patients who lived, as compared with 8 I/min in
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Figure 2.

Pathophysiology and current thevapeutic targets of pulmonmy arterial hypertension (group 1). cAMP, cyclic
adenosine monophosphate; (c)GMP, (cyclic) guanosine monophosphate; GTP, guanosine-5 -triphosphate; IP
receptor, prostacyclin I2 receptor; NO, nitric oxide; PDE5, phosphodiesterase 5; sGC, soluble guanylate cyclase.
Reproduced with permission of the © European Society of Cardiology ¢ European Respiratory Society 2023:
European Respiratory Journal 61(1):2200879; DOI: 10.1183/13993003.00879-2022. Published 6 January
2023 (from Ref. [28]).

patients who died) may be protective against mortality in patients with postcapillary
PH [30]. Mortality rate after LT according to severity stood 100%, 50%, and 0% in
patients with mPAP >50 mm Hg, 35-50 mm Hg, and <35 mm Hg, respectively [44].
Patients in whom mPAP was <35 mm Hg, both the graft and patient survival rates
were found to be 85.7% after a median follow-up of 7.8 years [45]. Achieving reduc-
tion in PVR < 250 dynes/s per cm > by PAH specific therapy, even if mPAP remains
>35 mm Hg before LT has shown 69% 1-year post-transplant survival and PAH
specific therapy can be discontinued in majority of patients [46]. This shows
importance of reduction of PVR before proceeding for LT.

Patients with mild PoPH do not possess an increased risk for LT, so they should be
considered for LT. Patients with an mPAP between 35 and 45 mm Hg should undergo
PAH-specific treatment, and who reach a reduction of mPAP to <35 mm Hg and PVR
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<400 dynes/s per cm " should be offered LT [34]. The ILTS practice guideline further
added LT could also be considered if treated PoPH does not reduce mPAP to <35 mm
Hg, but there is a normalization of PVR (<240 dynes/s per cm ), as it does not seems
to be associated with adverse outcomes [13].

4. Hepatic hydrothorax

A transudative pleural effusion in a patient with chronic liver disease with portal
hypertension or cirrhosis in the absence of other etiological factors is termed hepatic
hydrothorax (HH) [47]. A median survival of 8-12 months is reported once it is
diagnosed [48].

Usually, ascites is a precursor of hydrothorax. Ascites coexists in 80% of cases but
are not mandatory for diagnosis [49]. The hypothesis based on the trans-
diaphragmatic shift of fluid vial defects in the diaphragm is commonly accepted and
this theory is endorsed by evidence of macro- and microscopic diaphragmatic defects
[50]. HH has a predilection for the right side as the right diaphragm is thinner and less
muscular with frequent defects as compared to the left. Radiolabelled 99mTc-sulfur
colloid or 99mTc-albumin transmigration from the peritoneal to the pleural cavity has
been demonstrated earlier to support the theory [51]. As per the studies, overall, the
prevalence is 70% right sides, 18% bilateral, and 12% left-sided HH [52]. In HH
with ascites, negative intrathoracic pressures in during inspiration promotes fluid
accumulation in the pleural space [53].

Patients usually present with severe but nonspecific complaints of dyspnoea at rest
(4%), dyspnoea on exertion (7%), non-productive cough (22%), pleuritic chest pain
(8%), dizziness or fatigue (7%). In extreme cases, respiratory failure and subsequent
heart failure is also reported [54]. Once established on radiological evidence, the nature
of effusion (exudative or transudative) is determined by diagnostic thoracocentesis.

HH is characterized by a total cell count of polymorphonucleocytes <250/pl, a
total protein concentration < 2.5 g/dl, a serum to pleural albumin gradient >1.1 g/dl,
or a pleural fluid to serum albumin quotient <0.6. Other parameters indicating HH
are an LDH gradient <0.6 (serum—pleural fluid) and similar pH value, as well as
glucose concentration in serum and pleural fluid [55]. Other supportive investigations
are to be performed to rule out the differentials in consideration, including pleural
effusion of other etiology, pancreatitis, thoracic or abdominal malignancies, etc. com-
plimentary abdominal sonography is helpful in diagnosis or prognostication of already
diagnosed underlying CLD.

The treatment principle of treatment is essentially on parallel lines with that of the
treatment of ascites, which includes sodium restriction, diuresis, and large-volume
paracentesis for respiratory insufficiency. The invasive procedure of therapeutic
thoracocentesis should be performed only if symptoms persist. Precautions in the
form of pleural puncture volume up to 2 1/Puncture, and substitution of 6-8 gm
albumin/litre can be taken to avoid re-expansion pulmonary edema. Continuous tho-
racic drainage is not recommended in view of the loss of proteins and increased rate of
infections [56].

Trans-jugular intrahepatic portosystemic shunt (TIPS) may be beneficial for rare
intractable cases. Attempts in reduction of portal hypertension, the recovery was seen
in 56% and improvement in 18% [57]. Pleurodesis may be performed; having said
that, it has a high relapse of 25% and complications in 80% [58]. Surgical treatment in
the form of pleural flaps or mesh reinforcement has been described [59].
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Refractory hepatic hydrothorax (RHH) is defined by the failure to control symp-
tomatic HH with sodium restriction (<2 g/day), tolerable amounts of diuretic (160 mg/
day furosemide and 400 mg/day spironolactone, or repeated thoracentesis) [60].

Liver transplantation is the only curative therapeutic option [61]. The patients
with preoperative HH have higher rates of postoperative infections, emphasizing the
relevance of HH as an adverse prognostic factor [62]. HH persisted in one-third of
patients till 1-month post-LT but resolved completely in all patients within 3 months
of transplant [63].

5. Spontaneous bacterial empyema

Analogous to spontaneous bacterial peritonitis, spontaneous bacterial empyema
(SBE) is a specific complication of HH [64]. The overall prevalence of SBE is 2.4% of
CLDs, the incidence increases to 10-16% in the decompensated state of HH, and the
mortality associated with SBE is 38% [65]. Half of the patients with concomitant HH
and SBP develop SBE [66]. Pleural fluid examination typically suggests low total
proteins and albumin, C3 compliments [67, 68].

The patient may present with nonspecific symptoms and sometimes with worsen-
ing in liver function. The diagnosis should be based on thoracocentesis with a total
polymorphonucleocytes >250/microlitres with cultures growing the organisms or
>500 per microlitres with no growth on culture. The most common organisms grow-
ing are Escherichia coli, Klebsiella, Streptococcus, or Enterococcus. Although 2/3rd of
the patients remains culture negative and most of the patients have a history of
multiple hospital admissions, such are at risk of multidrug-resistant bacteria [69, 70].

The treatment consists of intravenous antibiotics as per local antibiogram
immediately after the pleural fluid sampling [21]. Streptokinase and, in extreme,
video-assisted thoracoscopic surgery may be the only options [71].

6. Restrictive lung disease

Restrictive lung diseases are group of varied lung disorders defined by
restrictive patterns (forced vital capacity (FVC) <70% predicted) on spirometry.
Restrictive lung diseases may be caused by intrinsic conditions (interstitial lung
disease, ILD) or by extrinsic conditions (limitations in neuromuscular function and
chest wall movements, obesity). In CLD prevalence of restrictive lung disease is
18.4%, and it is associated with lower 6-minute walk distances, dyspnea, worse
quality of life, and increased risk of death [72]. Restrictive abnormalities correlate
with prolonged after LT ventilation and length of stay. Efforts to identify and
minimize the impact of restrictive abnormalities on PFTs might improve
outcomes [73].

ILD defines progressive inflammatory and fibrotic diseases targeting the
pulmonary interstitial tissue. It has an affinity to be associated with primary biliary
cirrhosis, autoimmune hepatitis, or hepatitis [74]. It leads to progressive hypoxemia
and may contribute to hypoxia caused by HPS [75]. 99mTcMAA lung perfusion scan
can differentiate between ILD and HPS as brain uptake is normal (<6%) in ILD.
Patients with ILD characteristically have a restrictive pattern and a decrease in DLCO.
The most common radiographic feature observed is a reticular pattern. However,
nodular or mixed patterns can be seen. High-resolution computed tomography
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(HRCT) shows coarse crosslinking in basal regions in early stage and honeycombing
in later stages. LT should be avoided in moderate to severe restrictive lung disease
due to ILD [76].

7. Asthma and chronic obstructive pulmonary disease (COPD)

Asthma is a reversible airway obstructive disease with bronchial hyperreactivity.
There is no evidence regarding the influence of asthma on outcomes after liver transplant.

COPD is a progressive lung disease characterized by non-reversible airflow limita-
tion caused by chronic inflammation and mucus hypersecretion. Severity classifica-
tion done on basis of FEV1% predicted. For mild COPD FEV1% predicted >80%,
moderate as FEV1% predicted >50% and <80%, severe as FEV1% predicted >30%
and <50% and very severe as FEV1% predicted <30% [77]. Around 18% of new
patients undergoing LT evaluation have COPD particularly if they are older and have
history of smoking. 80% patients had the diagnosis of COPD made for the first time
during their LT evaluation. Despite the impact of COPD on functional status and
quality of life, the risk of death and post-LT outcomes were not affected by the
existence or severity of COPD [78]. However, in this study, only 11% of patients had
severe COPD (30% < FEV1% predicted <50%), and no patient had FEV1% < 30%.
Long-term post-LT outcomes in COPD are poorly characterized. Very severe COPD
should be considered a contraindication for LT, and in severe COPD, detailed
evaluation and risk stratification should be done before considering LT.

8. Conclusion

HPS and POPH are pulmonary complications of liver disease and portal hyperten-
sion. All pulmonary manifestations of liver disease, except uncontrolled moderate and
Severe POPH, are treatable with liver transplantation with a good outcome. LT not
only halts the progression of these diseases but also leads to complete resolution. As
both CLD-specific pulmonary disorders and chronic liver disease in itself are progres-
sive diseases, the gradual worsening of both has a dual, negative effect on the out-
come. The increasing severity of these pulmonary manifestations increases waitlist
mortality and inferior survival after liver transplants. Early identification and optimi-
zation of these manifestations and the timely liver transplant are reasonable. Dyspnea
on exertion and sometimes at rest is a common index symptom of respiratory insuffi-
ciency; however, in liver disease due to ascites, pleural effusion, poor nutrition,
sarcopenia, and chronic illness, dyspnea is otherwise a very common presentation. So
high index of suspicion is required in CLD for asymptomatic as well as symptomatic
respiratory symptoms. The approach must focus on determining whether the etiology
is pre-existing, CLD-specific (HPS, POPH), or a combination of both. The accurate
identification of the primary pulmonary issue, quantifying its severity, and assess-
ment of additional abnormalities becomes important for patients’ symptomatic
treatment, optimization before transplantation, and perioperative management.
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Chapter 6

Mechanical Ventilation in the Burn
Patient

José Manuel Araiza-Sanchez, Pedro Yasfir Gonzdlez-Noris,
Juan José Espinoza-Espinosa and Marcos Alfonso Rosas

Abstract

Among the most difficult to treat are severely burned, patients. We examined the
conditions of these patients individually and the organ involvement. It is impossible
to manage them because they are dealing with multi-organ dysfunction, which affects
all system homeostasis. This chapter focuses on the respiratory system, specifically the
mechanical ventilation strategies to improve the outcome in the onset of acute respira-
tory distress syndrome (ARDS) and inhalation injury in severely burned patients,
beginning with initial airway management and progressing to new ventilation strate-
gies and modes to assist health providers in choosing what is best for their patients.

Keywords: severely burned, ARDS, protective ventilation, inhalation injury, carbon
monoxide

1. Introduction

Making the decision to act before ARDS develops is one of the most difficult challenges
in the management of severely burned patients. The Abbreviated Burn Severity Index
(ABSI) and the modern modified ABSI are two predictors of the development of ARDS in
burn patients [1, 2]. We can improve the survival rate and the number of ventilator-free
days for burn patients by acting quickly in the airway and ventilator management.

With the development of lung-protective ventilation and the Berlin Criteria for
the diagnosis and classification of ARDS, mechanical ventilation management has
improved dramatically in recent years [3], and we now rely on new ventilation methods
with promising results when it comes to improving ARDS outcomes.

This chapter will focus on the mechanisms of how ARDS develops in severely
burned patients, from the chemical foundation to the physical and macroscopic
injuries a burned airway must endure.

2. Initial airway management

Airway assessment and cervical spine immobilization are the first steps in the
management of severely burn patients, as they are in severe trauma. Burns to the
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upper and lower airways, as well as inhalation injury (II), pose a higher risk of airway
obstruction. Therefore, early recognition of the signs and symptoms indicating the
need for advanced airway management is critical.

According to the current trend in difficult airway management, it is preferable to
have a team to minimize the complication rate in critical scenarios. Anesthesiologists,
trauma surgeons, and head and neck surgeons are typically part of this team.

Burn patients have a difficult airway due to airway edema, the need for cervical
protection, and the friability of the airway mucosa (Figure 1). Thus, it is recom-
mended that the intubation be performed by an airway expert to avoid the need for a
surgical airway and further complications [4].

According to Advanced Trauma Life Support, the following are indications for
early intubation:

* Signs of airway obstruction
* Total body surface area burns of >40%
* Deep facial burns or burns inside the mouth

¢ Edema or risk for edema

Figure 1.
Manuel Avaiza managing a severely burned patient aivway, in May 2022; notice the neck burns and the airway
positioning to stabilize cervical spine, which are included in the difficult airways characteristics.
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* Difficulty swallowing

* Signs of respiratory compromise

* Low level of consciousness, impairment of the airway protective reflexes, and
* Management of unqualified personnel

Rapid sequence intubation (RSI) is the technique of choice for advanced airway
management in severely burned patients to minimize the risk of regurgitation and
optimize oxygen delivery. Rocuronium and suxamethonium are two neuromuscular
blockers used in RSI. Suxamethonium increases the risk of hyperkalemia, bradycar-
dia, high intracranial pressure, high intraocular pressure, and fasciculations [5], so its
use in advanced airway management in burn patients should be limited.

3. Carbon monoxide and hydrogen cyanide toxicity
3.1 Carbon monoxide toxicity

Incomplete combustion produces carbon monoxide (CO) as a by-product. It is
very common to find exposure to this chemical when inhalation injury is present, as
it is odorless and tasteless. The main problem with CO poisoning is the wide range of
symptoms it can cause: from a mild headache to seizures and death. Therefore, in all
severely burned patients, we should always suspect and assess for CO poisoning.

CO inhibits the release of oxygen into peripheral tissues, resulting in tissue
hypoxia. However, the molecular mechanisms are more complex.

The binding of CO to intracellular proteins such as cytochromes, myoglobin, and
guanylyl cyclase disrupts cell homeostasis, interferes with oxidative metabolism, promotes
the formation of reactive oxygen species, and causes oxidative stress and cell apoptosis [6].

Assessing for CO poisoning using the carboxyhemoglobin (COHb) measurement
can provide insight into the severity of the intoxication, but COHb levels do not
always correlate with the degree of poisoning [6]. It has been classically stated that
COHD levels of 15-40% can cause moderate symptoms, and levels of >40% can cause
severe symptoms and death from CO toxicity [4].

CO poisoning symptoms are classified into three levels: mild, moderate, and
severe. Mild symptoms include headache, nausea, vomiting, dizziness, and blurred
vision; moderate symptoms include syncope, dyspnoea, tachycardia, tachypnea, and
rhabdomyolysis; and severe symptoms include palpitations, dysrhythmias, respira-
tory arrest, cardiac arrest, and coma [6].

Oxygen therapy is the first-line treatment for suspected or confirmed carbon
monoxide toxicity, and it is administered through a face mask or, if necessary, an
endotracheal tube. The half-life of COHb can be reduced to 40-45 minutes when
using 100% FiO, through continuous positive airway pressure, and it can be reduced
to 20 minutes when using 100% high-flow oxygen therapy [5].

3.2 Hydrogen cyanide toxicity

Hydrogen cyanide, like CO, is a by-product of incomplete combustion, but it is
derived from synthetic materials. Similar to CO, hydrogen cyanide enters the cell
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quickly and inhibits oxidative phosphorylation while promoting anaerobic metabo-
lism [4], inducing a state of ‘chemical shock’ as it causes tissue hypoxia.

4. Inhalation injury

One of the most difficult tasks in the management of burn patients is determining
whether the patient is at risk of inhalation injury because this will play a significant
role in the patient’s outcome, as this is one of the most important risk factors for the
development of ARDS and higher mortality.

4.1 Pathophysiology

Major burns, without a doubt, cause a severe inflammatory response due to tissue
destruction and fluid dysregulation. Following a severe burn, an acute phase inflam-
matory response triggers the release of cytokines and chemokines, which corresponds
with a hypermetabolic state, consuming proteins, glucose, and fluid requirement
[7]. This translates into initial fluid management in the severely burned patient and a
distributive shock, which must be managed with a goal in mind.

The human airway is a highly perfused organ. When there is II, it increases 10-15
times as the hypermetabolic response kicks in, followed by edema of the upper and
lower airways (depending on the site of injury), increasing resistance, limiting
airflow, and forming a fibrin clot and cast [7]. We may experience significant airway
obstruction when this happens, resulting in a ventilation-perfusion mismatch,
atelectasis, and hypoxia.

As part of the inflammatory response, edema starts to occur in the upper and
lower airways within hours of the burn injury. Then, in the hypermetabolic state, the
cardiac output further promotes the airway inflammatory response, causing not only
airway edema but also increasing the metabolic demand for analgesic and anesthetic
drugs, as well as fluid requirements during the resuscitation phase [7].

This airway compromise, combined with the severe inflammatory response and
the need for advanced airway management, makes the respiratory system vulnerable
to infections, most notably pneumonia.

Edema, debris, and epithelial destruction eventually form airway casts, causing
airway obstruction, high resistance, ventilation-perfusion mismatch, and atelectasis
and preventing oxygen and tidal volume from reaching the alveoli, making lung unit
recruitment difficult and predisposing the patient to pneumonia, barotrauma, high
auto-positive end-expiratory pressure (PEEP), increased plateau pressure and, even-
tually, ARDS. We can prevent or at least minimize these complications and improve
the outcome if we can remove these casts as part of the treatment of inhalation
injury [7].

Inhalation injury causes bronchospasm through poorly understood mechanisms,
although neuropeptides produced in the submucosa due to inflammation are respon-
sive to aerosolized albuterol or epinephrine, suggesting the origin from a smooth
muscle spasm [7].

There is a high airway resistance in the setting for mechanical ventilator man-
agement, resulting in auto-PEEP, making maintaining a safe peak pressure and an
adequate plateau pressure difficult (Figure 2), implying the need for constant recruit-
ment of lung units based on advanced modes of ventilation, as explained later in this
chapter.
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Figure 2.
Changes in the airway of a severely burned patient with inhalation injury.

4.2 Treatment

The most critical measure is determining whether advanced airway management,
cervical spine stabilization, and, if necessary, life support is required in a deteriorat-
ing airway.

After assessing for a secure airway and preventing CO toxicity from progressing, one
can focus on improving dynamics in inhalation injury. Beta 2 agonists aerosolized bron-
chodilators relax the smooth muscle in the upper and lower airways, reducing airway
resistance and allowing a more laminar flow in and out during every ventilation cycle [7].

N-acetylcysteine is a mucolytic agent that aids in the prevention of airway mucus
secretion accumulation. However, it is pungent to the airway and may cause broncho-
spasm, so it should not be used without a bronchodilator [7].

As debris is caused by fibrin cloths, casts, and damaged cells, aerosolized anti-
coagulants such as heparin have been described to improve lung dynamics [7].

As the purpose of this chapter, we will go over ventilator strategies to improve
mortality in severely burned patients, as well as the considerations we must make
when managing a severely burned patient under mechanical ventilation.
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4.2.1 Fluid management

The fluid management in the severe burn has been of great concern, mostly because
of its nature as part of the burn pathophysiology. Burn Shock has been described as
an endpoint to dehydration, structure modification of plasma proteins, vascular leak,
causing cellular ischemia, and switching to anaerobic metabolism (shock).

Traditionally, classic Parkland Formula has been used to guide fluid management in
the burn patient with a TBSA >20%. Nevertheless, recent studies show it is not always
precise in improving resuscitation in this specific population. The modern approach
to fluid management in the severely burn patient, is aiming for a goal - directed fluid
balance, with a tendency to zero fluid accumulation and adequate fluid resuscitation,
maintaining urine output between 0.5 and 1.0 mL/kg/hr., thus avoiding over-resusci-
tation and all the consequences of detrimental mortality such as abdominal compart-
ment syndrome, pulmonary edema, pleural effusion, myocardial edema, poor wound
healing, tissue edema, and all these factors lead to sepsis, ultimately ARDS [8, 9].

4.3 Diagnosis

Bronchoscopy has recently been proposed as the gold standard for inhalation injury
due to direct observation of the injured tissue. However, there were limitations to
this method, such as cost, a lack of equipment in some centers, and a lack of operator
expertise. There is also a limitation for reaching distal airways, which may explain the
lack of relationship between higher grades of II and higher mortality reported in some
studies [10], making it necessary to complete the assessment with imaging testing, such
as computed tomography showing parenchymal changes in the lung compatible with II
[11]. Due to its limitations, it is not recommended to use it as a single test to diagnose II.

To summarize, the most appropriate approach for effectively diagnosing inhala-
tion injury would be a comprehensive assessment that includes clinical features,
demographics, mechanism of burn injury, imaging, and bronchoscopy.

5. Risk for ARDS

There is a controversial relationship between I and ARDS. Some studies claim
there is no correlation, whereas others claim it is strongly related. Both I and pneu-
monia have been shown to increase the risk of moderate and severe ARDS [3]. The
Berlin Criteria is an effective tool for determining the severity of burn-related ARDS
with or without inhalation injury [3].

Other studies have found that, among other variables and demographics, Il is a
major factor in the development of ARDS. Thus, the Abbreviated Burn Severity Index
(ABSI), a scoring system designed for patients suffering from starch-based powder
burns, was developed with a reliable OR and a very high sensitivity and specificity
ranging above 9 points in the scoring system [1].

6. Mechanical ventilation management

Multiple studies show that II is a significant risk factor for a prolonged ICU stay,
the need for mechanical ventilation, the development of ARDS, pneumonia, and an
increase in mortality [10].
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6.1 Lung-protective ventilation

Prior to the development of lung-protective ventilation, the mortality rate in
patients requiring mechanical ventilation was increasing. Much has been written
about improving the outcome of mechanically ventilated patients and reducing the
risk of ARDS and ventilator-induced lung injury (VILI). The modern view of ventila-
tor management emphasizes different goals than those described before the 2000s.

The ARDSnet protocol, which specified low-tidal ventilation and a plateau
pressure goal, was a significant breakthrough in mechanical ventilation. Each step in
lung-protective ventilation is described in detail here.

6.1.1 Tidal volume

The modern recommendation for preventing VILI when it comes to tidal volume
(Vt) in ARDS patients is that it be limited to 4-8 ml/kg PBW [12], which has been
shown to improve mortality by 22% and increase ventilator-free days as stated in the
ARDSnet trial and confirmed by numerous authors. Also, keep the ventilation goals
for Vt in mind at all times.

Modern therapeutic tidal volume goals explain the relationship between excessive
strain, higher tidal volume, and volutrauma [13].

When there is a tendency for airway collapse and increased resistance, higher tidal
volumes pose a risk for air trapping, auto-PEEP, barotrauma, and volutrauma; lower
volumes are preferred in inhalation injury.

6.1.2 Positive end expiratory pressure

Prior to the implementation of lung-protective ventilation, higher PEEP was
thought to be detrimental to lung homeostasis. Higher PEEP is now known to be
essential for preventing atelectasis not only in patients with ARDS but also in healthy
surgical patients [14]. According to numerous guidelines and studies, higher PEEP
(>5 cmH,0) improves mortality in patients with moderate to severe ARDS, as well as
the length of stay in the ICU [15].

Physiologically, PEEP reduces stress by acting as a buffer to the constant opening
and closing of the alveoli, eliminating the need to reach the opening threshold in each
respiratory cycle [16]. Of course, there are exceptions to the rule, such as in patients
with a fibrotic lung pattern, in which the non-recruitable areas predominate, as
higher PEEP is associated with higher mortality [16].

However, higher PEEP (>5 cmH,0) is an important part of lung-protective ventila-
tion because it has been shown to improve oxygenation and alveolar recruitment,
improve mortality and reduce stress to the alveolar unit [12, 13].

Airway resistance and a proclivity for airway collapse in severely burned patients
increase the risk of air trapping and, as a result, auto-PEEP and increased effort to
ventilate distal lung units. Therefore we can use higher PEEP in severe ARDS for
severely burned patients with inhalation injury, so we can avoid or at least minimize
air trapping while using lower tidal volumes and respiratory rates.

6.1.3 Plateau pressure

Peak pressure (Ppeak) and plateau pressure (Pplat) differ significantly. Peak
pressure is the representation of the pressure in the airway as a unit, without
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differentiating between small alveolar units and larger airway components. Pplat,
in contrast, is the pressure where gas exchange occurs in the lung and the alveoli.
Therein lies the importance of maintaining an optimal Pplat while ventilating our
patients.

Several studies have set the higher point of Pplat in 30 cmH,O0, or close to 28
cmH,0, as high Pplat represents increased strain and mortality [12].

As previously stated, the severely burned patient tends to generate high pressure
in the lung due to increased resistance in the airway, decreasing compliance. The
Pplat must be given special attention to prevent barotrauma in the stiff chest wall and
narrow airways of the ventilated, severely burned patients.

6.1.4 Driving pressure

The formula for driving pressure (DP) is plateau pressure minus PEEP, which
represents the difference in alveolar pressure at the end of the inspiration (Pplat) and
pressure at the end of expiration (PEEP) or, in other words, the changes in alveolar
pressure between each cycle of ventilation.

A DP of <15 cmH,0 is expected to minimize lung stress and prevent VILI [12].

DP is one of the best modern predictors of VILI in any type of patient under
mechanical ventilation. This influence is explained either by elastance or tidal volume
(stress and strain). However, we should always keep its components (Pplat and PEEP)
in mind when guiding lung-protective ventilation. As such, the DP could be in a safe
range but not them [13].

The burn patient’s low lung compliance and stiff chest wall made achieving lower
DP values in lung-protective ventilation the most difficult. Most severely burned
patients will need to be intubated immediately after the injury and before a chest
escharotomy can be performed, so we may have to adjust our parameters as low as
possible to truly minimize lung damage and avoid VILI.

6.1.5 FiO,

FiO, should be titrated in any ventilated patient to achieve oxygen and CO, goals,
but in the case of a burn patient, we must consider the risk of carbon dioxide poison-
ing, which is a very common acute complication.

Diagnosis and management of carbon dioxide are very important, as they could
pose very serious complications. With carboxyhemoglobin half-life and our patients’
clinical evidence in mind, we can choose between hyperbaric oxygen therapy (HBOT)
and 100% O, [6].

Once the carboxyhemoglobin levels have been determined to be safe, we can begin
titrating FiO, for therapeutic targets such as arterial PO, 55-88 mmHg, SatO, 88-95%,
and a PCO, of <50 mmHg for a pH between 7.30 and 7.40 [17].

6.1.6 Mechanical power

Mechanical power is a novel concept that aims to bring together all of the factors
that contribute to VILI [18]. Its components are respiratory system elastance, a dynamic
measure that represents variations in airway pressure as volume changes in the lung
with each cycle; airway resistance, which, as mentioned earlier, is high in the burned
airway; and PEEP.
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Parameter

Therapeutic Goal

Tidal Volume

4-8 mL/kg of PBW

PEEP >5 cmH,0, preferably >10 cmH,0 in ARDS
Pplat <28 cmH,0

Driving Pressure <15cmH,0

Mechanical Power <17]

FiO, 100% while assessing for CO Poisoning, then titrate to
achieve the goal of pO,
pH 730-740
pO, 55-88 mmHg
PCO, <50 mmHg
SatO, 88-95%
Table 1.

Goals for the lung protective ventilation in the severely burned.

Mechanical power represents the energy applied to the lung on a molecular level,
and forcing the lung to receive high energy and stress, damaging elastin to a molecu-
lar level, increases the risk for ventilator-induced complications [16].

Lowering the mechanical power may be essential to the new lung-protective
ventilation strategies, especially in the high resistance, stiff, burned lung developing
ARDS, where compliance is unstable and minor changes in the volume represent
deteriorating lung pressure.

All these recommendations are summarized in Table 1.

6.2 Other alternatives in the ventilator management
6.2.1 High-frequency percussive ventilation (HFPV)

High-frequency percussive ventilation is a pneumatically driven, pressure-limited,
time-cycled mode of ventilation. It is an advanced ventilation mode with a promising
future in managing ARDS, specifically in the management of burn patients.

A series of studies have shown that it reduces the incidence of ventilator-associ-
ated pneumonia (VAP), improves gas exchange, and reduces the need for higher peak
pressures with lower tidal volumes [19].

HFPV has not been shown to reduce mortality when compared to low-tidal
volume. Still, it improves oxygenation and the number of available alveolar units, so it
is now used regularly in burn centers in the United States [20].

6.3 Airway pressure release ventilation (APRV)

Stock et al. first described APRV as a mode for continuous positive airway pres-
sure with deliberate release periods, in which it generates a high pressure (P high)
for along period of time (T high), simulating long alveolar recruitment, followed
by a release phase in a lower pressure (P low) during the set release period (T low)
(Figure 3) [21].
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Figure 3.
Mechanically ventilated patient with APRV — TCAV. T high is lower than usual and a T — PEFR of 75%, used as
a rescue strategy for a vecruitable lung. Courtesy from Pedro Gonzdlez — Noris, MD.

One of the most convenient advantages is the amount of sedation required to
maintain this mode. Although in some patients with ARDS, we require a RASS of -3
or —4, this mode requires a RASS of —2, and it is also compatible with prone position-
ing, which preserves reflexes, favors spontaneous breathing, and reduces the risk for
VAP [20, 22]. We could theoretically use this mode in patients with low compliance
and poor oxygenation, such as severely burned patients [23].

However, there are some concerns about using this mode, specifically in burn
patients. According to some animal studies, the APRV-treated population developed
ARDS faster than the conventional ventilation population [20]. In contrast, a retro-
spective study performed by Foster et al. on burn patients suggests that APRV is a safe
ventilation model for these patients [24].

When managing this mode, we must be mindful of some precautions, such as patients
with underlying comorbidities who do not tolerate low sedation, commonly neurologi-
cally critical patients [21], as well as patients generating auto-PEEP and air trapping [20].

Complementing APRYV, time-controlled adaptive ventilation is a method devel-
oped to minimize the dynamic alveolar strain by adjusting the delivered breath,
focusing on the release phase for the expiratory flow to terminate (EFT) at 75% of the
expiratory flow peak (EFP).

The formula Epp x 75% = Epr was empirically identified at the bedside as effective
at lung stabilization and maintaining open and stable alveoli, resulting in homo-
geneously ventilated alveoli. This novel ventilation method changes the current
approach to mechanical ventilation from arbitrary to personalized and adaptive, but
more randomized controlled trials are required [25].

7. Conclusions

The multifactorial causes of ARDS in burn patients are significant. A severely
burned patient has an increased inflammatory response after a prolonged
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hypermetabolic phase that can last longer than usual severe trauma; early manage-
ment is critical and can dramatically change the outcome.

We must consider ARDS in severely burned patients as a rapidly progressing fibro-
sis in which we are racing against metabolic, chemical, and physical damage to the
respiratory system. If lung-protective ventilation is not achieved in a modern setting,
mortality will keep increasing hour by hour.

When it comes to selecting a mode of ventilation for a burn patient, nothing is
entirely clear. The outcomes are very similar as long as we achieve the lung-protective
ventilation goals. Thus, there is no one-size-fits-all ventilation technique in these
situations. We must choose what our patient responds better to and always be aware
of complications, how to prevent them and how to solve them.
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Abstract

Extracorporeal membrane oxygenation (ECMO) has advanced significantly in
the last few decades. Although not FDA-approved in the United States for respira-
tory insufficiency, it is widely used to support cardiac and pulmonary function via
Venoarterial (VA) and Venovenous (VV) ECMO, respectively. In the patient with
worsening respiratory failure VV-ECMO is considered a salvaging therapy that gives
patients’ lungs time to heal or as a bridge to lung transplant. Clinicians use tools like
the Murray score to initiate a referral for VV-ECMO using indices like oxygen require-
ment, pulmonary compliance, and bilateral opacities. Early referral for VV-ECMO
within 7 days of intubation has shown better results. Important factors that are
considered in ECMO candidacy are patients’ age, comorbid conditions, and chronic
conditions that would affect patients’ overall longevity. Extracorporeal life support
organization (ELSO) gets data from ECMO centers worldwide and has general recom-
mendations for centers guiding treatment and management. During the COVID
pandemic, there was a huge surge in acute respiratory distress syndrome (ARDS)
and rampant use of VV-ECMO for COVID-ARDS. Data from various centers have
helped us understand the appropriate use of VV-ECMO for ARDS and other causes of
hypoxic and hypercapnic respiratory failure. Early referral and careful screening for
the patient for ECMO are of paramount importance for a better outcome.

Keywords: VV ECMO, ARDS, interstitial lung disease, IPF, AE IPF, ELSO, ECMO

1. Introduction

Extracorporeal membrane oxygenation (ECMO) has allowed treatment for severe
cardiac and pulmonary failure using the concept of a heart-lung bypass pump used
in cardiothoracic surgeries. ECMO provides mechanical cardiopulmonary support
using a circuit consisting of a pump and membrane oxygenator as key components.
Venovenous ECMO, known as VV-ECMO, supports patients with severe respira-
tory failure. It requires the insertion of cannulae and circulating blood through an
extracorporeal circuit where it is oxygenated and then returned to the patient. In
VV-ECMO, it will be drained from and returned to the venous side of the systemic
circulation. In this chapter, we will cover the basic VV-ECMO circulations and cardiac
and respiratory physiology. Figure 1 is showing VV-ECMO Circuit.
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Figure 1.
VV ECMO circuit showing drainage of blood and return to body on venous side after passing through the
membrane oxygenator and the pump.

1.1 Oxygen content

Alveolar oxygen partial pressure (PAO,) is slightly lower than the atmospheric
air O, ~ 100 mmHg due to the humidification and water content. The arterial oxy-
gen partial pressure (Pa0O,) is ~90 mmHg. On the VV-ECMO machine, the venous
blood will pass through the gas chamber of the oxygenator (PO, ~ 550-600 mmHg,
PCO, = 0). The oxygen will diffuse from the gas chamber to the blood, while CO,
will diffuse out. The CO, will leave the oxygenator from the outlet. PaO, and PCO,
pre and post-membranes can be analyzed by collecting blood gasses pre and post-
membranes [1].

The amount of oxygen in the blood is determined by two main factors: oxygen
bound to hemoglobin (98.5%) and dissolved in plasma (1.5%). The total oxygen
content of blood is calculated using this equation [2] (CaO, arterial oxygen content)
as shown in Table 1.
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Ca0, = Hb (gm/dl) x 1.34 ml O,/gm Hb x Sa0, + (PaO, x 0.003 ml O,/mm Hg/dl)
Ca0, =15x%1.34x1.00 + (90 x 0.003) =20.37 g/dl

Ca0, ~ 20 g/dL for a human with normal hemoglobin (15 g/dL), PaO, of 90 mmHg, and saturation of 100%.
The solubility coefficient of oxygen in plasma is 0.003.

Cv0; =15 x1.34 x 0.75 + (40 x 0.003) = 15.195 g/dl

The CvO2 ~ 15 g/dL for a human with normal hemoglobin (15 g/dL), PvO2 of 40 mmHg, and a saturation of
75%.

DO, = CO x Ca0,
DO, = HR x SV x Ca0,

The oxygen delivery (DO,, mL/kg/min) is the amount of oxygen delivered to the tissue (in mL/kg) per unit of
time (in min). Normal oxygen delivery equals ~15-25 mL/kg/min (at a normal cardiac output of 5 LPM and
arterial oxygen content of 20 g/dL.

0, ER = DO,VO,

OThe oxygen extraction ratio of VV-ECMO under normal physiologic conditions is 20-25%.

O, ER: Oxygen Extraction Ratio; DO,: Oxygen Delivery; VO,: Oxygen consumption, CO: Cardiac output; SV: Stroke
volume; HR: Heart Rate.

Table 1.
Arterial and venous oxygen content (CaO,, Cv0O,) and oxygen delivery (DO,).

These equations apply to the oxygenator on VV-ECMO to calculate the pre-mem-
brane and post-membrane oxygen content. Using the same principle, we can calculate
the CvO,. Table1 DO; is determined by the oxygen content and the cardiac output
(CO) [3] as shown below:

On the other side, oxygen consumption (VO,, mL/min) is the difference between
the arterial and venous oxygen content multiplied by the cardiac output.

1.2 Equation (naive circulation) (oxygen consumption)

The oxygen consumption is approximately 3-5 mL/kg/min. The ratio of DO,: VO,
[1] is the oxygen extraction ratio (O, ER). Under normal physiologic conditions, O,
ER is 20-25%. The DO, during the ECMO circuit is the product of the oxygen content
of the post-oxygenator blood multiplied by the circuit blood flow.

1.3 Equation ECLS (oxygen delivery)

The total DO, equals the DO, of the naive circulation plus the DO, of the ECLS
machine. The two circulations are connected in series. In VV-ECMO, usually, the
cardiac output of the patient is higher than the ECMO circuit.

Equation Total DO, =ECLS DO, + Naive circulation DO, 1)

To determine the contribution of the VV-ECMO circulation to the oxygenation
of the naive circulation, we divide the blood flow of the circuit by the naive circula-
tion circuit. For example, if the ECMO circuit flow is 3 LPM and the patient’s cardiac
output is 5 LPM, then 60% of the patient’s blood is being oxygenated by the ECMO
circuit, and the patient’s diseased lung oxygenates 40%.
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The carbon dioxide (CO,) clearance in the ECLS circuit is determined by the
sweep gas flow rate (typically between 1 and 11 L). Due to the high solubility of CO,,
it transfers 6 times faster across the membrane faster than oxygen.

2. Indications and contraindications for VV ECMO

The major indication for VV ECMO a severe but potentially reversible respiratory
failure without significant heart failure like ARDS. The decision to initiate an ECMO
circuit is refractory hypoxemia and/or hypercapnia after maximizing the standard of
care. The term “maximizing” care includes prone positioning, the use of neuromus-
cular agents, and high positive end-expiratory pressure (PEEP) strategy. It might be
appropriate to consider inhaled pulmonary vasodilators and recruitment maneuvers.
The concept is to provide adequate oxygenation and ventilation in a patient with
severe ARDS and, at the same time, rest the lung to promote healing and prevent
mechanical Ventilation-Induced lung injury (VILI).

After considering the above measures, if the Pa0,:FiO, ratio is <80 mmHg for
>6 hours, the PaO,:FiO; ratio is <50 mmHg for >3 hours, or PCO, is >60 mmHg (and
pH < 7.25) and no contraindications, then ECMO should be considered if the underly-
ing disease process if potentially reversible (i.e., pneumonia) or the ECMO done asa
bridge to a pre-planned surgery or intervention (i.e., lung transplant) [1, 4].

These are relative to the ECMO center and patient characteristics and specific
situations. Generally, patients should have a reversible condition like an infection
or ARDS or should have a destination plan for a lung transplant, and ECMO is used
as a bridging therapy. The absolute contraindication for VV-ECMO is the presence
of irreversible pathology and patients who are not a candidate for a lung transplant.
Relative contraindications include multiorgan failure, irreversible neurologic
injury, uncontrolled bleeding or thrombocytopenia or other bleeding tendencies,
metastatic cancer, prolonged mechanical ventilation, and advanced age (greater
than 65-70).

3. VV-ECMO for COVID-19 ARDS

ECMO played a significant role in the COVID-19 Pandemic. Overall, the approach
to select patients and manage VV-ECMO for COVID-19-related respiratory failure is
the same as other etiologies of ARDS.

The two major differences in COVID-19-related infections are cardiovascular and
other systemic involvement and outcomes. Respiratory involvement has been the
major indication for VV-ECMO. However, 20% of COVID-19 patients have experi-
enced cardiac involvement, [3] and about 4% required VA-ECMO configuration [5].
Different mechanisms like thrombosis, pulmonary embolism, direct damage to the
cardiac myocytes, severe inflammatory response, and cardiac arrhythmias [6] have
resulted in cardiac failure during COVID-19 infection. The short-term outcomes
in COVID-19-related ARDS requiring ECLS have evolved during different waves
[5]. During the first wave (prior to May 2020), the mortality was 36% and then
increased to 52% in the second wave (between May 2020 and December 2020) [5, 7].
Changes in the virus virulence, the introduction of immunosuppressive medications,
and the presence of additional bacterial pneumonia might explain this increase in
mortality [8]. A cohort of 1035 patients with COVID-19 ARDS patients managed
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with VVECMO showed an estimated cumulative hospital mortality of 37% [5] and
some COVID-19 patients with high D-dimer and low static compliance phenotype
had mortality as high as 56% [9]. These COVID-19 phenotypes might benefit from
VVECMO.

4. Extracorporeal carbon dioxide removal (ECCO,R) for hypercapnic
respiratory failure

The technology behind ECCO,R overlaps with the VV-ECMO circuit. The major
difference is the absence of an oxygenator integrated into the membrane lung. This
can be achieved with a smaller cannula like a 14-18 Fr. The blood flows from the
venous patient site to the pump (flow range: 0-8 L/min) and then to the membrane
lung. The membrane lung has two chambers (blood on one side and sweep gas on the
other side). The chamber is separated by a semipermeable membrane. CO, diffusion
across the membrane is gradient dependent. CO, removal is more efficient than oxy-
genation, and a 1-3 lit/min flow is enough to fully remove CO, produced by patients,
but this flow might not be enough for oxygenation.

The baseline arterial CO, is a product of tissue production and lung ventilation.
The higher the blood flow, the greater the CO, removal. Similarly, the higher the
sweep flow, the greater the CO, removal. Maintaining the CO, gradient ensures the
CO, diffusion from the blood to the gas chamber in the membrane lung [10, 11].

The determinants of CO, removal are baseline arterial CO, content, sweep gas flow,
blood flow, blood pH, membrane area, and time of transit.

ARDS and chronic obstructive lung disease (COPD) are the major potential indi-
cations for ECCO,R use. In ARDS, the protective mechanical ventilation strategy (low
tidal volume, 6 ml/kg of ideal body weight) reduces the risk of VILI, and Respiratory
acidosis is a common side effect of this strategy. ECCO,R can be used to assist in
ventilation, allowing ultra-protective ventilation (4 ml/kg of ideal body weight) in
ARDS patients [12]. This means the damaging [13] plateau pressure, driving pressure,
and mechanical power can be kept in an acceptable range [14].

COPD is another potential indication for ECCO,R use. The standard of care
suggests the use of noninvasive mechanical ventilation (NIV) to reduce the rate of
invasive mechanical ventilation (IMV). However, up to 25% of patients with COPD
exacerbation will fail NIV [15]. In this patient population, ECCO,R is considered an
additional intervention to prevent IMV.

5. VV ECMO configuration, cannulation and site selection
5.1 Configuration and cannulation site

For VV ECMO, deoxygenated blood is drained from the venous side of the circula-
tion, and oxygenated blood is returned to the venous side or directly into the right
atrium and sometimes in the right ventricle (helpful in right heart failure patients).
Dual site cannulation IJ-Fem or Fem-Fem with one catheter in Internal Jugular and the
other in the Femoral or both in Femoral Veins, respectively. These are more invasive,
limiting patient ambulation. Single site dual lumen catheter is accessed via the right
IJ vein and is designed to have drainage ports (proximal and distal) to be positioned
inIVC and SVC. A return port is in the middle of the catheter that is directed toward

121



Respiratory Insufficiency

Cannulation Configuration Drainage Site Return Site
1 Single Site Dual Lumen IVC and SVC Right atrium
Catheter
2 Dual Site Single Lumen Internal Jugular Vein/ Femoral Veins
Subclavian
3 Femoral Vein Femoral Vein

Table 2.
Cannulation configuration types.

Figure 2.
Single site dual lumen catheter with blue arrows shows drainage of blood to the ECMO circuit and red arrow
indicating the return of oxygenated blood into the right atrium.

the tricuspid valve using transesophageal echocardiogram (TEE) and fluoroscopy.
Although single-site cannulation is less invasive and allows patient ambulation, the
cannula must be sutured and secured carefully, and slight rotation or neck movement
can dislodge the ports causing issues. The details of the cannulation configuration
types, drainage and return sites are shown in Table 2.

5.2VV ECMO vs. VAECMO

Single Site Cannulation using Bicaval dual lumen cannula (Avalon) with blue
drainage apertures both in SVC and IVC and red return aperture directed toward the
tricuspid valve (Figure 2).

Two-site cannulation (IJ-Fem) with drainage via femoral access catheter in IVC
and return of oxygenated blood to SVC via internal jugular (IJ)/subclavian access
(Figure 3) [16].
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Figure 3.
Dual catheter dual-site configuration.

5.2.1 Difference in indication

VV ECMO is for respiratory failure alone. When we have cardiac failure, we need
to use VA ECMO. In VA ECMO, the return cannula is placed in the arterial circulation,
i.e., bypassing the heart and lungs. Some commonly used sites are the femoral artery,
axillary or subclavian artery. In VV ECMO, the return cannula is placed on the venous
side and is pumped by the heart. VV ECMO does not provide any cardiac support
directly. However, it may improve hemodynamics by improving hypoxia and acidosis
and indirectly improving right and left ventricular function. Placing VA ECMO con-
figuration with normal LVEF will result in complications like north—south syndrome
with the heart and ECMO pump forcing blood in opposite directions.

6. Ventilator management on ECMO

While on VV ECMO, the ventilator settings are adjusted to allow lung healing
and minimize VILI in the already damaged lung. The goal is to provide oxygenation
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via the ECMO circuit and not through native lungs. Data from landmark trials [17,

18] have been used to guide ventilator settings. A commonly used setting is pressure
support of 10 cmH,0, PEEP of >10 cmH,0, respiratory rate of 10, and FiO, of 0.3 [4].
Other Modes are also used but keeping the tidal volume low so that plateau pres-

sure < 20-25 cm H,0.

6.1 Extubation while on VV ECMO

In patients who do not have a shock, multiorgan failure and are somewhat stable
on supportive care, planned extubation while on VV-ECMO can be considered.
Extubation helps decrease sedative medications, improve patients’ communication
and physical therapy, and decrease ventilator-associated complications. However,
patients should be on minimal vent settings (P/F < 0.4 PEEP ~5), able to protect the
airway and clear secretions. After extubation, there is a risk of failure and reintuba-
tion along with increased work of breathing, so patients should be closely monitored.
Post-extubation sweep gas might need to be adjusted depending on arterial blood gas.

6.2 Tracheostomy

Some patients tolerate extubation on ECMO well. Others may develop tachypnea,
causing increased work breathing leading to possible reintubation or lung [19].
Tracheostomy can be considered for the patient on prolonged ECMO >10 days and
has failed extubation.

7. Complications of VV-ECMO and management
7.1 Vascular complications
7.1.1 Bleeding

By far, bleeding and thrombosis are the most common complication of ECMO.
Bleeding is mainly because of the need for anticoagulation to prevent circuit throm-
bosis. The most common sites are gastrointestinal, cannulae insertion sites, and
intracranial bleeds.

Retroperitoneal bleed can happen when the cannula is inserted at the groin site.

7.1.2 Circuit thrombosis

Thrombosis-resistant circuits decrease the chances of circuit thrombosis, but
systemic anticoagulation is mandatory.

7.1.3 Systemic thromboembolism

Venous thrombosis and thromboembolism (VTE) are common in patients with
VV-ECMO, with incidences reported as low as 10% [20] to as high as 42% [21] even
with full anticoagulation. Locations of VTE include upper and lower extremity VTE,
cannulation site, and pulmonary emboli. Factors favoring VTE are longer time on
ECMO, low pump speed and low blood flow velocity, cannula malposition, kinks,
larger bore cannulae, partial thromboplastin time < 50, elevated D dimers, and
patients with COVID-19 infections [22].
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7.1.4 Cannulation related complications

A systematic review [23] reports a 7% complication rate during cannulation
for VV ECMO in 12,800 patients reported in 33 studies. Other less frequently seen
complications include catheter site infection, Aneurysms, and pseudoaneurysms [23].

7.2 Oxygenator dysfunction

As the circuit ages, its oxygenator starts to develop microthrombi, leading to a
gradual decrease in its efficacy.

7.3 Recirculation and cannula malposition

Recirculation is the phenomenon when oxygenated blood returning to the body is
aspirated back by the drainage cannula without passing through systemic circulation,
decreasing the efficacy of ECMO. It more commonly happens in single-site ECMO
configurations or where the drainage and return cannulae are in proximity. One way
of estimating the recirculation fraction is using SvO,.

Recirculation (%) = (SpreO, — Sv0, )/ (SpostO, — Sv0, ) x100 (2)

SvO; is central venous oxygen saturation in IVC/SVC. When the recirculation is
high enough that it requires higher ECMO support, measures are taken to decrease it.
Increasing the distance between drainage and return cannulae, adding an additional
drainage cannula at a second site, using dual lumen cannula, adjusting the position
of cannula/cannulae, and decreasing the pump speed [16] or upsizing the cannulae
french can help reduce the recirculation fraction to an acceptable level.

Cannula malposition may occur during patient turns, skincare, or ambulation.
This can lead to increased recirculation, patient desaturation, or increased ECMO
support. This requires correction using echocardiography transthoracic (TTE),
transesophageal (TEE), and/or fluoroscopy to reposition the cannula to the optimum
position.

7.4 Neurologic complications
7.4.1ICH

Intracranial hemorrhages (ICH) are the most common neurologic complication
of VV ECMO with high mortality. The most common types of ICH are subarachnoid
hemorrhage and intraparenchymal hemorrhage. Most of these are reported to have
occurred earlier, within 6-24 hours of ECMO initiation.

7.4.2 Long-term complications

Post-ECMO patients can experience anxiety, depression, and post-traumatic
stress. Cognitive deficits and psychiatric symptoms can affect the quality of life. It is
important for ECMO survivors to have neuroimaging post-decannulation and follow-
up outpatient to screen for possible neuropsychiatric issues.
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1 Sepsis 26.1%

2. Acute Renal Injury 24.7%

3. Multiorgan failure 24.7%

4. Cannulation complications 6.6%

5. Neurologic complication 6.9%
Table 3.

Incidence of complications in a meta-analysis of 12,800 VV-ECMO patients [23].

In addition to neuroimaging, transcranial dopplers, Pupil index, EEG, and Cerebral
infrared spectroscopy can be used to monitor for neurologic complications [24].

Other complications included Infections and Sepsis, likely pneumonia, can-
nulation site infection, bacteremia, Acute renal failure requiring renal replacement
therapy, liver dysfunction, hemolysis, and disseminated intravascular coagulation
(DIC). The incidence of complications in a meta-analysis of 12,800 VV-ECMO
patients are described in Table 3 [23].

8. Decannulation/weaning of VV-ECMO

Weaning of VV-ECMO is based on multiple factors like underlying lung pathol-
ogy, radiographic clearance, lung compliance, other organs’ functions, and blood
oxygen and carbon dioxide levels. The timing of weaning is a delicate balance between
an “optimal” state and “resolution,” knowing the risk of ECMO complications.

The basic weaning approach is to gradually reduce the pump flow to a minimum
and reassess the patient. One way is to reduce the flow to about 1 L/min in an adult
ECMO circuit. Another way is to keep the flow above 3 L/min (to reduce the risk of
thrombosis). If the patients remain stable after weaning the sweep gas and Fi0,%,
then consideration for a formal weaning trial should be given.

The oxygenation response test is an indicator of lung readiness for weaning of
ECMO. This is done by increasing the ventilator FiO, to 1.0 and the peripheral satura-
tions to >95%. The sweep gas is weaning as well in response to carbon dioxide levels. It
is acceptable to keep the patient in mild respiratory acidosis (pH 7.25-7.35).

After performing the above measure, the formal trial is started by initiating lung
protective ventilation. We disconnect the sweep gas from the oxygenator and assess
the arterial blood gas every 20-30 mins. The ventilator is adjusted accordingly. The
satisfactory arterial blood gas (ABG) means arterial PO, > 60 mmHg on lung protec-
tive ventilation (TV < 6 ml/kg of IBW, and peak inspiratory pressure < 25 cm/H,0
and FiO; < 0.6). If ABG is satisfactory, the blood flow through the circuit is main-
tained for a period of 2-4 hours to ensure stable organ function. Decannulation is
considered if organ function remains stable. If ABG is not satisfactory, then sweep gas
should be reconnected, and the patient should be evaluated.

9. Duration of ECMO

Expectations should be set with patients and/or families before initiation of
ECMO. This should include a discussion about discontinuing ECMO in case of no
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recovery in a reasonable time period or if due to any because there is no chance of
meaningful survival [25]. Usually, durations last around 2-4 weeks but may vary

in centers and regions based on resources and patient characteristics. The pooled
average of ~10 days on VV ECMO and about ~25 days of ICU length of stay [23]. Like
any other severe critical care illness, patients who were on VVECMO might develop
similar deconditioning and psychosocial problems requiring evaluation and therapy.

10. Evidence-based VVECMO outcomes

Many studies are looking at it [26]. A retrospective analysis found better 6-month
survival in ECMO-ARDS out of 90 patients. There was great interest in VV ECMO
use during the HIN1 pandemic, and then the Cesar trail [17] in the UK, showed a 63%
6-month survival with VV ECMO as compared to 47% with conventional treatment
of ARDS. However, 25% of patients referred to the ECMO centers never received
treatment. Data from this trial have convinced physicians to make early referrals to
ECMO centers in severe ARDS patients. Severe ARDS itself has a mortality of ~45%.
A meta-analysis of 33 VV ECMO studies with 12,800 patients showed single-arm
meta-analysis mortality of 41% [23]. A subsequent EOLIA trial was stopped for futil-
ity. However, a post hoc Bayesian analysis [27] and a meta-analysis [28, 29] of both
EOLIA and CESAR trials supported the use of VV ECMO in expert centers for severe
ARDS with persistent hypoxemia after being treated with standard therapy for ARDS.

11. Conclusion

VV ECMO is a great tool that can help select patients with severe respiratory
failure as they recover and possibly prevent adverse outcomes and as a bridge to
transplant therapy for end-stage pulmonary disease patients’ pulmonary fibrosis,
cystic fibrosis, COPD, etc., after they have failed conventional, evidence-based ARDS
therapies like prone ventilation and low tidal volumes. Early referral for VV ECMO to
expert centers and careful selection of patients are key to better patient outcomes.
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