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Techniques for Respiratory Monitoring
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Chapter 1
Gas Exchange

Kun-Ming Cheng, Linlin Zhang, Xiu-Mei Sun, and Yu-Qing Duan

1.1 Partial Pressure of Oxygen and Derived Parameters

Respiratory gas exchange refers to the exchange of oxygen and carbon dioxide
between alveoli and blood, blood and tissue. The former is lung ventilation, the lat-
ter is tissue ventilation. This exchange is a direct diffusion process, which refers to
the transfer of gas molecules from the higher pressure side to the lower pressure
side. The power of gas diffusion is the difference in gas partial pressure.

1.1.1 The Process of Gas Exchange

Under normal circumstances, the partial pressure of oxygen in the alveoli is higher
than that in venous blood, while the partial pressure of carbon dioxide in the alveoli
is lower than that in venous blood. Therefore, when the venous blood in the pulmo-
nary artery passes through the pulmonary capillaries, oxygen diffuses from the
alveoli to the blood, and carbon dioxide diffuses from the venous blood to the
alveoli driven by the partial pressure difference. As a result, the content of oxygen
in venous blood increases, the content of carbon dioxide decreases, and venous
blood is transformed into arterial blood. The diffusion of oxygen and carbon diox-
ide between the blood and the alveoli can be balanced in 0.3 s. It usually takes
about 0.7 s for blood to be available through the pulmonary capillaries. Therefore,
when venous blood passes through the pulmonary capillaries, there is sufficient
time to complete the gas exchange. When arterial blood passes through the
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Fig. 1.1 Schematic of the O, transport pathway

pulmonary capillaries, tissue cells absorb and utilize oxygen and diffuse the result-
ing carbon dioxide into arterial blood, turning arterial blood into venous blood

(Fig. 1.1) [1].

1.1.2 Partial Pressure of Oxygen and Derived Parameters
1.1.2.1 Transport of Oxygen

Oxygen can be transported in two ways: physical dissolution and chemical combi-
nation. Although oxygenated hemoglobin formed by the combination of oxygen
and hemoglobin is the major transport mode of oxygen, the physical dissolution of
oxygen directly determines the partial pressure of oxygen and affects the content of
oxygenated hemoglobin. It also determines the difference of oxygen partial pressure
between blood and tissue, which affects the absorption and utilization of oxygen
by cells.
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Partial Pressure of Oxygen (PO,)

Oxygen partial pressure is an important factor in gas dispersion and transportation.
Partial pressure refers to the partial pressure occupied by a certain gas in a mixed
gas, or also the partial pressure produced by the physical dissolution of a certain gas
in a liquid.

Partial Pressure of Oxygen in Inhaled Gas (P10,)

At sea level, the oxygen content in the air is 20.9%, the atmospheric pressure is
760 mmHg, and the water vapor pressure is 47 mmHg at 37 °C, so the PIO, of the
human body is 149 mmHg(PIO, = (760-47)x20.9%).

Alveolar Partial Pressure of Oxygen (PAO,)

It is impossible for a normal person to exhale all the gas in the alveoli. When exhal-
ing, there is always some residual gas in the lungs. When inhaled gas enters the
alveoli, it must be mixed with this residual gas, resulting in a decrease in the partial
pressure of oxygen. Therefore, in order to estimate the partial pressure of oxygen in
the alveoli, the following formula is used:

PAO, =FiO, (760-47)-1/ R(PACO,)

where R is the respiratory exchange ratio, which is equal to 0.8 most of the
time [2].

Arterial Partial Pressure of Oxygen (PaO,)

Partial pressure of oxygen in arterial blood refers to the pressure produced by physi-
cally dissolved oxygen molecules in plasma. It is an important index to reflect the
oxygen situation of the body, and it can be used to judge hypoxia and its degree.
However, when using PaO, for assessment, it is necessary to determine the inspired
concentration of oxygen.

Reference value: Under normal circumstances (at sea level), it is equivalent to
80-100 mmHg (10.6 ~ 13.3 kPa). A variety of physiological factors affect PaO,,
such as age, body mass index, posture, altitude and so on. A prediction equation of
PaO, for the population of life- long nonsmoking subjects, aged 40—74 years, with
normal pulmonary function is given below [3]

PaO, (mmHg) = 143.6 —(0.39 xage ) —(0.56 x BMI) - (0.57 x PaCO, ) £ 5.5
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Clinical significance: Under normal circumstances, there is also a right-to-left
physiological shunt in the lung, and the uneven distribution of intrapulmonary ven-
tilation blood flow caused by gravity, PaO, is lower than PAO,.

Pa0, is mainly used to determine whether hypoxia exists, and helpful in evaluat-
ing the severity of hypoxia. Those whose PaO, is lower than the normal value of the
same age is called hypoxemia. When the air is inhaled without extra oxygen, if PaO,
<60 mmHg, the respiration may be decompensated, which is the criterion for the
diagnosis of respiratory failure. If PaO, <40 mmHg, severe hypoxia occurs. If PaO,
<20 mmHg, aerobic metabolism cannot be carried out normally, life is difficult to
be supported.

Arterial Oxygen Saturation (SaO,)

Arterial oxygen saturation refers to the ratio of the combined oxygen to the maxi-
mum amount of oxygen that can be combined in arterial hemoglobin, which reflects
the actual combination of arterial oxygen and Hb.

Actual Hb combined withO,

S0, = : %
Total Hb available for binding with O,

2

Reference value: 95% ~ 98%

Clinical significance: The determination of SaO, is helpful for the differentiation
of hypoxia. In anoxia, due to lack of oxygen supply, PO, decreased and SaO,
decreased, which is common in pulmonary ventilation and pulmonary ventilation
dysfunction.

If there is hypoxia and SaO, is normal, it suggests a decrease in effective hemo-
globin, such as abnormal hemoglobin disease. Because at this time the effect hemo-
globin itself, no longer anoxic conditions, can play the maximum oxygen binding
capacity. Therefore, although the partial pressure of oxygen is low, the arterial oxy-
gen saturation does not decrease. Therefore, use of Sa0O, to identify whether the
body is anoxic has the potential risk of concealing hypoxia. Additionally, there is no
obvious change of SpO, when PaO, is above 60 mmHg since the oxygen dissocia-
tion curve reaching the plateau. At this stage, even if there is a significant change in
Pa0,, the increase or decrease of Sa0, is very small. Therefore, during mild hypoxia,
although PaO, has decreased significantly, SaO, may not change significantly [3].

PaO,/FiO,

Oxygenation index refers to the ratio of arterial blood oxygen partial pressure to
inhaled oxygen concentration.

Reference value: Its normal range is 400 ~ 500 mmHg (53.13 ~ 66.67 kPa). The
average normal value is 100/0.21 = 480 mmHg
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Clinical significance: PaO,/FiO, is commonly used for diagnosis of lung injury
(acute respiratory distress syndrome (ARDS) and transfusion-related acute lung
injury), the assessment of course and therapy in pulmonary disease, and the evalua-
tion of donor lungs and clinical outcome pulmonary transplantation for [4].

To a certain extent, PaO,/FiO, eliminated the effect of oxygen concentration on
Pa0,, and reflect the ventilation function of the lung under the condition of oxygen
therapy.

Pa0,/FiO, can be used to exclusive categories of ARDS [5]:

Alveolar-Arterial Oxygen Partial Pressure (P4, O,)

Alveolar-arterial oxygen partial pressure difference refers to the difference between
alveolar oxygen partial pressure and arterial oxygen partial pressure, also known as
the alveolar-arterial oxygen difference. The alveolar-arterial oxygen difference of
oxygen is a direct index for evaluating pulmonary gas exchange.

Calculating formula: P, _, O, = PAO, — PaO,

Reference value: The average value is 8 mmHg (1.07 kPa), ranging from 5 to 10,
in healthy people younger than 30 years. It will reach 24 mmHg (3.20 kPa) at the
age of 60-80 years. As age increases, P, O rises in a linear manner [6]

Clinical significance: P4, O, is an index to judge whether the function of gas
exchange in the lung is normal or not. There are three main factors that affect P,
O,: anatomical shunt, imbalance of ventilation and perfusion ratio, and diffusion
disorder of alveolar-capillary barrier [7].

Therefore, the changes in oxygen concentration, intrapulmonary blood flow rate,
prolonged inspiratory time, and positive end-expiratory pressure can result in the
change of P, O,. The greater the difference of P, O, is, the greater the differ-
ence of oxygen content between arterial blood and alveoli will be, which suggests
the impaired diffusion function of the lung. Ventilatory dysfunction often results in
an increase of P, ,) O, difference, such as chronic obstructive pulmonary disease. In
all, the oxygen partial pressure difference of the alveolar artery comprehensively
reflects the function of the ventilation and diffusion in the lung [8—11].

Arterial Oxygen Content (CaO,)

The content of oxygen in arterial blood refers to the sum of the amount of physical
solution and chemical binding of oxygen in each artery blood.

Reference value: 8.55 ~ 9.45 mmol/L

Clinical significance: CaO, is an index to reflect the content of red blood cells
and plasma. The decrease of CaO, may be due to the decrease of hemoglobin, the
decrease of blood oxygen saturation, or the decrease of PO,. The normal content of
oxygen in arterial blood cannot rule out tissue hypoxia.
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1.2 Pulse Oximetry

1.2.1 Introduction

The pulse oximeter is one of the most widely used monitoring techniques in medi-
cine to evaluate human health. Since the mid-1980s, when it began to be used in
clinical practice, it has been widely used as a routine measure of arterial hemoglo-
bin saturation in the fields of anesthesia, critical care, emergency, and respiratory
medicine, because of its noninvasive, accurate, and real-time monitoring of pulse
oxygen saturation (SpO,) [12]. The reliability and accuracy of reflecting real arte-
rial hemoglobin saturation (Sa0,) have been reliably verified. This technique con-
tributes to the early diagnosis and treatment of hypoxia, which is lower in incidence
and severity than in patients without an oximeter. Pulse oximetry has revolution-
ized modern medicine with its ability to continuously and transcutaneously moni-
tor the functional oxygen saturation of hemoglobin in arterial blood. Pulse
oximetry is so widely prevalent in medical care that it is often regarded as a fifth
vital sign.

1.2.2 Principles of Pulse Oximetry

Pulse oximetry is commonly used to assess SpO, and heart rate, which is made up
of an optical spectrometer and a plethysmograph. The working principle of the
pulse oximeter is spectral analysis, that is, the unique light absorption characteris-
tics of the solution are used to detect and quantify the components in the solution
[13]. There is a significant difference between the absorption spectra of hemoglobin
(Hb) and Oxygenated hemoglobin (HbO,) in the range of red to near-infrared wave-
lengths. In the process of measuring blood oxygen saturation, the working principle
of pulse oximetry is mainly divided into two kinds, which is mainly according to the
type of light received by the photoelectric sensor, that is, transmitted light and
reflected light, that is, light is emitted to the medium, and then reflected and trans-
mitted respectively, propagate the signal, collect the signal through the photoelectric
principle, and process the collected signal accordingly, and finally feedback the
result. Two circuit schematic diagrams reflect the acquisition principles of these two
methods (Fig. 1.2) [14].

In addition, the pulsation of the human arteries can cause changes in blood flow
in the test site, which can cause changes in light absorption. Light absorption in
non-blood tissues (skin, muscle, bone, etc.) is usually considered constant. Pulse
oximetry measurement technology determines blood oxygen saturation by detect-
ing changes in light absorption caused by blood volume fluctuations and eliminat-
ing the effects of non-blood tissues [15].
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Reflection Transmission

Fig.1.2 Measurement setup for reflection and transmission

1.2.3 Method of Application

With the wide application of pulse oximetry in clinical practice, the methods of its
application have gradually diversified. Although traditional finger-cuff or finger-
type pulse oximetry is still commonly used at the bedside, other forms of pulse
oximetry have been developed based on clinical requests, such as portable pulse
oximetry, nocturnal oximetry, wearable pulse oximetry, hand-held pulse oximetry,
and so on. Although the shapes of pulse oxygen monitors are different, the applica-
tion methods are basically the same.

Although the pulse oximetry is easy to operate, there are still some details that
we need to pay attention to. We need to connect the sensor to the appropriate posi-
tion of the patient’s body, preferably at the same height as the heart. We cannot place
sensors on limbs with arterial or intravenous catheters and blood pressure cuffs.
Meanwhile, the right adult, child, and newborn status should be set. Use in high
humidity environments should be avoided as far as possible. It should be used in
non-strong light. If you need to monitor under strong light such as surgical light,
bilirubin light, sunlight, etc., cover the probe with an obstacle. It is best to change
the measuring position every 3 h to avoid the disturbance of blood circulation caused
by long-term wearing on the fixed fingers and affect the measurement accuracy.

Protect sensors and cables from sharp objects.

1.2.4 Clinical Application of Oximetry

Pulse oximetry can be performed by trained personnel in a variety of environments,
including (but not limited to) hospitals, clinics, and families. The following is a
summary of the application of pulse oximetry in different clinical conditions [16].

1. When the spot SpO, is checked in ED, primary care, outpatient observation (e.g.,
rehabilitation, oxygen clinic, preflight assessment, and others), those features or
issues should be considered:

1.1. Set long averaging times to minimize motion artifact.
1.2. Pulsatile waveform display useful for checking signal quality.
1.3. Select most appropriate sensor/site (e.g., finger/ear probe).
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. When the nocturnal breathing disorders are detected in the sleep laboratory,

those features or issues should be considered:

2.1. Use oximeter in “sleep” mode or with alarms disabled.

2.2. Set averaging time to 3 s or less.

2.3. Set date sampling and storage rate to minimum of 10 Hz.

2.4. Ability to output date in real-time to capture on polysomnography system.

. When nocturnal breathing disorders are detected in the home setting, those fea-

tures or issues should be considered:

3.1. Use oximeter in “sleep” mode or with alarms disabled.

3.2. Set averaging time to 3 s or less.

3.3. Set date sampling and storage rate to minimum of 1 Hz.
3.4. Adequate date storage capacity (minimum of 8 h).

3.5. Download/analysis software required for report generation.

. Adult clinical monitoring in intensive or high-dependency care should consider

those features or issues:

4.1. Consider ABG sampling to assess PaCO,, pH, and Hb status.
4.2. Select oximeter with good motion artifact rejection.

4.3. Consider using central sensor site.

4.4. Set alarm levels appropriate for individual patient.

. Pediatric clinical monitoring in neonatal intensive, high-dependency care should

consider those features or issues:

5.1. Select oximeter with good motion artifact rejection.
5.2. Consider using central sensor site.
5.3. Set alarm levels appropriate for individual patient.

. When performing the screening or titration for supplemental oxygen in the out-

patient clinic, domiciliary care, primary care, the pulse oximetry should set long
averaging times to minimize motion artifact.

. When detecting the exercise desaturation in an exercise laboratory or pulmonary

rehabilitation, the following features or issues should be considered:

7.1. Consider using central sensor site.

7.2. Select oximeter with good motion artifact rejection.

7.3. Set averaging time at medium to long (balance between motion artifact
sensitivity and rapid desaturation detection).

. When performing noncritical monitoring of hospital ward, the following fea-

tures or issues should be considered:

8.1. Set long averaging times to minimize motion artifact.
8.2. Set alarm levels appropriate for individual patient.

. When performing perioperative monitoring of oxygenation in the operating the-

ater or recovery room, the alarm levels appropriate for individual patient
should be set.
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The use of pulse oximetry has revolutionized the monitoring of respiratory func-
tion, especially considering that multiple or continuous measurement results can be
obtained quickly and noninvasively.

In general, pulse oxygen measurement plays an important role in the monitoring
and treatment of respiratory diseases by detecting hypoxemia, guiding titration of
oxygen supplementation and other treatments (such as stopping support ventila-
tion), and reducing the need for blood gas analysis.

The monitoring of blood oxygen saturation during exercise is a standard part of
pulmonary function rehabilitation. The easiest way to prove oxygen saturation dur-
ing exercise is to use a pulse oximeter, which is usually done in the exercise lab
during diagnostic tests. During exercise training, it is carried out in a physiothera-
peutic environment (especially as part of a lung rehabilitation program).

Pulse oxygen saturation measurement plays a central role in the diagnosis of
sleep-related respiratory disorders, especially obstructive sleep apnea (OSA), which
is a key component of nocturnal polysomnography. OSA usually shows character-
istic repetitive oxygen desaturation and then saturates again at night, so pulse oxy-
gen saturation is increasingly used as a tool for screening OSA in family
environments. Family nocturnal pulse oxygen measurement records can be ana-
lyzed and calculated [17].

In addition, pulse oximetry also has a unique position in pediatrics. Routine
pulse oximetry has been reported as an additional screening test that can potentially
improve the detection level of critical congenital heart defects (CCHD). During
delivery, fetal pulse oxygen saturation can be measured using a probe inserted
through the mother’s vagina [18].

1.2.5 Limitations of Pulse Oximetry and Technological Update

The pulse oximetry cannot determine the adequacy of ventilation. In fact, there is
evidence that patients with impaired ventilation may show normal saturation in the
presence of life-threatening hypercapnia during oxygen inhalation. In order to cor-
rectly explain the results, it is necessary to recognize the inherent limitations of
pulse oximeter in different clinical environments [19, 20]. Measurement artifact
may occur for a variety of reasons, including motion artifact, nail polish, skin pig-
mentation, low perfusion state (e.g., low cardiac output, vasoconstriction, or hypo-
thermia), use of intravenous dyes, and anemia [15].

1.2.5.1 Dyshemoglobin and Multiwavelength Pulse Oximetry

In addition to HbO, and Hb, adult blood may contain dyshemoglobin: hemoglobin
derivatives, which do not work because they do not bind oxygen molecules inversely
at the physiological level of PaO, in the blood, such as methemoglobin (MetHb) and
carboxyhemoglobin (COHDb). They are common in normal people, but at low con-
centrations. Functional SaO, is defined as the percentage of HbO, in the sum of
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HbO, and Hb, while fractional Sa0, is defined as the percentage of HbO, relative to
the total number of four hemoglobin types. In low concentrations of methemoglo-
bin, the difference between the two parameters is not significant, but at a high
enough level, both functional and fractional readings may be compromised.

The traditional pulse oximeter uses two wavelengths of light to evaluate blood
oxygen saturation, assuming that the only absorbers of these two wavelengths of light
in the blood are HbO, and Hb. Because MetHb and COHD also absorb light within the
wavelength range used in pulsed blood oxygen measurement, there will be errors in
the measurement of SpO, in the presence of these hemoglobin. Some manufacturers
have developed pulse oximeter with more than two wavelengths to estimate COHb
and MetHb values (as well as total hemoglobin concentrations) in the blood [21].

1.2.5.2 Low Perfusion and Reflection Pulse Oximetry

In a transmissive pulse oximeter, light is detected after it is transmitted through the
organ, so it is limited to the fingertips and earlobes. Because of its role in heat trans-
fer, the blood flow to fingertips and earlobes is greater than that required by tissue
metabolism, and their pulses have a high signal-to-noise ratio under normal condi-
tions. However, these organs are strongly regulated by the autonomic nervous sys-
tem, and their arteries contract when the ambient temperature is low or cardiac
output is low. However, when the ambient temperature or cardiac output decreasing,
vasoconstriction usually happens in these tissues to reduce heat loss or maintain an
adequate blood supply to key core organs (heart, brain, and kidney) since they are
strongly regulated by the autonomic nervous system. In this case, the signal is
reduced thus reducing the accuracy of the pulse oximetry. The reflective pulse oxim-
etry, that is, the light source and the photodetector are located on the same surface
of the skin and can be used in any accessible position, so it has the advantage under
the condition of low peripheral perfusion. The main part of the reflex pulse oximeter
is the forehead. The reflective finger pulse oximeter has the advantage of low power
consumption because it can shorten the distance between the light source and the
detector thus reducing the absorption of light. Reflective pulse oximeter is also rec-
ommended for use in accessible internal structures such as esophagus, pharynx, and
trachea. The researchers claim that measurements in these areas are more reliable
when the surrounding perfusion is lower. The low perfusion caused by vasoconstric-
tion leads to the decrease of signal, which is also related to the increase of SpO..

1.2.6 Future of Pulse Oximetry

The newer pulse oxygen saturation measurement technique can be measured with
multiple wavelengths of light. In addition, studies have shown that pulse oximeter
signals may be useful for applications other than SpO,. However, the current tech-
nology is not yet mature and needs to be further improved. With the improvement
of technology, the pulse oximeter may improve the method of using pulse oximetry
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technology to detect SpCO, SpMet, SpHb, pulsus paradoxus, breathing frequency,
and fluid responsiveness is likely to improve in the future [22].

Many reports focus on the use of pulse oximeter as a plethysmogram.
Plethysmography analysis of peripheral pulse waves provides relevant hemody-
namic information, which has been used in the diagnosis and follow-up of chronic
cardiovascular diseases. However, this feature has not been further developed [23].

1.3 Venous Oximetry

1.3.1 Introduction

The imbalance of oxygen delivery (DO,) and oxygen consumption (VO,) can result
in circulatory shock. It even develops multi-organ failure and increases morbidity
and mortality if tissue hypoxia is unrecognized and uncorrected timely. Although
physical examinations, such as vital signs, pulse oximetry, skin mottling, and uri-
nary output, have somewhat distinct value, it is still insufficient to detect tissue
hypoxia accurately. Venous oxygen saturation is a physiological parameter that has
been introduced as an indirect index to assess the relationship between DO, and VO,
both in the intensive care unit and in high-risk surgery [24]. The venous oxygen
saturation is measured at the exit of any organ or tissue, the pulmonary artery and
inferior vena cava or right atrium are easier to access. In 1970, Swan and Ganz
developed a pulmonary artery catheter (PAC), also named as Swan and Ganz cath-
eter, that can easily be inserted into the pulmonary artery to collect pulmonary arte-
rial blood at the bedside, where blood is mixed from inferior and superior vena cava
[25]. The oxygen content of pulmonary arterial blood is defined as mixed venous
oxygen saturation (SvO,), which reflects venous oxygen saturation of the whole
body. But due to the high invasiveness of inserting PAC, its application remains
under debate and less popular gradually. With the central venous catheter (CVC) of
the superior vena cava being applied widely, central venous saturation (ScvO,) has
been advocated as a surrogate of SvO, to measure venous oxygen saturation, but it
just contains venous blood from the upper body (brain) [26]. There is still debate
about whether ScvO, can replace SvO,.

1.3.2 Physiology
1.3.2.1 Oxygen Delivery

Oxygen Delivery (DO,, mL/min) is the rate of oxygen being transported from the
lungs to the microcirculation per minute, and it is also expressed by oxygen trans-
port and oxygen supply. DO, is equal to the product of cardiac output (CO) and the
oxygen content of arterial blood (Ca0O,).

DO, = COxCa0, (1.1)
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The unit of CO is usually expressed as L/min and CaO, is mL/dL, so that value
of CO should be multiplied by 10 to convert into the unit of dL/min. And CaO,
depends on three parameters: the partial pressure of oxygen of arterial blood (Pa0,),
the arterial oxygen saturation of hemoglobin (SaO,, %), and hemoglobin concentra-
tion (Hgb, g/dL), expressed as

Ca0, =(1.34xHgbxSa0, ) +(0.0031x PaO, ) (1.2)
So, DO, can also be calculated by the following equation:

DO, = COx/[(1.34x Hgbx Sa0, ) +(0.0031x PaO, )| (1.3)

where 1.34 (mL/g) is the Hufner constant and reflects the capacity of the hemoglo-
bin carrying oxygen, but it varies with different species [27]. The 0.0031 is the
coefficient of oxygen solubility in blood. The normal value of DO, is about
1000 mL/min.

1.3.2.2 Oxygen Consumption

Oxygen consumption (VO,, mL/min) is the rate of oxygen being used by the tissues
from the blood per minute. It can be calculated by the Fick equation [28]:

VO, = COx(Ca0, —~CvO0, ) (1.4)

where CvO, (mL/dL) is short of the mixed venous blood oxygen content that is
similar to CaO, and also related to three parameters, the partial pressure of oxygen
of venous blood (Pa0,), SVO,, and Hgb. It can be calculated by the following
equation:

Ca0, =(1.34xHgbxSvO0, )+(0.0031xPvO, ) (1.5)
So, VO, can be calculated by the following equation:

(1.34xHgbx Sa0, ) +(0.0031x Pa0, )
VO, =CO4 [(1.34xHgbxSvO,)
+(0.0031xPvO, ) (1.6)
The normal value of global VO, in resting status is about 250 mL/min. But it
varies with different tissues. For example, splanchna is about 83 mL/min in resting
status, skeletal muscle is 57 mL/min, the brain is 52 mL/min, the heart is 34 mL/
min, kidney 19 ml/min, and skin 12 mL/min [29].
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1.3.2.3 Oxygen Extraction and Oxygen Extraction Ratio

Oxygen extraction or oxygen extraction rate (O,gr) is equal to the ratio of DO, and
VO,, that represents the percentage of arterial oxygen being used when it passes
through the microcirculation:

0, =(Ca0, —Cv0,)/Ca0,

1.3.2.4 Venous Oxygen Saturation

According to Eq. (1.6), if dissolved oxygen is ignored, the formula can be simplified
and converted as follows:

SvO, =[Sa0, - VO, / COJ[1/Hgbx1.34] (1.7)
Therefore, Sa0,, VO,, CO, and Hgb levels in blood all can affect SvO,. The nor-
mal range is 70-75% in the resting status of healthy people [30].

The Interpretation of Venous Oxygen Saturation

In clinical, a variety of diseases can influence the values of SvO, (Fig. 1.3) that can
reflect the relationship between DO, and VO,. DO, decreases or VO, increase both
results in low values of SvO, because the body initially increases O,z by feedback
mechanisms to maintain adequate tissue oxygenation [29]. The patients with lung
disease, the problem of circulation (e.g., Hypovolemia, heart failure, or arrhythmias

Abnormal SvO,

1SvO, 18v0,
1O, consumption
) sedation
10, delivery 10, consumption 10, delivery analgesia
hypoxia _ pain oxygen therapy hypothermia
hypovolgmla fever blood transfusion mechanical
he?trP: fall.ure agitation intravenous fluid ventilation
arrthymias iveri i i
anaemia Tmetasl?cl)\lligr(ljl%nand Iﬂ?ggplcs 10 extraction
haemorrhage microcirculatory or
mitochondrial
dysfunction

Fig. 1.3 Clinical common causes of abnormal mixed venous oxygen saturation. | represents the
values decreasing, and 1 represents the values increasing
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all results in the drop of CO), anemia, or hemorrhage all cause the decrease of DO,
and SvO,. And some conditions, such as pain, fever, agitation, shivering, can
increase VO, and also reduce SvO, even if existing normal DO,. Conversely, SvO,
increases due to the increase of DO, (e.g., excessive oxygen therapy, blood transfu-
sion, the application of inotropic) or the decrease of VO, (e.g., Sedation, analgesia,
hypothermia, and mechanical ventilation) or the dysfunction of extracting oxygen
(e.g., Microcirculatory or mitochondrial dysfunction). Secondary to microcircula-
tory and mitochondrial failure, high SvO, usually occurs in sepsis because of
impairing oxygen utilization.

The Relationship Between Mixed and Central Venous Oxygen Saturation

The ScvO, monitoring has been considered to replace SvO, because inserting CVC
is less expensive and simpler compared to PAC, but there is still debate. When CVC
is placed into the superior cranial vein, it just can collect venous blood from the
upper body (brain). In normal physiologic conditions, ScvO, can reflect SvO, well
but is 2-5% less than SvO, due to high VO, of the brain [29]. However, the relation-
ship between SvO, and ScvO, varies among different pathological conditions.
There is a risk that ScvO, may poorly understand tissue perfusion of the lower body,
especially for splanchna. In shock states, the blood is redistributed to maintain DO,
of the brain at the expense of reducing the blood of splanchnic and renal. Therefore,
venous oxygen saturation in the upper body increased while decreases in the lower
body, causing that ScvO, might overestimate SvO,. This relationship was also
observed in other postsurgical and medical patients. Van Beest et al. performed a
prospective observational study and compared ScvO, and SvO, in 53 patients (32
postsurgical and 21 medical patients). The study also found ScvO, was higher than
SvO, [31]. To improve the correlation between ScvO, and SvO,, Kopterides et al.
suggested to further insert CAC to achieve the right atrium for drawing blood from
the cranial and caudal vena cava. They found that ScvO, was higher than SvO, by
only 1% after the tip CAC was placed into the right atrium, while ScvO, was higher
than SvO, by 8% when CAC was inserted into normal location [32]. But it also
increases the risk of formatting right atrial thrombus or other complications.

It is not denied that several studies supported the paralleled variations of ScvO,
and SvO,. The correlation coefficient between SvO, and ScvO2 was 0.97 in all dif-
ferent conditions (hemorrhage, hypoxia, resuscitation) in the experimental dogs.
The difference between the SvO, and ScvO, remained less than 5% in 77% of all
cases. A maximal difference was observed in hypoxic conditions, ranging from 6%
to 20%. The SvO, and ScvO, were also compared in 70 neurosurgery patients, the
bias of them was 6.8-9.3% and had a similar variation tendency in 75% cases [33].
It should be noted that a femoral central venous catheter is not suitable to measure
ScvO, because of the anatomical conditions. A study compared the femoral venous
oxygen saturation and central venous oxygen saturation in 160 patients and found
that there was a lack of agreement in both stable and unstable medical conditions [34].
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The Venous Oxygen Saturation Measurement

With the help of PAC or CVC, SvO, and ScvO, both can be measured by discon-
tinuous or continuous methods. The discontinuous venous oximetry is accomplished
by drawing blood from a catheter and performing blood gas analysis. And continu-
ous venous oximetry needs a fiberoptics integrated into PAC or CVC that can dis-
play value by an external monitor continuously [35].

The Application of SvO, and ScvO, in Mechanical Ventilation

Venous oxygen saturation is mainly used in a variety of shock states and critical
illness to provide information about oxygen delivery and consumption. The SvO,
was recommended to remain higher than 65%, or ScvO, higher than 70% [29]. Low
Scv0O, is related to higher mortality of patients with septic shock. Meanwhile, high
ScvO, (>90%) also reminds that patients might exist dysfunction of the O, utiliza-
tion and also have a high rate of mortality. But recent studies also showed that using
ScvO, as a goal to direct therapy of patients with septic shock did not improve
mortality, compared with usual resuscitation [36].

For critical patients with mechanical ventilation, successful weaning and extuba-
tion are crucial procedures of treatment that is related to illness, hemodynamic sta-
bility, oxygenation, homeostasis, conscious, and cough reflex. A spontaneous
breathing trial (SBT) should be met before extubation. SvO, and ScvO, have been
reported to predict weaning success and failure accurately. In 1998, Jubran et al.
monitored SvO, continuously in 19 medical and surgical patients who needed to
perform SBT. As a result, eight patients failed to pass SBT and 11 patients passed
SBT and were extubated successfully [37]. Although SvO, was similar in these two
groups before SBT, SvO, dropped progressively in the failure group when the ven-
tilator was disconnected, whereas it did not alter in the success group. It might be
caused by a decrease in oxygen transport and an increase in oxygen extraction.
Georgakas et al. also observed that the value of ScvO, also can predict the SBT
outcome [38]. The study enrolled 77 patients who underwent a 30-min SBT, 63.6%
of patients succeed in SBT according to standard criteria. And the difference
between ScvO, at the before and the end of SBT lower than 4% was an independent
index to predict successful weaning. However, in clinical, some patients who passed
SBT still probably appear extubation failure. A prospective cohort study enrolled 73
patients who failed in the first SBT and continued mechanical ventilation until
passed SBT, that was defined as difficult-to-wean patients [39]. Although difficult-
to-wean patients all passed SBT, 31 patients (42.5%) still occurred extubation fail-
ure. Meanwhile, they monitored the change of ScvO, in these two groups. And
ScvO, was 60 =+ 8 in the extubation failure group and 70 + 7 in the extubation suc-
cess group (p < 0.009). The ScvO, decreased more than 4.5% during the SBT that
might predict reintubation independently, with a sensitivity of 88% and specificity
of 95% in this study.
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Limitations

To obtain SvO, and ScvO,, an invasive catheter needs to be inserted. There has been
strong evidence to support routine use of them as an effective index to direct therapy
so far. In clinical, PAC and SvO, becoming less and less popular recently, ScvO, just
can reflect the venous oxygen saturation of the upper body, whether it can totally
replace SvO, needs to be debated.

Conclusion

Venous oximetry can provide information about the balance between global oxygen
delivery and consumption. Future studies should focus on the worth of SvO, and
ScvO, to detect the different physiological situations and how to direct treatment.

1.4 Near-Infrared Spectroscopy

1.4.1 Definition

Near-infrared spectroscopy (NIRS) is a new technique to monitor the peripheral
tissue oxygenation saturation (StO,) noninvasively [40-43]. It measures cellular
oxygen metabolism and microvascular dysfunction, especially in poor tissue perfu-
sion conditions such as septic shock and other types of shock.

1.4.2 History

In 1937, NIRS was first introduced by Millikan [44], who developed a dual-wave-
length oximeter for muscles. NIRS was introduced in the 1970s as a means of non-
invasive monitoring of average hemoglobin oxyhemoglobin equilibrium by Jobsis,
measured the absorption spectrum of near-infrared (NIR) (600 ~ 1000 nm) transil-
luminated through a neonate’s head in 1977 [45]. The earlier work was described on
the neonate’s heads because the infrared light could pass through a neonate’s skull.
In 1985, Ferrari published the first description of the application of cerebral moni-
toring using NIRS [46]. In 1987, Ferrari et al. measured hemoglobin oxygen satura-
tion in an adult cortex using NIR light that was reflected in the scalp [47]. In 1993,
Somanetics invented the first commercially available NIRS device (INVOSO 3100).

Since then, NIRS has been used widely in clinical settings to obtain a mean value
for mixed oxygenation in different tissues. Pulse Hb oxygen saturation, which uses
similar technology in peripheral [48] (i.e., pulse oximetry), has been used globally
in all acute clinical settings.
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1.4.3 Physics and Principles

Near-infrared (NIR) is a term to define light with wavelengths varying from
600 ~ 1000 nm, with “true” infrared light of wavelengths less than 1 mm. In this
range, the biological tissues seem almost translucent with the low molecular absorp-
tivity of the tissue, a key “chromophore” constituent. In this range, the biological
tissues seem almost translucent with the low molecular absorptivity of the tissue, a
key “chromophore” constituent. The absorptivity of each chromophore is different
so that the signals of the detector will not be mixed to quantify the signals of the
specified chromophore in the target location, and this is the principle of NIRS. At
600-1000 nm, the absorption is relatively low so that scattering is the dominant tis-
sue interaction process for NIR light. NIR light could be transmitted several centi-
meters into some organs or tissues so that it may be used as a noninvasive medical
imaging and spectroscopy. Oxygenated and deoxygenated hemoglobin (Hb) are the
most targeted chromophores and the signal substances to deliver biological infor-
mation such as blood supply and oxygen transport in tissues.

The physics and mathematics of NIRS technology are based on a modified ver-
sion of Beer-Lambert law, which describes that “a portion of the light transmitted
through a solution containing a colored compound (chromophore) is absorbed by
the compound,” as a result, the intensity of the emerging light is attenuated. The
Beer-Lambert law provides an equation between the absorption and concentration
of a chromophore:

A= log([O /1) =¢gcd,

where A is the optical density that represents the absorption of light (log of the ratio
of the intensity of the incident and transmitted light), ¢ is the chromophore concen-
tration, d is the solution or media’s thickness (optical path length), and ¢ is its
extinction coefficient [49].

The working principle of NIRS is the differential absorption characteristics of
oxyhemoglobin (HB-O) and deoxygenated hemoglobin (HB-r). At 800 nm, light is
absorbed equally by HB-O and HB-r, whereas at 760 nm, light is absorbed primar-
ily by HB-r [50]. This difference in light absorption of HB-O and HB-r reflects
oxygen uptake in the tissue. Near-infrared light is directed on a tissue by placing
probes. By measuring the quantity of returned photons, the spectral absorption of
the underlying tissue can be characterized and the rSO, can be estimated. The mea-
surement is termed as the regional oxygen saturation (rSO,) [51].

NIRS signals are limited to vessels less than 1 mm in diameter, which might be
explained by the Beer-Lambert law, due to the difference between light passing
through large versus small blood vessels. If photons of NIR light pass through a
single red blood cell, only a small portion of the light will be absorbed. However, if
a photon passes through a 1 mm thick blood vessel with an extinction coefficient of
1, the absorbance will be 0.8 and thus only 10% of the impacting photons will
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remain unabsorbed. Therefore, the NIRS absorption pattern mainly reflects small
blood vessels [52].

Commercially available NIRS monitors provide oxyhemoglobin and deoxyhe-
moglobin scores for calculating StO, as well as total tissue hemoglobin (TTH) and
absolute tissue hemoglobin index (THI), which are indicators of blood volume in
the microvascular system sensed by the probe and expressed in arbitrary units. Each
probe combines one light source and two detectors to detect tissue oxygenation at
different depths. One path length measures the oxygenation of surface tissue, while
the other measures the oxygenation of deep tissue.

The penetration of light tissue is directly related to the spacing between the illu-
mination and detection fibers. At a distance of 25 mm, approximately 95% of the
detected light signals are from a depth of 0-23 mm. NIRS monitors differ in wave-
length selection, wavelengths numbers, photodiode pitch, and algorithms used to
calculate data from absorption data. The currently used NIRS probe measures
reflected light, so the NIRS light source is located next to the light sensor.

1.4.4 Vascular Occlusion Test

The vascular occlusion test (VOT) is performed to induce brief transient ischemia,
applying a blood pressure cuff on the forearm to maintain 50 mmHg above the systolic
blood pressure for 3 min, then the cuff was released for reperfusion. The VOT pro-
duces indicators on the descending slope after occlusion, representing local oxygen
consumption, and the ascending slope, reflecting perfusion pressure and endothelial
integrity at reperfusion. The VOT provides hemoglobin desaturation (DeO,), followed
by hemoglobin reoxygenation (ReO,) following the release of the ischemia [53].
DeO, stands for the extraction of oxygen from the tissue when blood flow is excluded,
while ReO, means the resaturation of hemoglobin reflecting the state of capillaries
reactivity. Application of VOT improves the accuracy of StO, in detecting tissue hypo-
perfusion via “unmasking pre-existing vasoconstriction in blood vessels” [54].

Unfortunately, there is no guideline or consensus on the exact method or site to
use is best for VOT [55]. It is still controversial to maintain ischemia for a specific
time or to reduce StO, to a specific value.

1.4.5 Application
1.4.5.1 Monitoring the Real-Time StO, in Respiratory Failure

NIRS is being explored as a potential tool for weaning from mechanical ventilation.
A lower ascending slope of StO, is a negative prognostic factor in patients with
ARDS, and this change can be observed within 24 h after diagnosis [56]. A reduc-
tion of StO, can be observed in patients who fail the spontaneous breathing trial
(SBT) and its value is significantly correlated with SaO, [57].
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1.4.5.2 Monitoring the Real-Time StO, in Shock

As a useful tool to evaluate tissue oxygen saturation (StO,), NIRS is extensively
adapted to monitor tissue hypoxia and guide resuscitation in shock because it pro-
vides continuous monitoring of tissue perfusion.

In hypoperfusion status, the perfusion in muscles is decreased to warrant the
blood supply to vital organs. By estimating the muscle perfusion via NIRS mea-
sured StO, noninvasively, the global saturation may be estimated. The bedside NIRS
monitoring can be performed via lower extremity, brachioradialis muscle, and the-
nar eminence. Decreased thenar oxygen saturation indicates the possible presence
of severe hypoperfusion. Identifying the real-time thenar StO, at the bedside may
help to guide the early resuscitation of critically ill patients with hemodynamic
instability.

In septic shock, Central venous oxygen saturation (ScvO,) is a widely used indi-
cator to guide early resuscitation but invasively. If there is a correlation between
ScvO, and StO,, noninvasive monitoring of sepsis may be feasible in intensive care
units [58]. Based on the current literature and findings, insufficient evidence is
available to recommend substituting StO, instead of ScVO, in septic shock [59-61].
However, the use of VOT increases the accuracy of StO, in detecting tissue hypo-
perfusion by “unmasking pre-existing vasoconstriction in blood vessels” [62].

By inducing occlusion stress, various dynamic variables from VOT can be mea-
sured to indicate local metabolic demand and microvascular reactivity. Due to ana-
tomic conditions, both the brachioradialis and the thenar eminence muscles can be
easily tested for the vascular occlusion test. These alterations in NIRS-derived
dynamic variables are common in septic shock and are associated with poor out-
comes. In septic shock, the persistence of the low ascending slope of StO, is associ-
ated with an adverse outcome [63].

While the value of StO, might not be apparent in sepsis, derived parameters
obtained using VOT can be perhaps more accurate.

Overall, although the role of NIRS is fully understood so far, it is a compliment
for predicting the prognosis of septic patients. Higher quality research on the rela-
tionship between ScvO, and StO, and the use of VOT-derived parameters would
help to establish management guidelines using NIRS in sepsis.

NIRS can be used in cardiac tamponade as well. It was reported that one of the
earliest indications was a sudden fall in SctO,. NIRS may help in early detection and
intervention of life-threatening complications following cardiac surgery.

1.4.5.3 Monitoring Cerebral Oxygenation

Monitoring cerebral oxygenation by NIRS is used in major surgeries such as major
neurosurgical procedures [64], cardiac surgery during cardiopulmonary bypass
[65], cesarean section under spinal epidural anesthesia [66], or carotid endarterec-
tomy to prevent brain injury from hypotension or hypoperfusion. There is a good
correlation between NIRS values and transcranial Doppler CD (TCD) and



22 K.-M. Cheng et al.

electroencephalography (EEG) values during ischemia. Whereas the agreement
between cerebral oxygenation monitoring by NIRS and invasive brain tissue oxy-
genation measurement is poor [67]. The regional cerebral oxygen saturation (rSO,)
monitoring via NIRS may be helpful in predicting the prognosis after cardiac arrest
[68]. As a noninvasive tool, NIRS is an important complement to multimodal neu-
romonitoring for the management of acute neurological and neurosurgical condi-
tions, including neurological trauma, subarachnoid hemorrhage, and stroke. It
provides a useful noninvasive adjunct to mainstream monitoring in traumatic brain
injury. The application with more evidence existed is for the detection of intracra-
nial (space-occupying) hematomas. However, not enough evidence is present to
support its use as a surrogate or replacement for any invasive monitoring modality
such as ICP, brain tissue oxygen tension, or jugular bulb saturation have not yielded
sufficiently consistent results.

The technology has been growing significantly and can be merged with other
imaging modalities so that more and more novel methods of data acquisition and
analysis are available in clinical practice. Therefore, the utility of NIRS, as a nonin-
vasive neurological monitoring technology, will be enhanced to provide more infor-
mation for both clinical practice and research.

1.4.5.4 Peripheral Arterial Disease

Peripheral arterial disease (PAD) is the narrowing of peripheral vessels of the body.
The changes in muscle metabolism can be quantified by NIRS in patients with PAD.

1.4.6 Summary

NIRS can indicate the status of tissue oxygen utilization, and it can be a valuable
supplement to other physiological monitoring modalities [69]. There are some limi-
tations to NIRS. First, NIRS cannot distinguish between arterial and venous blood.
In cerebral oximetry, NIRS gets approximately 84% of its contribution from venous
blood. Therefore, NIRS can be used to estimate “regional cerebral venous oxygen
saturation,” also called “venous weighted saturation” [70]. Second, NIRS is suscep-
tible to interferences from the environment, temperature, age, obesity, tissue edema,
and vascular tone (the use of vasoactive drugs included) [53]. Third, the heterogene-
ity in septic shock may prevent local StO2 assessed at a single site from represent-
ing the overall microcirculatory function. With the development of biological
techniques, NIRS and its extensions, such as the functional NIRS (fNIRS) [71] and
the near-infrared photoacoustic imaging platform (NIR PAI) [72], have been
received considerable attention in biological or clinical imaging fields. Overall,
NIRS is a low-cost, noninvasive monitoring modality and more research is war-
ranted before its routine use in clinical practice.
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1.5 Capnography (Dead Space Calculation)

Capnography is the measurement of carbon dioxide (CO,) in exhaled gas. It pro-
vides a noninvasive method to estimate arterial CO, by the numeric display of the
partial pressure of end-tidal CO,(PzCO,), as well as a way to calculate airway dead
space with its waveform [73].

1.5.1 Capnometry

In clinical practice, infrared absorption spectrometry is commonly used for sam-
pling CO, content. Sometimes, mass spectrometry and colorimetric CO, sensor are
used because of their advantages.

1.5.1.1 Infrared Absorption Spectrometry

The principle of infrared spectroscopy relies on the absorption of infrared light
when it passes through a sampling gas. It measures CO, quantitatively as its absorp-
tion rate is positively correlated with the percentage of CO, in the sample. The
infrared analysis is quick enough to display a waveform in real-time [74]. Yet, there
still are some limitations to this technique. Some anesthesia gas, such as nitrous
oxide (N,O), whose infrared absorption peak is extremely close to carbon dioxide,
may cause interference during the measurement. Filters or correction factors should
be used to reduce errors.

Mainstream Capnometer

The mainstream capnometer places its sensor directly into the ventilation circuit
with the advantages of a faster response, a smaller size and fewer opportunities to
malfunction, and also a lower dead space. However, it may cause an obstruction in
the airway. Therefore, it is better to use it on patients with intubation.

Sidestream Capnometer

Sidestream capnometer, which differs from mainstream capnometer, withdraw gas
out of the breathing circuit for sampling. The gas will be sent to an analyzing mod-
ule through a narrow tube. Because of the length of the transport tubing, a delay is
inevitable. Moreover, moisture and secretions will block the sensor so that the tub-
ing needs to be checked regularly. Besides, calibrating is also needed regularly.
Sidestream capnometer can be configured to use in patients with non-intubation.
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1.5.1.2 Mass Spectrometry

The mass spectrometry ionizes the gas into ions in order to separate them according
to their mass and charge. With this technique, gases will be distinguished precisely
by every breath. It will also be able to differentiate N,O and CO,. However, consid-
ering the high cost and weight, mass spectrometry is not available at the bedside [75].

1.5.1.3 Colorimetric CO, Sensor
A colorimetric CO, sensor can qualitatively analyze CO, in the expired gas. There

is a color change of the detector when CO, exists. It is widely used to confirm that
the endotracheal tube does not enter the esophagus.

1.5.2 Capnography

Capnography displays a continuous waveform of the partial pressure of CO, (PCO,)
in the exhaled gas. The content of CO, in the air is usually defined as zero.

1.5.2.1 Time-Based Capnography

Time-based capnography takes PCO, as y-axis and time as x-axis. There is a routine
change in the capnogram of a healthy person which can be identified as four phases
(Fig. 1.4).

P,CO,
alveolar dead space
PerCO,
y
anatomy
dead
. space
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Fig. 1.4 Time-based capnogram. PCO,, partial pressure of CO, in the expired gas; PrrCO,, partial
pressure of end-tidal CO,
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In phase I, PCO, remains zero. Because at this period inspiration take place and
no CO, is detected. Then at the beginning of expiration, the analyzed gas comes
from anatomical dead space which includes airway and endotracheal tube in
mechanically ventilated patients. Therefore, PCO, is still zero.

In phase II, there is an upstroke in the graphic, representing a mixture of alveolar
gas and air.

In phase III, the waveform becomes almost horizontal, which made this phase
also known as an alveolar plateau. But actually, the curve rose gently because of the
different V/Q ratio. Those alveoli with lower V/Q lead to a longer emptying time
and a continuous ascending of the wave. At the end of phase III, PCO, reaches a
peak. This highest level of PCO, is called end-tidal PCO, (Pg;CO,).

In phase IV, PCO, declines sharply towards zero. Inspiration begins and a new
cycle starts.

1.5.2.2 End-Tidal PCO, (PerCO,)

End-tidal PCO, (Pg;CO,) is commonly used to represent alveoli PCO, (P,CO,) and
further represents arterial CO, (P,CO,) in clinical practice. A normal PgCO,
depends on pulmonary blood flow, metabolism, and alveolar ventilation. P,CO, is
determined by the ventilation/perfusion ratio (V/Q).

If V/Q = +o0 (no perfusion), then P,CO, = 0O;

If V/Q is normal, then P,CO, = arterial CO, (P,CO,);

If V/Q ~ 0 (no ventilation), then P,CO, ~ venous CO, (PyCO,);

Under normal circumstances, PgrCO, correlates well with P,CO, at only a differ-
ence of 5 mmHg (P, rCO, = 5 mmHg), which can be used to predict P,CO,. Yet in
pathological occasions, such as pulmonary hypoperfusion, pulmonary embolism,
and cardiac arrest, they stay no longer relative. In fact, anything that leads to an
increase of dead space ventilation could enlarge P, zrCO,, including excessive PEEP
and high-rate low-tidal-volume ventilation.

1.5.3 Clinical Applications—Abnormal Waveform
of Time-Based Capnogram

1.5.3.1 Obstructive Lung Disease

Bronchospasm, COPD, asthma, and bronchiolitis in infants are the common causes
of obstructive lung disease. The obstruction of airways leads to a reduction in ven-
tilation, but usually normal in pulmonary perfusion. This will slow down the exhaled
time and widen the graphic. The slope of phase II flattened, and phase III is
increased, because of the delay in CO, discharge. The waveform turns into a “shark
fin” like shape [76]. By monitoring the gradient of phase III, clinical decisions could
be made and the effect of therapy could be observed. In addition, accurate lung
injury can also result in such kind of curve change.
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1.5.3.2 Cardiac Arrest and CPR (Cardio-Pulmonary Resuscitation)

There is a significant decrease in cardiac output and pulmonary perfusion in cardiac
arrest. The waveform shows a decrease in phase III due to insufficient blood flow,
making the graphic a lower plateau. The capnogram can be used to monitor the
efficiency of CPR. A raise of Pg;CO, lower than 10 mmHg in 20 min CPR is usually
associated with poor outcomes [77]. The return of spontaneous circulation appears
as a significant increase in PCO,.

1.5.3.3 Patient-Ventilator Asynchrony

The Patient-ventilator asynchrony is indicated by deflection during the plateau
phase. Usually, it suggests ineffective triggering (small incisura) or a spontaneous
breathing effort (deep incisura). On either occasion, physicians should be aware of
the graphic and make adjustments to the trigger sensitivity.

1.5.4 Volume-Based Capnography

Volume-based capnography takes PCO, as y-axis and expired volume as x-axis. It
has a waveform similar to the time-based capnogram. Phase I includes gas from the
dead space and tubes. Phase II represents a mixture of alveoli gas and air. Phase III,
the alveolar plateau, mainly contains CO, from alveoli. And when the CO, content
goes to a peak value, it is called PgCO,.

1.5.4.1 Dead Space Calculation

Dead space, also called as physiological dead space, are ventilated areas with no
contribution to gas exchange. The dead space is further segmented into anatomy and
alveolar dead space. Anatomy dead space refers to the airway between mouth and
bronchiole terminals. It is related to the bodyweight of the patient, with approxi-
mately 150 mL for a 70 kg person. For the alveoli that did not participate in gas
exchange, the total volume of the none efficient alveoli is called alveolar dead space,
which is approximately zero in healthy people. Instrumental dead space is also men-
tioned in critical care units and should be subtracted in the calculation.

Dead space ventilation (Vy) can be calculated through the equation below:
(Enghoff modification of the Bohr equation).

vV, /V, =(P,CO, -P,CO,)/(P,CO,)

Vi represents tidal volume; P,CO, represents arterial PCO,; PCO, represents the
mean pressure of CO, in expired gas (the value often used in calculations is PeCO,).
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Fig. 1.5 Volume-based capnogram. V,, volume of anatomy dead space; V,, tidal volume; PCO,,
partial pressure of end-tidal CO,; P,CO,, partial pressure of arterial CO,

Anatomy dead space can be measured through the graphic (Fig. 1.5). A perpen-
dicular line crosses the extension line of an alveolar plateau in order to make area x
equals y. The volume from zero to the foot of the perpendicular line is anatomy
dead space.

In an ideal condition, if there is no dead space (neither anatomy nor alveolar), the
CO,-volume curve would be like a right angle that goes straightly upward at the
zero points then turn right as it reaches P,CO,. As a result, the area between the ideal
curve and the real curve can be seen as physical dead space (summation of the col-
ored area). Furthermore, if we assume there is no alveolar dead space and no mix-
ture of the alveolar gas and air, the waveform will start with a flat graphic then rise
straightly up to P,CO, at the point of V, (volume of anatomy dead space). That is,
the duration when the air of anatomy dead space runs out. The area between the two
curves is the alveolar dead space.

1.5.5 Clinical Application
1.5.5.1 Pulmonary Embolism
Pulmonary embolism is related to disproportion V/Q, decrease in gas exchange, and

increase of alveolar dead space. Different from obstruction lung disease, the increase
of dead space resulted in a flatter phase III because both high V/Q and normal V/Q
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lung units are emptied simultaneously. In other words, there is no delay in CO,
discharge. Volume-based capnography can be used to monitor the response to ther-
apy for pulmonary embolism.

1.5.5.2 PEEP

In critically ill patients, PEEP is commonly used to keep the alveolar open to ensure
SpO,. The CO,-volume capnogram provides real-time monitoring for clinicians to
reduce dead space by adjusting PEEP parameters. It is believed that the PEEP which
minimizes the gap between PrrCO, and P,CO, is the best PEEP [78].

1.6 Transcutaneous Carbon Dioxide Monitor

Transcutaneous CO, (P, .CO,) monitoring is used as a noninvasive method to mani-
fest changes in arterial CO, pressure (P,CO,). Nowadays, it is usually used in com-
bination with an oximetry electrode which can provide both P,CO, and P,O, value
simultaneously.

1.6.1 Principle

Transcutaneous monitors detect CO, by a slightly warmed up sensor attached to the
skin. CO, is measured by an electrochemical sensor behind a flat glass membrane
permeable to CO,. The principle of the sensor is based on potentiometric titration.
A reference electrode and an indicator electrode (a pH glass electrode) are inserted
into the tested solution to form a working battery. The reaction between CO, and the
electrode causes a change in hydrogen concentration, resulting in an electromotive
force change of the battery which can be measured. This is also known as the Stow-
Severing electrode.

The sensor is usually heated up to 42 °C to increase dermal capillary blood flow
and capillary permeability, which all contribute to the diffusion of CO, through the
skin. However, monitoring can also be performed at 37 °C with the introduction of
a correction factor. This is because the gap between P,.CO, and P,CO, is widened at
a lower temperature. In contrast, the monitoring is more sensitive at 42 °C but pres-
ents with a higher risk of being burned.

The fact that the value of P,.CO, is always bigger than P,CO, is probably because
of two factors, heating and skin metabolism. The former may increase partial CO,
production by approximately 4.5% per degree. The latter, which refers to CO, emis-
sion of the tissues between capillary and skin surface, may have an influence of
5 mmHg [79]. A series of algorithms are used to achieve the best consistency with
the arterial pressure of CO,.



1 Gas Exchange 29
1.6.2 Applications

Transcutaneous monitoring provides a feasible and convenient way to monitor CO,,
especially during high-frequency oscillatory ventilation (HFOV). In patients receiv-
ing HFOV, the linear relation between exhaled CO, (end-tidal CO,, P;;CO,) and
arterial CO, (P,CO,) became unstable, making it unfeasible to estimate P,CO, by
P CO,, while P,.CO, remains correlated.

Transcutaneous monitoring is more widely applied in neonatal and pediatric
departments due to the thinner squamous epithelium of children [80]. In mechanical
ventilation, cyanotic congenital heart disease, and transportation of critically ill
children, P,.CO, shows an acceptable accuracy. In other cases which needs continu-
ous blood gas monitoring (such as bronchoscopies, pulmonary function testing,
apnea testing, therapeutic monitor for peripheral vascular disease), P,.CO, also
resulted in a good correlation.

1.6.3 Limitation

The probe requires regular re-membrane and calibration. The membrane must be
changed every 2 weeks; however, in some models, the time frame is prolonged to
6 weeks at most. Calibration is essential for the sensor every 12 h. It is usually built
in the system by manufacturers when it leaves the factory.

Blood gas analysis is still the gold standard of P,CO,. A contrast verification with
blood gas analysis is needed before putting the monitor into use. Also, the transcu-
taneous monitor cannot replace the detection of PgCO,.

The skin condition may affect its reliability as the sensor is contacted to the skin
directly. Monitoring is inaccurate in patients with skin edema or skin thickness.
Cleaning is recommended to remove dead skins and oils. And a drop of contact gel
before the sensor attachment will as though improve its sensitivity. It is better to
place the sensor at an area rich in blood supply, usually the earlobe. The most com-
mon commercial form is an earlobe clap.

The burn is another issue that limits the use of transcutaneous monitoring, espe-
cially in premature infants. Sensors need to be replaced every 2 h to prevent empy-
rosis. The alternative solution is putting down the temperature to 37 °C which
improves patient tolerance. Monitoring time can be prolonged to 8—12 h at this
temperature [81].
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Chapter 2
Respiratory Mechanics

Jian-Xin Zhou, Yan-Lin Yang, Hong-Liang Li, Guang-Qiang Chen,
Xuan He, Xiu-Mei Sun, Ning Zhu, and Yu-Mei Wang

2.1 Pressure and Flow Data Acquisition in Respiratory
Mechanics Researches

Accurate measurements of pressure and flow rate are essential in respiratory
mechanics researches [1, 2]. Apart from airway pressure displayed on the mechani-
cal ventilator, additional sources of pressure measurements, such as tracheal pres-
sure, gastric pressure, and esophageal pressure, are useful for differentiating the
influence of the airway resistance and chest wall elastance on the lung mechanics
[3-7]. Flow measurement is fundamental for lung volume evaluation during
mechanical ventilation [1, 2, 8]. In this chapter, frequently used techniques and
instruments for pressure and flow data acquisition are introduced.

2.1.1 Pressure Acquisition by Pressure Transducer

A pressure transducer is a device that converts pressure into an analog electrical
signal. One of the most commonly used in respiratory mechanics is the strain-gauge
based transducer, by which the conversion of pressure into an electrical signal is
accomplished by the physical deformation of strain gages incorporated in the pres-
sure transducer [9]. This type of transducer measures the pressure relative to atmo-
spheric pressure. For example, peak airway pressure value of 30 cmH,O at sea-level
altitude (atmospheric pressure of 760 cmH,0O) indicates the absolute pressure of
793 cmH,0.
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The accuracy of pressure measurement by a pressure transducer is dependent on
regular calibration. Two parameters have to be considered for calibration, gain and
offset [10]. Gain is the slope of calibration curve, while offset indicates the trans-
ducer output with zero input. Transducer gain and offset are usually calculated
according to transducer specifications. Two kinds of calibration methods can be used
for pressure measurements, two-point and one-point calibration. Two-point calibra-
tion can be used when transducer specifications are unknown [11]. In case of long-
term measurement, such as respiratory mechanics study for several days, transducer
gain and offset may drift significantly from their nominal values. In this situation,
two-point calibration may be useful to regain transducer specifications. For two-
point calibration, a known source of input has to be applied, usually using the water
column as a reference and zero (atmospheric pressure) as another source of input.

For a certain pressure transducer, the gain value is usually quite stable with short-
term duration, such as several hours, while the offset value is prone to a greater drift.
In this situation, one-point calibration with only zeroing the transducer (opening to
atmospheric pressure) is employed. One-point calibration is based on the hypothe-
sis that the transducer calibration curve only shifts vertically but the slope remains
unchanged. It has been strongly recommended to perform the one-point calibration
before starting each epoch of data acquisition.

2.1.2 Flow Acquisition by Fleisch Pneumotachograph

The physical basis of flow measurement is Poiseuille’s law of laminar flow. As gas
flow through a pipeline with known resistance, the flow rate can be calculated as:

V=APrr~4/8nl 2.1

where V is the gas flow rate, AP is the pressure drop along the resistance, r is the
radius of the pipeline, n is the gas viscosity, and [ is the length of the pipeline.

If the resistance is constant and sufficiently low so as not to impede airflow, and
if the gas viscosity is unchanged, the flow rate is directly proportional to the pres-
sure drop along this pipeline [12]. Since Poiseuille’s law is applied under conditions
of laminar flow, turbulence may result in the overestimation of flow rate. Thus, the
accuracy is improved when the turbulent flow is minimized.

The most frequently used airflow measurement is the Fleisch pneumotacho-
graph, which is the gold standard for flow evaluation in respiratory mechanics
research [13]. Fleisch pneumotachograph is composed of a large number of brass
capillary tubes in a parallel array. This function provides a small fixed resistance to
laminar airflow. Two differential pressure transducers are attached to the pressure
collecting ports on both the beginning and ending sides of the tube. As gas passes
through the tube, pressure drop develops and is measured.

Because the flow rate varies widely in human and animal spontaneous and
mechanically ventilated breathings, a single model would not be suitable to provide
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optimal measurement in this wide range of flow rates. There are different models of
Fleisch pneumotachograph with different inner diameter and length of the capillary
tube. The most frequently used models for respiratory mechanics research are type
00 and type 000, with respective inner diameter of 6 and 9 mm and length of 75 mm
[13]. The dead space of the pneumotachograph also affects the accuracy of mea-
surement. Studies have shown that in a dead space the instrument of 15 mL is the
cutoff value for measurement accuracy. The dead space of type 00 and type 000
Fleisch pneumotachograph is 0.9 and 2.0 mL, respectively.

In order to avoid the condensation of water vapor in the Fleisch pneumotacho-
graph channels, the instrument is incorporated with heating apparatus. The new
version of Fleisch pneumotachograph is equipped with on-demanded heating sys-
tem. Otherwise, Fleisch pneumotachograph may be used with the protection of
heated-moisture-exchanger.

According to the equation of Poiseuille’s law, the accuracy of measurement by
pneumotachograph is affected by several factors including the gas viscosity, tem-
perature, and humidity. Therefore, the Fleisch pneumotachograph should be cali-
brated before each epoch of measurements using the same source of gas with the
same temperature and humidity [14].

Usually, a large syringe (e.g., 1 L) is used to calibrate pneumotachograph with
room air. At this time, the effects of temperature and humidity on the measurement
should be considered. Gas in the lungs is at body temperature (37 °C) and fully satu-
rated with water vapor. Measured gas through pneumotachograph is approximately
at room temperature and partially saturated with water vapor. Thus, for representing
the gas volume in the lungs, gas volume measured under ambient temperature and
pressure saturated with water vapor (ATPS) or standard temperature and pressure
with dry (ATPD) are needed to convert to the volume under body temperature and
pressure saturated with water vapor (BTPS). This conversion is based on Charles’s
law, which states that gas volume decreases as the temperature decreases [15, 16].
Table 2.1 shows the conversion factors for volume calculation from ATPS to STPD
and BTPS.

2.2 [Esophageal/Gastric Pressure Monitoring

Mechanical ventilation is an important support therapy, that has been widely used in
the intensive care unit (ICU). Mechanical ventilation can improve oxygenation and
maintain ventilation function by replacing or assisting the activities of respiratory
muscles. In addition, mechanical ventilation can also win valuable time for patients
to treat other diseases. However, with more and more extensive application of
mechanical ventilation, it is found that mechanical ventilation itself will cause dam-
age to patients to a certain extent. In addition to varying degrees of influence on the
hemodynamics of the patients, mechanical ventilation may also lead to the aggrava-
tion of the original lung injury and even the occurrence of new lung injury, named
as ventilator-induced lung injury (VILI) [17]. In recent years, with the
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Table 2.1 Conversion factors for volume calculation from ATPS to STPD and BTPS

Factor
Temperature (°C) ATPS (mmHg) STPD BTPS
10 9.2 0.952 1.153
11 9.8 0.949 1.148
12 10.5 0.945 1.143
13 11.2 0.940 1.138
14 12.0 0.936 1.133
15 12.8 0.932 1.128
16 13.6 0.928 1.123
17 14.5 0.924 1.118
18 15.5 0.920 1.113
19 16.5 0.916 1.108
20 17.5 0.911 1.102
21 18.7 0.906 1.096
22 19.8 0.902 1.091
23 21.1 0.897 1.085
24 22.4 0.893 1.080
25 23.8 0.888 1.075
26 252 0.883 1.069
27 26.7 0.878 1.063
28 28.3 0.874 1.057
29 30.0 0.869 1.051
30 31.8 0.864 1.045
31 33.7 0.859 1.039
32 35.7 0.853 1.032
33 37.7 0.848 1.026
34 39.9 0.843 1.020
35 422 0.838 1.014
36 44.6 0.832 1.007
37 47.1 0.826 1.000
38 49.7 0.821 0.994
39 52.4 0.816 0.987
40 55.3 0.810 0.980

ATPS Ambient temperature and pressure, saturated with water vapor, STPD Standard temperature
and pressure, dry, BTPS Body temperature and pressure, saturated with water vapor

pathophysiology of VILI being explored, the concept of lung protective ventilation
strategy has been proposed [18]. Lung protective ventilation strategies individually
are helpful to reduce VILI by monitoring respiratory mechanics (including pressure
and flow) at the bedside. The airway pressure (Paw) at the open of ventilator tubing
reflects the pressure gradient over the entire respiratory system (lung and chest
wall). In some cases, such as obesity, thoracic, or abdominal disease, the Paw can-
not reflect actualpressure gradient over the lung because the higher percentage of
Paw is used to overcome the elastance of the chest wall. The monitoring of pleural
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pressure (Ppl) or esophageal pressure (Pes) may help to distinguish the pressure
gradients acting on the lung and chest wall.

On the other hand, when the patient has spontaneous breathing, the inspiratory
muscles and the ventilator both participate in breathing activity during assisting
ventilation mode. And the pressure inflating the lung comes from the pressure gen-
erated by the ventilator and the patient’s inspiratory muscles. Nowadays, the role of
patients’ breathing efforts during mechanical ventilation is still controversial. Some
studies have pointed out that a certain degree of breathing effort can maintain the
expansion of the lung tissue in the dependent region and further improve oxygen-
ation and prevent the occurrence of diaphragm disused atrophy [19, 20].
Epidemiological data show that the proportion of clinical application of auxiliary
ventilation is gradually increasing, suggesting that doctors pay more and more
attention to the role of spontaneous breathing [19]. However, excessive breathing
effort also can induce spontaneous lung injury (P-SILI) [21]. And studies found that
early using continuous infusion of neuromuscular blockers in severe ARDS patients
to remove spontaneous breathing can improve patient survival [22]. Therefore, it is
very important to monitor spontaneous breathing efforts and to balance the relation-
ship between mechanical ventilation and spontaneous breathing effort during assist-
ing ventilation. The Monitoring of Pes, intragastric pressure (Pga) and a series of
parameters derived from Pes and Pga can be used to quantitatively assess spontane-
ous breathing efforts. This chapter will briefly introduce Pes and Pga monitoring
technology from the aspects of physiological basis, technology points, and potential
clinical application.

2.2.1 Physiological Basis

The lungs are located in the thoracic cavity and surrounded by the visceral pleura.
The visceral pleura and parietal pleura that is close to the chest wall formed the
pleural cavity. The lungs and chest wall are connected through the pleural cavity. As
two elastic structures, the lungs and chest wall will deform when pressure is applied
and recover the original shape after the pressure is removed. The lung has a ten-
dency to recoil and the chest wall has a reverse trend that prevents the lung from
collapsing. When a person is in an upright position during resting, Ppl is a slightly
negative value.

Understanding the pressure gradient of different parts of the respiratory sys-
tem is the basis for learning respiratory mechanics. Figure 2.1 and Table 2.2
show the pressure gradient of different respiratory structures. The pressure gra-
dient over the respiratory system (Prs) is the difference between the alveolar
pressure (Palv) and the body surface pressure (Pbs); the pressure gradient over
the chest wall (Pcw) is the difference between Ppl and Pbs; the pressure gradient
over the lung, named as transpulmonary pressure (PL), is the difference between
Palv and Ppl; transdiaphragm Pressure (Pdi) is the difference between abdomi-
nal pressure (Pab) and Ppl [23, 24]. When the lungs are at resting condition, the
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Fig. 2.1 Schematic
drawing of pressures for
the respiratory system.
Paw Airway pressure, Pbs

P
Body surface pressure, Ppl ™
Pleural pressure, Palv
Alveolar pressure, Pab
Abdominal pressure Pbs
Ppl
Palv
Pab

Table 2.2 Pressure gradient of different respiratory structures

Structure Definition Formula

Total respiratory Trans-Respiratory System Pressure Prs = Palv — Pbs = Paw — Pbs
system (Prs)

Chest wall Trans-Chest Wall Pressure (Pcw) Pcw = Ppl — Pbs

Lung Transpulmonary Pressure (PL) PL = Palv — Ppl = Paw — Ppl
Diaphragm Transdiaphragm Pressure (Pdi) Pdi = Pab — Ppl

Palv Alveolar pressure, Pbs Body surface pressure, Paw Airway pressure, Ppl Pleural pressure,
Pab Abdominal pressure

glottis is open and no airway closure exists, Palv is equal to Paw. In the formula,
Paw can be instead of Palv to calculate Prs and PL. Learning the pressure gradi-
ent between different respiratory structures under physiological conditions is
very important for us to understand the changes in respiratory mechanics in the
state of disease. Observing the relationship between PL and Pcw can reflect the
pattern of movement between the chest wall and lung during breathing. Pdi
provides a way to evaluate diaphragm movement and quantify spontaneous
breathing efforts.

During inspiration, the volume of the lungs and chest wall changes with pressure
changing. The driving pressure of the respiratory system is generated by the con-
traction of respiratory muscles during spontaneous breathing, by the ventilator dur-
ing controlled ventilation and by both during assisting ventilation. The total pressure
(Ptot) of the respiratory system includes the sum of the pressure provided by the
ventilator (Paw) and the respiratory muscle pressure (Pmus) of the patient. Ptot is
used to overcome the elastance and resistance of the respiratory system. The equa-
tion of gas motion (2.1) describes the above relationship:
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Ptot = Paw + Pmus = P, + ErsxV + Rrsx V (2.2)

P, is the Paw at the beginning of inspiration, Ers is the elastance of the respira-
tory system, Rrs is the airway resistance of the respiratory system, V is the change
of volume, and V is the flow. When ventilation mode is set in volume control venti-
lation with a constant flow, the V and V are set parameters. According to Eq. (2.1),
Ers and Rrs can be calculated by the inspiratory and expiratory occlusion [23]. In
addition, Eq. (2.1) can be converted into different breathing patterns and conditions.

In a controlled ventilation mode and patients have no breathing effort, Pmus is
zero and Ptot is completely provided by the ventilator. The elastance of the respira-
tory system can be distinguished as the elastance of the lungs and chest wall.
Equation (2.1) can be transformed into Eq. (2.2):

Ptot = Paw = P, + ErsxV +RrsxV = P, + EewxV + E, xV +RrsxV  (2.3)

In Eq. (2.2), Paw, Py, V, and V can be continuously monitored by the ventilator.
When the inspiratory occlusion is preformed, the flow is 0 and the resistance is also
0. The remaining variables Ecw and EL represent the change of Pcw and PL in unit
of volume, respectively. And measuring Ppl or Pes is the best way to distinguish the
portion of Paw acting on lung and chest wall.

Spontaneous breathing effort refers to the process of respiratory movement and
energy consumption driven by respiratory muscles. In patients with spontaneous
breathing efforts, Pmus becomes a very important part of the Ptot that drives
breathing movements. Under normal physiological conditions, the inhalation is an
active process and the exhalation is a passive process. Diaphragm is the main
inspiratory muscle, which is located between the thoracic cavity and abdominal
cavity. When diaphragm contracts, the downward movement of the diaphragmatic
dome enlarges the chest cavity and expands the lungs and chest wall. The dia-
phragm relaxes as exhale, and the lungs and chest walls return to their original
state. The forces of all respiratory muscles can be reflected by monitoring Ppl or
Pes. The Pdi calculated with Pab or Pga can reflect the force of the diaphragm dur-
ing breathing.

2.2.2 Esophagus Pressure Estimates Pleural Pressure

Ppl is an important quantitative index for describing the respiratory mechanical
characteristics, but it can only be obtained by invasive methods which cannot be
widely used in clinical. As an alternative method, Pes is rather noninvasive method
that can be real-time monitored at the bedside. In 1950s, Buytendijk firstly found
that Pes could estimate Ppl [25]. Later, researchers found that although Pes tends to
be more positive than Ppl, the change of the Pes and Ppl were similar [26, 27]. The
measurement of Pes, instead of Ppl, can improve our understanding of the mechani-
cal properties of the lungs and chest wall. A series of derived parameters also can
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enhance our further understanding of the pathophysiology of respiratory failure
and VILL

It should be noted that when the person is in the upright position, the lower third
of the esophagus is very close to the pleural cavity and the Ppl can be passed to the
esophagus accurately. At this position, Pes is close to the adjacent Ppl [28]. However,
in the supine position, the weight of the mediastinum and abdominal pressure both
increase Pes. Some studies have pointed out that the Pes is over Ppl about 5 cmH,0
due to the effects of body position and mediastinum [29]. In addition, the heteroge-
neity of the gravity gradient in the lungs also influence Pes. Pes may underestimate
Ppl in dependent regions and overestimate Ppl in nondependent regions. In addition,
factors such as lung and chest wall deformation, pleural effusion, esophageal
smooth muscle reactivity, increased abdominal pressure, and characteristics of the
esophageal manometers may affect the absolute value of Pes. Although the absolute
value of Pes is still controversial, it is generally believed that Pes can represent the
average level of Ppl in both animal and human studies and the changes between Pes
and Ppl have a good correlation. For making sure Pes to reflect Ppl accurately, the
technical aspects of Pes measurement are important. It usually includes the charac-
teristics of the esophageal manometers, placement position, balloon inflating vol-
ume, and data interpretation.

2.2.3 Technology

The monitor of Pes mainly depends on placing esophageal manometers. There are
mainly three types of esophageal manometer tubes: balloon catheters, fluid-filled
catheters, and direct pressure sensors. The most commonly used catheters are bal-
loon catheters. Some esophageal balloon catheters have two balloons that can moni-
tor Pes and Pga at the same time. Some esophageal balloon catheters even have the
function of nasal feeding, which can be used as gastric tubes. The Pes can be mea-
sured by connecting the end of esophageal balloon catheters to the pressure trans-
ductor, such as pressure measuring device, the pressure sensor of the ECG monitor,
or the auxiliary pressure port integrated into the ventilator. The accuracy of Pes
monitoring can be affected by many factors, including the placement of the balloon
catheter, the volume of the balloon, and the data interpretation.

2.2.3.1 Position of Esophageal Balloon Catheter and Balloon Volume

First, insert the esophageal balloon catheter into the stomach through the esophagus
by the nose or oral, the balloon is inflated in an approximate air and connected to a
pressure transductor. Awake patients can be asked to cooperate with swallowing.
Then, judge whether the catheter is in the stomach by Pes waveform. For patients
with spontaneous breathing, breathing efforts induce Paw decreasing; meanwhile,
the diaphragm contraction induces Pga increasing. For patients without
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spontaneous breathing, the Pes appearing “jagged” waveform when pressing the
abdomen continuously suggested that the balloon is located in the stomach. For
catheters with gastric tubes function, the position can be judged by extracting gas-
tric juice. Then, withdraw the catheter into the esophagus slowly. For patients with
spontaneous breathing, it can be seen that the Pes waveform changes from a positive
waveform to a negative waveform during inspiration. For patients without spontane-
ous breathing, the Pes waveform is always a positive waveform. But it can be seen
that Pes obviously increases when the balloon passes through the cardia of esopha-
gus accompanying cardiac artifacts increasing, then the Pes gradually decreases
when withdrawing balloon continually [30]. The depth of the catheter tip from the
nose is about 35—45 cm. During the placement of the catheter, it is necessary to
observe the phenomenon of cough or sudden rise in Paw, avoiding inserting into the
airway by mistake [31].

The material, compliance, and volume of the balloon will affect the accuracy of
Pes monitoring. Nowadays, the materials of balloon are mainly polyethylene and
rubber, the former is more commonly used. Because balloon has the characteristic
of compliance, an over-inflation balloon will overestimate the pressure around the
balloon. Conversely, low inflation volumes cannot conduct the surrounding pressure
and underestimate the surrounding pressure. Several in vitro experiments have testi-
fied proper balloon volume of commercially available catheters, and the results
show that the volume-pressure curve of the balloon is “S” shaped. These studies
provide data for the use of different types of catheters [32, 33]. In addition, the
esophagus wall is also an elastic tissue and it also can affect Pes. The study found
that the volume-pressure of balloon in clinical also showed an “S” shape with an
intermediate linear section, which represents the proper filling volume of balloon.
The slope of this linear section also reflects the elastance of the esophagus wall that
can be used to correct Pes [34, 35]. It should be noted that the balloon should be
reinflated after each adjustment of the catheter position.

2.2.3.2 Occlusion Test

In order to ensure the accuracy of Pes, it needs to be testified by the occlusion test
(Fig. 2.2). For patients with spontaneous breathing, occlusion tests are a very classic
way to judge the position of the catheter [36]. Expiratory occlusion induces the
breathing effort of patients that causes the Paw and Pes to decrease. If the ratio of
the change of Paw and Pes (APES/APaw) is between 0.8 and 1.2, the balloon is
considered to be in a suitable position, otherwise the location and volume of balloon
should be adjusted. The principle of this method is that breathing effort during expi-
ratory occlusion does not change lung volume and transpulmonary pressure, so the
changes of Paw and Pes should be consistent. For patients without spontaneous
breathing, a positive pressure occlusion test can be performed by compressing chest
wall during expiratory occlusion and compare the positive changes in Pes and Paw
(Fig. 2.2). The study has shown that the positive pressure occlusion test has a good
consistency with traditional occlusion test [37]. Occlusion test has been validated in
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Fig. 2.2 Occlusion test in a spontaneous and a passive patient under mechanical ventilation.
Breathing effort during expiratory occlusion does not change lung volume and transpulmonary
pressure, so the changes of Paw and Pes should be consistent. During patients with spontaneous
breathing (right), the ratio of the change of Paw and Pes (APES/APaw) is between 0.8 and 1.2, the
balloon is considered to be in a suitable position and appropriate balloon volume. During patients
without spontaneous breathing (left), APES/APaw was obtained by pressing the chest wall. Paw
Airway pressure, Pes Esophageal pressure

different types of patients. The position of the balloon, the volume of the balloon,
and the patient’s position and lung volume all can affect occlusion test. Before
occlusion test, the balloon of the artificial airway should be routinely checked to
prevent the air leakage from affecting the occlusion test. In addition to the occlusion
test, some catheters have radiopaque markers, and the correct position of the bal-
loon can be judged by a chest X-ray.

2.2.3.3 Other Factors

During Pes monitoring, the amplitude of cardiac artifacts also affects Pes results,
which even can up to 4-5 cmH,O [38]. The study proposed that the use of cardiac
cycles to determine the measurement phase of Pes can improve the accuracy of the
occlusion test [39]. Adjusting the position of the catheter can lower interference. If
the esophageal contraction occurs (the Pes increases significantly and is not related
to breath), the measurement of Pes should be stopped until Pes returns to the base-
line level. In addition, pay attention to whether the baseline level of Pes is stable.
Pes decreasing gradually as time probably suggests balloon leakage, and the esoph-
ageal balloon catheter should be replaced.

2.2.4 Application
2.2.4.1 Transpulmonary Pressure during Passive Ventilation
During passive ventilation, the patients do not exist spontaneous breath and all the

pressures that drive the respiratory system come from the ventilator. Paw can reflect
the mechanics of the respiratory system, but the pressure acting on the lungs is not
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identified yet. As Table 2.2 shows, PL is the force that directly expands the lung tis-
sue, which is equal to the difference between Palv and Ppl. Under passive condition,
inspiratory and expiratory occlusion (usually 3s) can make the air in airway and
alveoli reach balance. At this situation, Paw is considered to be equal to Palv. Ppl
can be estimated by Pes. And considering the limitations of Pes monitoring, schol-
ars proposed different mathematical models to improve the accuracy of PL calcula-
tion. The three main methods are introduced as follows:

Calculation Method of Transpulmonary Pressure

Direct measurement method: The PL is calculated by the difference between the
Paw and the absolute value of Pes during inspiratory and expiratory occlusion,
PL = Paw — Pes. Due to the weight of the mediastinal organs and the elastance of
the esophagus wall in the supine position, the PL is usually underestimated that may
not accurately reflect the conditions of alveoli open and close periodically or the
alveoli collapse. Therefore, some scholars estimated the weight of the mediastinum
based on the change of Pes in different positions of healthy volunteers [40] and
estimated the elastance of esophagus wall based on the change of Pes at different
balloon volumes [41]. The study also proposed a simple method to correct Pes by
minus 5 cmH,O directly [42]. But this correction method is suitable for different
types of patients remains to be further verified.

Release derived method: The studies suggested that although there were differ-
ences in the absolute values of Pes and Ppl, the correlation and consistency of the
changes of Pes and Ppl with breath had a good agreement [26, 27]. The release
derived method is based on the changes of Paw and Pes under the conditions of
mechanical ventilation and atmospheric pressure (ATM). First, measure Paw and
Pes during end-inspiratory and expiratory occlusion. Then, the ventilator is discon-
nected at the end-expiratory occlusion and the Paw and Pes are measured after
patients expiring the residual gas in the lungs, finally calculate the PL according to
the formula: P, = (Paw — Paw at ATM) — (Pes — Pes at ATM) [43]. Regardless of
the absolute value of Pes, Ppl at the end-expiration is zero during ATM. The advan-
tage of this method is to avoid the influence of mediastinal weight and esophageal
wall elastance. The disadvantage is needing to disconnect ventilator, which is pos-
sibly harmful for some critically ill patients.

Elastance derived method: This is another method to calculate PL based on pres-
sure changes, proposed by Gattinoni et al. [44]. Under passive ventilation, the Ers
and Ecw can be calculated by Paw and Pes obtained from end-inspiratory and end-
expiratory occlusion. The Ers is equal to the sum of the EL and Ecw, Ers = EL + Ecw.
Using the proportion of EL in the Ers, the PL at end-inspiration can be calculated by
the formula: PL = Paw x EL/Ers. This method assumed that the Ers changes linearly
during inspiration. The advantage of this method is also to avoid the effect of medi-
astinal weight; moreover, it does not need disconnecting the ventilator. The disad-
vantage is that cannot obtain PL at end-expiration.
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Some studies compared the agreement of three methods. The PL at end-
inspiration calculated by elastance-derived method and release-derived method had
a good agreement [45]. Another study measured different lung regions PL in animal
models and corpses [46], it found that PL calculated by direct measurement method
better reflected PL in the dependent region, which could be used to guide PEEP set-
ting, and PL calculated by elastance-derived method better reflected PL in the non-
dependent lung region, which can be used to reduce lung overdistension.

Clinical Application

In controlled ventilation, the purposes of PL are to guide the PEEP setting based on
PL at end-expiratory, reduce lung overdistension by limiting PL at end-inspiration
and APL and evaluate the patient’s recruitability. The main purpose is to lower the
risk of VILI and provide evidence for setting mechanical ventilation parameters and
other treatments by the above methods.

There is still much controversy about how to select the “optimal PEEP.”
According to pathophysiology, PL at end-expiration reflects the state of lung tissue
at end-expiration, the negative value indicates the possibility of alveolar collapse
or atelectasis. In the EPVent study, Talmor titrated PEEP to keep PL at end-expi-
ration calculated by direct measurement method at 0—10 cmH,O and limit the PL
at end-inspiration to less than 25 cmH,O in ARDS patients. The results showed
that the oxygenation and compliance were significantly improved, and the mortal-
ity also showed a downward trend, compared to the ARDS network low PEEP
table method [44]. However, EPVent-2 study did not yield the same results. This
study compared the Pes and ARDS network high PEEP table to guide PEEP set-
ting. The results showed that there was no significant difference in setting PEEP
levels between the two groups, meanwhile there were no significant differences in
other outcomes [47]. The difference in the responsiveness of PEEP (lung recruit-
ability) may be one of the reasons that resulted in different results of these two
studies.

As we all know, recruitment maneuver can open the collapsed alveoli, increase
lung volume, and improve oxygenation in patients with ARDS. However, the effect
of lung recruitment varies in different patients. That is, not all patients are sensitive
to recruitment maneuver, as lung recruitability. Some studies pointed out that
patients with lung compliance decreasing are mostly recruitable, while those with
chest wall compliance decreasing are mostly unrecruitable [48]. For patients with
unrecruitable lung, recruitment maneuver probably induces lung overdistension.
Therefore, PL derived from Pes monitoring is essential in assessing the effect and
safety of recruitment maneuver.

PEEP can prevent the alveoli opening and closing periodically during breathing
and play a role in stabilizing the alveoli. However, PEEP may also cause alveoli
overdistension to induce VILI. Compared to airway plateau pressure, PL at end-
inspiration is the actual pressure that reflects the state of lung inflation. Grasso
believes that setting PEEP based on PL at end-inspiration may be safer and more
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effective. The study titrated PEEP to make PL at end-inspiratory be close to
25 cmH,0 in patients with influenza A (H1N1)-associated ARDS and showed that
could improve oxygenation and decrease inappropriate use of ECMO [49]. It is cur-
rently believed that limiting PL at end-inspiration to below 20-25 cmH,O can
reduce the occurrence of lung overdistension and reduce the risk of VILI [49, 50].

With introducing the concept of driving pressure, it is believed that it may be
related to mortality in patients with ARDS. The part of the driving pressure acting
on the lung is the transpulmonary driving pressure (APL), that may be the key to
affecting patient mortality [51, 52]. Studies suggested that for patients with ARDS,
APL less than 10-12 cmH,0O may help reduce the risk of VILI [50]. But these con-
clusions need further research and verification.

2.2.4.2 Quantitative Assessment of Spontaneous Inspiratory Efforts

Under assisting/supporting ventilation, it is important to assess the patient’s sponta-
neous inspiratory efforts, because the pressure inflating the lung comes from the
ventilator and patient’s spontaneous inspiratory efforts. Proper spontaneous inspira-
tory efforts can improve oxygenation and reduce the occurrence of respiratory mus-
cle atrophy that is helpful to wean as soon as possible. Strongly spontaneous
inspiratory efforts may lead to P-SILI. Lacking spontaneous inspiratory effort may
cause ventilator-induced diaphragmatic dysfunction (VIDD). Clinicians usually
judge the extent of spontaneous inspiratory effort by observing the patient’s breath-
ing pattern and amplitude. However, patients might already have existed severe
respiratory muscle fatigue if the above symptoms appear, and the symptoms and
signs cannot quantitatively assess spontaneous inspiratory effort. Besides, the
parameters displayed by the ventilator also cannot assess the patient’s spontaneous
inspiratory effort. A combination of Pes and Pga monitoring can quantitatively
assess spontaneous inspiratory efforts, including pressure swings, work of breath-
ing, and pressure time product. These parameters can help to better adjust mechani-
cal ventilation settings and guide weaning, identify patient-ventilator asynchronous
and intrinsic PEEP (PEEP1).

Quantitative Signs

Pressure swings. Pressure swings refer to the change of pressure during breathing,
which is usually equal to the difference between the pressure at the expiratory flow
of zero (Pexp) and the pressure at the inspiratory flow rate of zero (Pinsp). The for-
mula is: AP = Pexp — Pinsp. The pressure in the formula can be Pes, Pga, and Pdi.
During spontaneous breath, Pes decreased and Pga and Pdi increased. The calcula-
tion of the pressure swings is very simple and can be monitored in real-time at the
bedside. However, the Pes swings do not take into account the effects of time, the
elastance of chest wall, and PEEPi. Therefore, it is difficult to assess the energy
expenditure of the respiratory muscles.



48 J.-X. Zhou et al.

Work of Breathing (WOB) and Mechanical Power (MP)

When a force is applied to an object, the object moves in the direction of the
force, it is considered as working on the object. Working is always accompanied
by a change in energy, the international unit is Joule (J). WOB refers to the
change of volyme caused by pressure during breathing. The formula is:
WOB=PxV = dev. WOB is usually expressed as joule per liter (J/L). Normal

Vyes in healt}?y adults at resting are approximately 0.35-0.7 J/L [53]. The
Campbell diagram drawn by dynamic Pes and lung volume divided the WOB
into three parts: resistance, elastance, and PEEP (Fig. 2.3). The limitations of
WOB mainly include two points: first, WOB cannot reflect changes in isovolu-
mic contraction because WOB is calculated based on the change of volume
induced by pressure; Second, WOB does not consider the effect of time. If the
time is different but the same pressure causes the same volume change, the
energy is also different. The main energy of WOB is mechanical energy in
mechanical ventilation. Combining WOB with respiratory rate can obtain
mechanical power, also known as mechanical power (MP). MP integrates sev-
eral parameters of pressure, volume, and time, which can well reflect the energy
consumption of respiratory muscles. Studies showed that the increase in MP is
related to the occurrence of VILI [54, 55].
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Fig. 2.3 Schematic diagram of WOB and PTPes. (a) Shows the pressure and velocity waveforms
in pressure support ventilation mode. From top to bottom, flow velocity, airway pressure, and
esophageal pressure were shown, respectively. The part between the two dotted lines in (a) is the
part that overcomes PEEPi. It can be seen that Pes has begun to decline, but the flow velocity has
not changed. In the Pes pressure-time curve in (a), the colorful area of PTPes includes three parts:
overcoming airway resistance (gray), elastic resistance (yellow), and PEEPi (blue). (b) Shows the
pressure—volume curve based on Pes and lung volume. The area of the color area indicates that the
WOB also includes three parts: overcoming airway resistance (gray), elastic resistance (yellow),
and PEEPi (blue). In addition, the black area at the end of breath in (b) indicates the patient’s active
expiratory effort. Paw Airway pressure, Pes Esophageal pressure, PEEPi Intrinsic PEEP, WOB
Work of breathing, Ccw Chest wall compliance, FRC Functional residual capacity
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Pressure Time Product (PTP)

The pressure time product (PTP) refers to the integral of pressure over time. The
formula is Ptp = Pxt = JPdt, the unit of PTP is cmH,0O x s, which is usually calcu-
lated in a minute, expressed as cmH,O x s/min. The normal resting state is
60-150 cmH,O x s/min [56]. Applying different pressures can reflect different
respiratory muscle conditions. PTP calculated by Pes (PTPes) is used to assess
overall respiratory muscle activity. PTP calculated by Pdi (PTPdi) is used to reflect
the diaphragm muscles. PTP can also be divided into three parts: resistance, elas-
tance, and PEEPi (Fig. 2.3). Compared with WOB, PTP integrates time parameters
and has a good correlation with energy consumption in a certain range. In addition,
PTP also can calculate changes in muscle during isovolumetric contraction which is
suitable to evaluate ineffective spontaneous breathing efforts in patients with asyn-
chronous and PEEPi. PTP also can guide weaning and adjust analgesic and seda-
tive drugs.

Clinical Application

Although there is still controversy about whether to maintain spontaneous inspira-
tory effort in patients with mechanical ventilation, it is clear that excessive or insuf-
ficient spontaneous inspiratory effort will lead to serious related complications and
increasing the incidence of adverse outcomes. Excessive or prolonged ventilator
support may lead to inadequate spontaneous inspiratory effort and inducing
VIDD. The occurrence of VIDD is associated with adverse outcomes such as pro-
longed ICU stay. A certain degree of diaphragm contractility can prevent atrophy
[57, 58]. On the other hand, strong spontaneous inspiratory effort induces the
increase in PL swings that may increase stress and induce lung overdistension, even
induce asynchrony, leading to P-SILI. In addition, strong spontaneous inspiratory
efforts also cause Ppl decreasing and gas in the lungs redistributing, that is, air flows
from the nondependent region into the dependent area. Decreased Ppl can also
increase Ptm of blood vessel, leading to pulmonary edema. When the inspiratory
load is excessive, the activity of the expiratory muscles increases significantly.
Abdominal muscle contraction can lead to increasing intra-abdominal pressure and
Ppl. High Ppl might cause alveoli collapsing and atelectasis during expiration. Pes/
Pga monitoring during mechanical ventilation should be strengthened in clinical
practice to assess patient’s inspiratory effort.

In recent years, the patient-ventilator asynchrony has caused wide attention. The
asynchrony can result in severe hypoxemia in patients, increasing WOB, and even
increasing mortality and prolonging ICU stays [59, 60]. From the perspective of
pathophysiology, asynchrony may cause an increase in APL and/or an increase in
tidal volume during ventilation, which may lead to increasing stress and lung over-
distension and further inducing VILI or exacerbating lung injury. The above mecha-
nism may be the root reason for adverse outcomes in patients with asynchrony.
Many asynchronies cannot be identified by Paw monitoring alone. Only combining
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with the Pes can distinguish types of asynchrony. It is important to know the types
of asynchrony to guide clinical treatment.

For example, double trigger and reverse trigger are two kinds of asynchrony in
clinic. These two types are very similar according to Paw waveform. It is difficult to
distinguish them without other equipment. However, the occurrence mechanism
and treatment of them are quite different. They can be distinguished when applying
Pes waveforms. The double trigger is caused by strong inspiratory effort and the
second breath is triggered again after the first breath completion. In a reverse trig-
ger, the first breath is triggered by ventilator and then it triggers diaphragm contract-
ing which generates the second breath. Although the two types of asynchrony can
both lead to an increase in APL and tidal volume, the mechanisms are totally differ-
ent and treatments are also different. The double trigger might require increasing the
depth of analgesia and sedation, while the reverse trigger is exactly the opposite.
Therefore, no matter from the perspective of the pathophysiological mechanism of
the disease, or guiding clinical treatment, it is very important to monitor Pes for
monitoring asynchrony.

Patients with mechanical ventilation all need to wean. Studies found that PTPes
in patients who failed in weaning was higher than those who succeed in weaning
[61]. The increase in PTPes may be related to the increase of load on the respiratory
muscles. Monitoring Pes and Pga might be helpful to identify the reason for wean-
ing failure and guide treatment. For example, if an increase in airway resistance
leads to PTPes increasing, the clinician needs to give treatments such as suction and
bronchodilators; if an increase in elastance resistance leads to PTPes increasing, the
clinician needs to consider the possibility of pulmonary edema. In addition, Pes
swings can also guide weaning by assessing inspiratory efforts that are superior to
the rapid shallow breathing index [62].

For patients with spontaneous breathing, Pes is the most accurate way to measure
PEEPi. The main causes of PEEPi include incomplete expiration or restricted air-
flow. Patient’s inspiratory efforts need to overcome PEEPi before increasing lung
volume. PEEPi can lead to asynchrony, fatigue of respiratory muscles, and the
increase of WOB, even induce lung overdistension and further affect hemodynam-
ics. Under spontaneous breathing conditions, PEEPi is equal to the change of Pes
from the beginning of Pes falling to the beginning of the inspiratory flow. However,
it should be noted that when the patient expiratory muscles (abdominal muscles) are
active, that is, active expiratory appears, the change of Pes should be subtracted
from the change in Pab to reflect the actual PEEPi [63].

2.2.4.3 Assess Heart-Lung Interactions

Cardiopulmonary interaction refers to the effect on the circulatory system when the
pressure of the respiratory system changes. The main pressures affecting cardiopul-
monary interactions are Ppl and PL. The effect of increased Ppl on the circulatory
system is mainly related to tidal ventilation, which produces a preload effect [64].
The effect of increased PL on the circulatory system is mainly related to lung
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inflation, which produces an afterload effect. In addition, there are differences in the
effects of the Ppl and PL on the circulatory system under different ventilation
modes. The Pes monitoring can be used to measure the transmural pressure of the
cavity. The transmural pressure of the cavity (Ptm) is equal to the inside pressure
minus the surrounding pressure. Ptm represents the pressure of the distending cavity
and reflects the state of volume in the cavity.

During mechanical ventilation, especially in high PEEP levels, there might be
some limitations to assess right ventricular preload and predict volume responsive-
ness by right atrial pressure (RAP). Applying high levels of PEEP can induce the
increase of Ppl and the increase of RAP after pressure is transmitted to the right
atrium. As Ppl increase, the resistance of venous return resistance increases, sys-
temic venous return decreases, and right atrial transmural pressure (RAPtm)
decreases. Studies found that pulse variability by Pes correction can better predict
volume responsiveness [65]. Conversely, an increase in PL can cause an increase in
right ventricular afterload and RAPtm. On the other hand, Ppl can affect left ven-
tricular afterload through left ventricular transmural pressure (LVPtm). Left ven-
tricular afterload is positively correlated with LVPtm and the radius of the left
ventricle and negatively correlated with the thickness of the left ventricle. In some
cases of heart disease (such as dilated cardiomyopathy), the radius of left ventricu-
lar increasing and the thickness of left ventricular decreasing results in a significant
increase in left ventricular afterload. During mechanical ventilation, an increase in
Pes causes a decrease of LVPtm and left ventricular afterload and an increase of
cardiac output. Some studies pointed out that an increase in Ppl can cause a decrease
of left ventricular afterload, which can increase left ventricular stroke volume and
systolic blood pressure in acute heart failure [66].

The dramatic changes in Ppl during spontaneous breathing effort can be shown
as a significant change in pulse amplitude with breathing. During spontaneous
breathing efforts, Pes increased significantly from —25 mmHg in the inspiration to
8 mmHg in the expiration that resulted in RAPtm increasing significantly. If a
patient’s spontaneous breathing effort is too intense due to some diseases, it may
cause acute negative pressure pulmonary edema [67]. Its mechanism is related to
changes of PL and Ptm of small interstitial blood vessels, which further lead to
pulmonary capillary disease and leakage. In addition, a significant decrease in Ppl
also leads to increasing systemic venous return, pulmonary circulation pressure, and
left ventricular afterload.

2.3 Diaphragm Electromyography (EMG)

The main task of the respiratory muscles is to maintain ventilation and perform non-
ventilatory behaviors. As the dominant respiratory muscles, the force generated by
the diaphragm can be assessed with transdiaphragmatic pressure (Pdi), which is
usually measured with bilateral phrenic nerve stimulation. In normal conditions, the
diaphragm generates forces for ventilatory behaviors comprising only 30% of
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maximal Pdi, whereas non-ventilatory behaviors (e.g., signs) require forces ~60%
of maximal Pdi [68, 69]. Near-maximal forces are only generated during expulsive
behaviors (e.g., sneezing, coughing).

On the other hand, neuromotor control of respiratory muscles is reflected in
muscle electrical activity, which is recorded with electromyography (EMG).
Detected with electrodes, usually, the EMG signals are amplified, filtered, and
digitized for data analysis. Robust linear correlation between twitch Pdi and peak
diaphragm muscle root mean square (RMS) EMG/suggesting that diaphragm
EMG measurements may be used as a surrogate of muscle force generation, per-
mitting assessment of neural respiratory drive continuously in various conditions
[70, 71].

In critically ill patients, EMG has proven useful in providing better insight into
breathing patterns in the control of breathing. The respiratory impulse originated
from the neurons of the brainstem, carried via motor nerves, transmit through neu-
romuscular junctions, and propagate along the respiratory muscle fiber mem-
branes. Any failure of these sites can result in abnormal EMG signals. Combined
with other mechanical function tests or alone, the EMG can access the efficacy of
the muscle’s contractile function and sometimes, diagnose neuromuscular
pathology.

2.3.1 EMG Equipment

Three pathways are established to detect the electrical signal of the diaphragm:
transcutaneous, transesophageal, and intramuscular pathway, by placing the sensors
on the skin overlying the area of apposition of the diaphragm to the chest wall, swal-
lowed into the esophagus to measure crural diaphragm EMG, or inserted into the
diaphragm directly with needle, wire, or hook electrodes. Of these methods, the
electrical activity of the heart during contraction inevitably interferes with the elec-
trical signal of the diaphragm measured with a transcutaneous and transesophageal
pathway. Due to the characteristics of invasive and discomfort, the intramuscular
pathway is impractical to use in critically ill patients.

2.3.2 Surface Electrodes

Not only the diaphragm, but the electrical activity of the accessory muscles could
also be monitored with surface electrodes. The advantages of these methods include
noninvasive and simple to use. Depending on the researcher’s knowledge of anat-
omy, the electrodes are placed over or as close as possible to the target muscles, and
no standards are recommended in terms of the electrode design or positioning.
Thereafter, the main drawback of the surface electrodes to monitor diaphragm is the
unreliability of the acquired signals, contaminated with the signals from irrelevant
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muscles, and variate with the differences of body composition (e.g., subcutaneous
fat) [72—74]. It must be pointed out that the surface electrodes measure signals just
from the costal diaphragm component.

2.3.3 Esophageal Electrodes

Decades ago, investigators mounted pairs of electrodes outside a catheter and
acquire the electrical signals of the crural diaphragm by inserting the catheter into
the esophagus [75, 76]. In anatomy, the motor innervation zone (a region with a high
density of motor endplates) of the crural diaphragm of adults lies 1-3 cm cephalad
to the gastroesophageal junction, and compared with the right, the left side approxi-
mately 1 cm cephalad [77]. It is very hard to keep the attachment of the electrodes
to the monitored crural diaphragm since the electrode catheter could move up to
8 cm during inspiration [78].

Multipair esophageal electrodes have been developed to optimize the diaphragm-
electrode positioning, by mounting a serial of ring electrodes on one catheter, fixed
distance with each other. All electrodes signals monitored and paired continuously,
and the signals from each paired electrodes caudal and cephalad to the central area
of the crural diaphragm will have a similar amplitude and opposite polarity, under
the condition of the same distance from the center. The signal-to-noise ratio could
be enhanced, and the artifact originating from the diaphragm movement could be
reduced by double subtract the signals [79]. Based on the acquired reliable dia-
phragm EMG signals, in 1999, Sinderby et al. developed a novel ventilatory mode,
which provides the proportional pressure support to match the patient’s inspiratory
effort, known as the neutrally adjusted ventilatory assist (NAVA) [80].

The limitation of the esophageal electrodes includes mini-invasive, discomfort,
and relatively expensive of the commercially available catheter. Abnormal esophageal
anatomy makes it difficult to place the catheter and increases the risk of complica-
tions. Contrary to the surface electrodes, furthermore, the signals only sample the
crural portions of the diaphragm, instead of the representation of the whole diaphragm.

2.3.4 Signal Disturbances

The feasibility and reliability of the acquired signals are important for data analysis
and interpretation. A good electrical signal should remain stable in frequency and
amplitude; however, usually interfered with the power line frequency and move-
ment. The movement of the electrodes and the change of the pressure on the elec-
trode results in large-amplitude, low-frequency artifacts. Since high-pass filters
could filter out most of the motion artifacts, loss of low-frequency power from the
EMG signal are inevitable. Various originated noises are usually assumed to have
constant power density and are estimated with the signal-to-noise ratio.
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2.3.5 Cross-talk Signals

Cross-talk signals refer to the signals originating from muscles other than the mus-
cles being investigated. As mentioned above, the amplitude and frequency parame-
ters of the EMG are strongly affected by the cardiac contraction (10 times the power
of the diaphragm EMG with a much lower frequency), and it is hard to separate
these two components. There are two techniques developed to reduce the electrocar-
diography (ECG) contamination: the gating technique, which removes a section
(0.4 s) of the EMG signal centered on the QRS complex [81] and the double-
subtraction technique, which subtracts an ECG template from the diaphragm EMG
signal at each occurrence of the ECG waveform [82].

Apart from ECG, both the esophageal peristalsis and abdominal/intercostal mus-
cle activity contribute to the signal contamination of the diaphragm, all of which
should be identified and excluded carefully [83, 84].

2.3.6 Application in the ICU

Continuous monitoring of the electrical activity of the diaphragm is very important
for critically ill patients. Diaphragm dysfunction is popular in ICU, attributed to the
ventilator over- or under-assist, neuromuscular blocking with drugs, and malnutri-
tion, which in turn contribute to the difficult weaning. The diaphragm EMG pro-
vides useful information about phrenic nerve and diaphragm function. What is more
important, the signals of the diaphragm electrical activity could be used to trigger
the ventilator and adjust the level of ventilatory assistance. This novel ventilator
mode, specifically, NAVA, has the great advantage of preserving appropriate inspi-
ratory effort during spontaneous breathing [85], improve the patient-ventilator syn-
chrony [86], and facilitate the liberation from ventilator [87].

It is well known that diaphragm active during inspiration and relaxes during
expiration. However, it has been demonstrated that contraction of the diaphragm
may persist throughout expiration, suggesting a “tonic” activity of the respiratory
muscles, especially in healthy premature and full-term newborns, and patients with
decreased end-expiratory lung volume (EELV) [88]. When PEEP is applied, the
tonic diaphragm activation decreased and the phasic activation increased. This phe-
nomenon could only be detected by the diaphragm EMG, other than other techniques.

2.3.7 Summary

Similar to the electrocardiogram, the electromyography can be used to assess the
level of activation of diaphragm fibers and detect the potential neural and neuromus-
cular pathology. What is more, the electrical activity of the diaphragm could be used
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to guide the ventilation proportional to the patient’s effort. However, the complexity
of data analysis and interpretation combined with the various artifacts limit the
application of this technique, which needs to be dealt with in the future.

2.4 Compliance and Resistance

The impedance of respiratory system can be roughly divided into two categories:
elastance and inelastic resistance. The former mainly includes the elastic resistance
of the lungs and the elastic resistance of the chest wall, which is 2/3 of the main total
resistance during breathing. The inelastic resistance includes frictional resistance
and inertance, which accounts for about 1/3 of the total resistance when breathing
quietly, of which the frictional resistance of the airway is the main.

In respiratory system, the flow of gas is accomplished by the pressure difference,
and the respiratory resistance is overcome by driving pressure response. The motion
equation of respiratory system is as follows:

P:%XAV+R><U+I><G (2.4)

Among them, elastance is often expressed by the reciprocal of compliance (C)
and the displacement distance of the respiratory system is expressed by the change
of lung volume (AV). R represents the airway resistance of the respiratory system,
v represents the gas flow rate, I represents the inertance, and ¢ represents the accel-
eration of flow. In general, the inertance of the respiratory system is very small and
can be ignored. Formula (2.3) can be simplified to:

P= 1C><AV+R><U (2.5)

2.4.1 Elastance and compliance

Elasticity is one of the main characteristics of respiratory system. As to each given lung
volume, there is a corresponding elastance for volume maintenance. Arithmetically,
the elastance equals to the sum of lung elastance and chest wall elastance.

E=E +E

lung chest wall

(2.6)

Compliance is the reciprocal of elastic resistance and is a commonly used clini-
cal concept. Respiratory system compliance (Crs) is a measure of elasticity or dis-
tensibility, which can be classified into two categories, compliance of the lungs and
chest wall. We can mutate the equation based on Eq. (2.5). The normal respiratory
compliance is in the range of 50-70 mL/cmH?20.
+1/C

chest wall

1/C_=1/C 2.7)

lung
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2.4.1.1 Lung Compliance (Clung)

Clung is defined as the lung volume change per unit transpulmonary pressure (PL)
gradient change. The formula is: Cy,,, = AV/AP, (L/cmH,0). Clung was S-shaped
on the P-V curve (Fig. 2.4). The slope of the middle part is the biggest, that is, the
compliance is normal, and the lung has good extensibility. The compliance decreased
in the upper part of the S-shaped curve. Collagen fibers play a major role in high
volume, which is called the inextensibility of the lung. The incidence of lung injury
increased significantly at this stage. In the lower part of the curve, there is a low
volume segment with alveolar trapping and a significant decrease in compliance.
The elastic resistance of the lung comes from two aspects: the surface tension
formed by the interface between the liquid layer and the gas on the alveolar surface,
and the elastic retraction force of the elastic fibers of the lung, the former accounts
for about 2/3 of the pulmonary elastic resistance, and the latter accounts for about
1/3. On the other hand, the compliance of the lung is variable, and the inspiratory
branch and expiratory branch of the P-V curve are different, and there is a lag phe-
nomenon (Fig. 2.4). And there is a difference in compliance between quick inhala-
tion and slow inhalation. The variability of Clung may be related to the surface
tension of alveoli and the viscosity of lung tissue.

In normal subjects, Clung is referred to be 150 mL/cmH,O [90]. when it comes
to pulmonary fibrosis, alveolar edema, or discontinuation of ventilation, the compli-
ance is decreased due to the interference of lung inflation or partial atelectasis. In
addition, reduced compliance is also found in patients with increased pulmonary
venous pressure. For patients with pulmonary emphysema, compliance increases as
elastic tissue alters. Notably, compliance also increases during acute asthma attack
due to unclear mechanisms. Several factors have been reported to affect compli-
ance, including lung volume, posture, pulmonary blood volume, age, bronchial
smooth muscle tone, and comorbidities.

Fig. 2.4 S-shaped P-V
curve of the lung. The
abscissa of the figure is -
transpulmonary pressure .
and the ordinate is lung 4
volume. The red dotted
line indicates the inhalation
process and the yellow
dotted line indicates the
exhalation process. The
two curves do not overlap
because of the lag /
phenomenon. The slope of e—
the curve is Clung Pie

-

e
-

lung volume (mL)

transpulmonary pressure (cmH20)
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2.4.1.2 Chest Wall Compliance (Ccw)

Ccw is defined as a change in lung volume per unit change in the pressure gradient
between the pleural pressure (Ppl) and body surface pressure. The formula is:
C.y = AVIAPpl (L/cmH,0). Ccw is usually described as milliliters per centimeters of
water (mL/cmH,0) or liter per kilopascal (L/kPa). The reference value of Ccw is
approximately 200 mL/cmH,O [91]. When the lung volume is 67% of the total lung
capacity, the chest is in its natural position. When the lung volume is less than 67% of
the total lung capacity, the elastic retractive force of the chest is outward, which is the
power to inhale and the resistance to exhale. On the contrary, when the lung volume is
greater than 67% of the total lung capacity, the elastic retractive force of the chest is
inward, which becomes the resistance to inhale and the power to exhale. Increased
age, obesity, thoracic scars are clear sources for reducing Ccw. Moreover, researches
have shown that posture is an affecting factor of Ccw. Compared to the supine posi-
tion, Ccw is elevated with the seat position and lessened in the prone subjects.

2.4.1.3 Measurement of Respiratory System Compliance
in Mechanical Ventilation

According to the measurement procedures, Respiratory system compliance (Crs) is
classified as dynamic respiratory system compliance (Cdyn) or static respiratory
system compliance (Cst) in mechanical ventilation. Cdyn is measured throughout
the regular process of normal rhythmic breathing and is the tidal volume (VT)
divided by the end inspiration airway pressure minus end exhalation airway pres-
sure both at no flow point, while Cst is VT divided by the pressure gradient that
plateau pressure (Pplat) subduce positive end-expiratory pressure (PEEP) which is
measured after the inspiratory and expiratory hold. The formula of Cdyn and Cst is:

Cdyn = VT /(Pend—insp - Pend—exp) (28)
and
C, =V, /(P,, —PEEP), 2.9)
respectively.

By using an esophageal balloon catheter, a pressure transducer, and a spirometer,
Ppl can be measured. By using Ppl, we can calculate PL which is the pressure acting
on the lungs. Lung Compliance (Clung) and Ccw can be obtained as lung volume
changes dividing by different pressure gradients, respectively.

2.4.2 Resistance

Inelastic impedance includes frictional resistance and inertance. Frictional resis-
tance is the ratio of pressure difference to velocity, and inertance is the ratio of pres-
sure difference to flow acceleration. The frictional resistance of the respiratory
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system mainly refers to the friction between the gas molecules and the airway wall
when the gas flows through the respiratory tract, also known as airway resistance,
which is the most common cause of obstructive pulmonary dysfunction in clinic.
The relative displacement of chest and lung tissue will also produce frictional resis-
tance. In addition, the inertance of an object mainly depends on the weight per unit
volume (density), the degree of change (displacement), and velocity (acceleration).
In general, the inertance of the respiratory system is very small and can be ignored.

2.4.3 Gas Flow and Resistance
2.4.3.1 Laminar Flow

When transferred along a regular, straight, and unbranched tube, laminar flow
moves as a series of concentric cylinders, where the peripheral of the cylinder moves
relatively slower than the center of the cylinder. As a result, a cone is established in
front of the laminar flow. Pressure gradient AP and flow rate are calculated as:

AP = flow rate x resistance

and

AP x 1 x (radius)4

8 x length x viscosity

Flow rate =

respectively. Therefore, the resistance is qualified as:

8 x length x viscosity

Resistance = (2.10)

X (radius)4

2.4.3.2 Turbulent Flow

Turbulent flow occurs in high flow rates, tubular angles, diameter change, or
branched tubes, which remains an irregular movement that superposes on the gas
movement along the tube. Unlike laminar flow, the front of turbulent flow presents
with square rather than cone. As to quantitative calculation, resistance concerning
turbulent flow is slightly different from that of laminar flow. That is, the driving
pressure of turbulent flow is proportional to the square of the gas flow rate, is pro-
portional to the density of the gas, is theoretically fifth power of the radius, and is
independent of the viscosity. When gas flow involves partial or total turbulent flow,
the pressure gradient can be calculated as follows, Pressure gradi-
ent = k,(flow) + ky(flow)>. The parameter k; and k, from the equation contain the
components of laminar and turbulent flow, respectively. In healthy human subjects,
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ki and k, are summarized to be 0.24 and 0.03. Additionally, the equation can be
simplified as:

Pressure gradient = k (ﬂow )n (2.11)

In this equation, parameter n indicates the nature of flow (1—pure laminar flow,
2——pure turbulent flow, between 1 and 2—complex). The parameters K and » in the
equation are summarized to be 0.24 and 1.3 in normal human subjects.

2.4.3.3 Reynolds Number

Reynolds number is applied for indicating the nature of gas flow when the progress
of gas movement is through a straight tube. Reynolds number can be quantified as
follows: linear gas velocity x tube diameter x gas density/gas viscosity. A Reynolds
number greater than 4000 indicates that the gas flow is mainly consisted of turbulent
flow, whereas less than 2000 indicates laminar flow. A Reynolds number between
2000 and 4000 indicates complex flow that contains both turbulent and laminar
flow. Moreover, the Reynolds number is associated with the Entrance length.
Entrance length = 0.03 x tube diameter x reynolds number. The entrance length is
defined as the distance for establishing laminar flow. As we can conclude from this
equation, gas with a low Reynolds number is less resistant and easier to establish
laminar flow.

2.4.4 Characteristics of Airway Resistance

Respiratory resistance is consisting of two components, frictional resistance (includ-
ing airway resistance and tissue resistance) and inertance. Airway resistance is
mainly caused by friction. Given the nature of gas flow is much more complex in
pulmonary airway than modulation, it is impractical to simply classify the gas flow
into laminar or turbulent. As a result of anatomical characteristics, physically, stable
laminar flow cannot be established until the last several levels of airway generation.
Consequently, excessive turbulent flow potentially creates more frictional resistance
through the transduction of gas flow. Tissue resistance is thought to be originated
from the lung and chest wall, especially the chest wall, and referred as the viscous
force within the tissues. Tissue resistance is rarely related to end-expiratory pressure
or tidal volume. It is reported that the tissue resistance owns a 50% weight of total
respiratory resistance in anesthetized healthy subjects. In several clinical circum-
stances, it is important to contemplate the influence of tissue resistance and differ-
entiate the tissue resistance from the total respiratory resistance. Inertance is another
component of respiratory resistance. Inertance is difficult to measure and conven-
tionally believed negligible during normal respiration. However, inertance creates
significant impedance during high-frequency ventilation.
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2.4.5 Influencing Factors of Airway Resistance

Physical compression is one of the major factors that affect respiratory resistance.
Physical compression can be classified into volume-related and flow-related airway
collapse. Volume-related airway collapse occurs in patients with reduced lung vol-
ume. Assuming other factors stay constant, airway resistance is reverse proportional
to the lung volume when lung volume declines. Expiratory airway collapse causes
“valve” effect as well as gas trapping, which increases the airway resistance and
leads to an increase in residual volume and functional residual capacity [92]. Flow-
related airway collapse occurs specifically in airways beyond the 11th generation
for the absence of cartilaginous structures during the maximal forced expiration,
where the Ppl remains higher than the atmosphere [93]. As gas flow along the air-
way, there will be an equal-pressure point, where the Ppl is equal to the atmosphere.
Hence, small airways affiliated to the equal-pressure point will be unable to over-
come the transmural pressure gradient and develop airway collapse.

Muscular contraction affects the airway diameter through neural pathways,
humoral regulations, reflection to stimulations, and inflammatory responses [94,
95]. Neural pathways mainly act through the parasympathetic system and noncho-
linergic parasympathetic nerves. Acetylcholine on M3 muscarinic receptors causes
contraction of bronchial smooth muscle, while vasoactive intestinal peptide pro-
duces muscular relaxation by promoting the production of nitric oxide. Sympathetic
system plays a deficient role in airway muscular contraction based on existing evi-
dence. Nevertheless, 2-adrenergic receptors are highly sensitive to circulating
adrenaline. When it comes to a sympathetic stress response, elevated adrenaline
concentration makes great contributions to muscular tone. Stimulations also give
rise to muscular contraction. Mechanical stimulation, inhalation of water, cold air,
chemical aerosol, or medications are underlying causes of bronchoconstriction.
Local cellular secretion is another important mechanism of muscular contraction.
Pathogens or allergens activate the secretion of cytokines and amplify the inflamma-
tory response. Among patients with hyperresponsive airway, this mechanism effort-
lessly generates bronchoconstriction or even bronchospasm.

2.5 Auto-PEEP

In 1982 [96], Pepe and Marini first used the term “auto-PEEP,” which was the
abbreviation of auto generated positive end-expiratory pressure. Pepe and Marini
also described the measurement technique and clinical implications in their study.
They found that alveolar pressure could remain positive during the expiratory phase,
even the PEEP (positive end-expiratory pressure) was not applied. And they noted
that this “auto-PEEP” phenomenon could severely depress cardiac output by
increasing intrathoracic pressure. Nowadays, studies in this field have been deeply
conducted.
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2.5.1 Definition and Terminology

From the Greek word, auto means “self.” During the expiratory phase, the respi-
ratory system cannot fully return to relaxed position before the next inspiration
initiates. This results in the pressure gradient, which will drive the end-expira-
tory flow until the sudden stop of inspiratory forces from patient or ventilator.
The total end-expiratory alveolar pressure is the sum of the applied PEEP and
auto-PEEP.

Auto-PEEP is also termed as PEEPi (intrinsic PEEP) or occult PEEP, which
makes confusion of these terms. Auto-PEEP and intrinsic PEEP can be equal when
no PEEP is set [97].

Auto-PEEP can be caused by dynamic hyperinflation (DH). The lung volume
should return to the relaxation volume at end-expiration in normal conditions, when
the patients have airflow obstruction, the lung volume may exceed predicted FRC
(functional residual capacity) [98]. Dynamic hyperinflation and air (or gas) trapping
(AP) are not always similar, and short expiratory time can produce dynamic hyper-
inflation without physically trapping gas. For example, in asthma patients without
intubation, inspiratory muscles are still working in the early exhalation, and the
glottis braking leads to dynamic hyperinflation. On the other hand, gas trapping can
be reversed at modest tidal inspiratory pressures in obesity and ARDS (acute respi-
ratory distress syndrome) patients, which have weak inspiratory efforts [97]. So,
auto-PEEP can be differentiated into three types: (1) with DH and AP; (2) with DH
and without AP; and (3) without DH.

Flow limitation describes the dynamic condition when the flow is limited and
cannot be increased anymore, even by increasing alveolar pressure or decreasing
airway-opening pressure, which is always related to small airway collapse.

2.5.2 Causes and Determinants

Auto-PEEP can be generated in several pathophysiological and clinical conditions,
such as increased airway resistance (including increased equipment expiratory
resistance), short expiratory time, long time constant of the respiratory system, high
minute volume, tidal expiratory flow limitation, COPD (chronic pulmonary dis-
ease), ARF (acute respiratory failure), and obesity.

In fact, expiratory time is a relative concept, and the proportion of expiratory
time in the entire respiratory cycle is the key to lead to auto-PEEP. In other words,
the time constant of the respiratory system is the key, rather than the seconds of the
expiratory time exactly [99].

Dynamic airway collapse is also considered as the intrinsic factor of auto-PEEP
[98]. In ventilated COPD patients, the exacerbation of airflow obstruction is caused
by dynamic airway collapse and flow limitation.
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2.5.3 Effects and Consequences

The effects on respiratory mechanics, gas exchange, and hemodynamics are similar
between the intrinsic PEEP (auto-PEEP) and the extrinsic PEEP.

Auto-PEEP is a common cause of dyspnea and patient-ventilator asynchrony
(such as noneffective triggering). Studies also show that auto-PEEP is related to
VILI (ventilator-induced lung injury), the increase of WOB (work of breathing),
and worsen the efficiency of the respiratory muscles.

As for the hemodynamic consequences, the effects of PEEP have been known for
more than 60 years. Auto-PEEP can reduce cardiac output by increasing intratho-
racic pressure and it can decrease arterial pressure [96]. The dynamic hyperinflation
may also cause bradycardia and vasodilation by autonomic reflexes. Auto-PEEP can
be a cause of shock and cardiac arrest. Some studies further indicate that it is a com-
mon cause of pulseless electrical activity in patients with positive pressure ventila-
tion. During cardiopulmonary resuscitation, auto-PEEP can prevent the return of
spontaneous circulation [100].

2.5.4 Detection and Measurement

The auscultation and clinical symptoms can help to suspect the existence of auto-
PEEP, the symptoms including (1) the enlargement of chest circumference; (2)
lower-effective ventilation; (3) shock, deterioration of cardiovascular function,
increased pulmonary artery wedge pressure that cannot be explained with the circu-
latory system functions; (4) the abrupt increase of the airway peak pressure during
volume-preset ventilation and the abrupt decrease of the tidal volume during
pressure-preset ventilation, and (5) the decrease of the plateau pressure that cannot
be explained with the decrease of respiratory system compliance.

The auto-PEEP can be detected after a EEO (end-expiratory occlusion), with the
abrupt increase of the airway pressure. After several seconds of EEO (at least 2-3 s),
the stable pressure can be obtained, which is called the total PEEP. Total PEEP is the
sum of external PEEP (preset PEEP) and intrinsic PEEP (auto-PEEP).

The intrathoracic pressure changes can be instead of the measurement of
esophageal pressure (Pes), which can help to detect auto-PEEP. When the flow
still exists during expiratory, the abrupt decrease in Pes indicates that the patient
performs an active inspiratory effort. To trigger the ventilator, the inspiratory
effort must overcome and counterbalance the auto-PEEP [101]. So in patients
with active inspiratory effort, the measurement of auto-PEEP is shown as Fig. 2.5.
Auto-PEEP is measured as the negative deflection of esophageal pressure
between the start of inspiratory effort and the start of ventilator insufflation (the
point of zero flow).

The flow limitation can be detected by manual compression of the abdomen after
EEO [99]. The doctor puts his hand on the abdominal wall of the patient, with the
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palm on the umbilicus oriented perpendicularly to the axis between the xiphoid
process and the pubis. Once the insufflation is finished, the doctor makes firm but
gentle compression of the abdomen in an anteroposterior direction throughout the
whole expiration. Flow limitation is diagnosed when there is all or part of overlap
on the flow-volume loops between the compression and passive expiration. If the
compression makes the expiratory flow at any volume be higher than passive condi-
tions, the patient has no flow limitation. This method can increase pleural pressure,
so it may be appropriate during the convalescent stage of the disease, considering
the safety and validity of the method [102].
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2.5.5 Management and Treatment

Auto-PEEP can be eliminated by several methods including (1) changes of ventila-
tor parameters; (2) reduction of the patient’s ventilation requirements; (3) reduction
of the expiratory resistance, and (4) use of appropriate external PEEP.

In obstructive patients, the reduction in tidal volume and increase in expira-
tory time can decrease dynamic hyperinflation. As mentioned before, the pro-
portion of expiratory time in the entire respiratory cycle is the key, so increasing
inspiratory flow or reducing breathing frequency could more effectively reduce
auto-PEEP.

In 1989, Tobin [103] used the model of the waterfall over a dam to explain the
effect of external PEEP (the downstream pressure) on auto-PEEP (the upstream
pressure). The downstream pressure is the external PEEP, and the upstream pres-
sure is auto-PEEP. According to this theory, applying external PEEP will unload
the burden of the inspiratory muscles and help weaning but it will induce VILI if
there is no existence of expiratory flow limitation.

Some studies [99] indicated that flow limitation could be effectively reduced by
bronchodilators and the sitting position, and it could be the most effective therapies
to reduce auto-PEEP by decreasing airway resistance and time constant of the respi-
ratory system.

2.6 Pressure-Time Curve

2.6.1 Background

Although mechanical ventilation is an important sustaining treatment for patients,
especially with acute respiratory disease syndrome, it also can cause ventilator-
induced lung injury (VILI) when ventilations result in lung atelectrauma and over-
distension. In 2000, the shape of dynamic Pressure—time (P—f) curve analysis during
constant flow-volume control ventilation was introduced as a noninvasive and real-
time method to identify whether lung exists atelectasis and overdistension during
ventilation at the bedside [104].

2.6.2 Physiology

Airway pressure-time (Paw-t curve shows the change of airway pressure (Paw)
against time, Paw is expressed in cmH,O and time in second (s) on the ventilator
waveform. During volume-controlled ventilation with a constant flow, the volume
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Fig. 2.6 The examples of airway pressure-time (Paw-t) curve. The upper figures show the Paw-t
curves and the lower figures show the corresponding flow waveforms. The dotted lines represent
the beginning or end of the constant flow. During the constant flow, the Paw-t curve in (a) is linear
(stress index = 1.005), the Paw-t curve in (b) is downward concavity (stress index = 0.786), and the
Paw-t curve in (c) is upward concavity (stress index = 1.156)

of gas is increased at a constant rate as time, it can be used as a surrogate for a
pressure-volume curve to some extent. When assuming airway resistance is con-
stant with inflation, the slope of Paw-t curve reflects the change of respiratory sys-
tem elastance (as the reciprocal of compliance respiratory system). A linear Paw-t
curve represents that the respiratory system elastance remains unchanged through-
out tidal inflation (Fig. 2.6a); A downward concavity Paw-t curve represents that
respiratory system elastance decreases throughout tidal inflation and suggests exist-
ing tidal recruitment, so the positive end-expiratory pressure (PEEP) need to be
increased to open collapse lung for avoiding atelectrauma (Fig. 2.6b); An upward
concavity Paw-t curve represents that elastance increases because of appearing
overdistention with inflation, suggesting that the PEEP, tidal volume, or both need
to be decreased (Fig. 2.6¢). To qualitatively evaluate the shape of Paw-t curve, the
Paw and time can be fitted by the following equation:

. b
Paw = ax time’ + ¢

where a represents the slope of Paw-t curve as time is equal to 1 s; ¢ is the value
of Paw as the time of 0 s; and b is a dimensionless parameter reflecting the shape of
the Paw-t curve, which is named stress index (SI). If SI value is between 0.9 and 1.1,
the Paw-t curve is linear, SI < 0.9 is downward concavity shape, and SI > 1.1 is
upward concavity shape [105].
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2.6.3 Measurement

The Method of Calculating SI Manually: First, adjust the ventilation mode to
volume-controlled ventilation with a constant flow. To avoid the influence of spon-
taneous inspiratory efforts, it is better to use neuromuscular blockade or increase
sedation level to make Ramsay score of 5. Second, collect Paw and flow. It is recom-
mended to record the Paw and flow for at least 5 breaths in a high sampling fre-
quency with no phase lag; Third, identify the constant flow segment. The constant
flow segment is usually identified as the fluctuation is within 3% of the steady
value. Meanwhile, to eliminate the influence of on-flow and off-flow transients, the
constant segment should be further narrowed for 50 ms; Forth, The Levenberg—
Marquardt algorithm can be used to fit mean Paw and time based on the equation
and calculate the SI and R? values [105].

Calculations need to be aborted if any following conditions occur: (1) A constant
segment is not found because of noise, artifacts, or air leakage; (2) The length of the
identified constant segment is less than one-third of the entire inspiratory phase; and
(3) R? values of the fitting are lower than 0.95 [105].

The Method of Calculating SI by Software: At present, an instrument is mainly
used in the field of respiratory monitor, (ICU-Lab KleisTEK, Bari, Italy), can be
used to collect Paw and flow in 200 Hz by putting a transducer between the Y-piece
of the ventilator circuit and the endotracheal tube, and it also can calculate SI value
by automatic procedure (Fig. 2.7). Besides, several types of ventilators can auto-
matically measure SI such as Servo-i or Servo-u (Maquet, Sweden), SV800
(Mindray Co. China), and Luft3 (Leistung, Argentina).

The Method of Calculating SI by Inspection: Besides automatic measure-
ments of SI from ventilators, obtaining SI is still inconvenient in clinical practice
because it needs specific software to collect data or rather complex calculations.
The previous study introduced a simple method by visually inspecting the venti-
lator screen waveforms to evaluate SI reliably and accurately [106]. First, clini-
cal physicians need to freeze the ventilator waveform when patients are ventilated
in volume control ventilation with a constant flow. Second, identify the midpoint
of the constant inspiratory flow waveform and then find the corresponding point
on the Paw-t waveform. Third, put a ruler on the ventilator screen and make it
pass through the point as the reference of the tangent line for Paw-t waveform.
Forth, judge the relationship of this ruler and Paw-t waveform by visually
inspecting:

(1) If the Paw-t waveform almost coincides with the ruler, the Paw-t curve is
linear, indicating a SI value between 0.9 and 1.1; (2) if the two sides of Paw-t wave-
form are both deviating downward from the ruler, the Paw-t curve is downward
concavity, indicating an SI < 0.9; and (3) if the two sides of the Paw-t waveform are
both deviating upward from the ruler, the Paw-t curve is upward concavity, indicat-
ing an SI > 1.1 (Fig. 2.8).

Meanwhile, another study also observed the accuracy of direct visual inspection
of SI by ventilators’ screen [107]. They enrolled 30 patients with ARDS and set



2 Respiratory Mechanics 67

(o J[orm] Spciempeiortmme i (oot | vt ] itfle = [tosh] s st e tio [ sp]cc plrin) o v

Baum
| 0L S —

Fig. 2.7 The example of stress index calculated automatically by ICU-Lab. The figure shows the
result of automatic calculation of stress index by an instrument that is mainly used in the field of
respiratory monitor, ICU-Lab (KleisTEK, Bari, Italy). The red is flow waveform and yellow is
pressure waveform in the upper that is selected to calculate stress index. And lower left and lower
right are the mean flow-time and pressure-time waveform that are selected to calculate stress index.
The line A and F represent the beginning and end of inspiration. The line B and E represent the
beginning and end of constant flow. The line C and D represent the true beginning and end of
constant segment after the constant flow segment is further narrowed for 50 ms for avoiding the
influence of on-flow and off-flow transients. The Paw and time between line C and line D can be
fitted by the following equation: Paw = a x time” + ¢, and b value can be shown automatically
(0.989 in this figure)

mechanical ventilation in two different inspiratory flow (40 and 60 L/min). The
study found that physicians can distinguish three types of SI correctly. Besides,
the lower constant flow (as 40 L/min) could improve the sensitivity of visual
inspection.

2.6.4 The Specific Pressure-Time Curves

The Sigmoidal Shape of Paw-t Curves: In some situations, the Paw-t curve shows
a sigmoidal shape with an initial downward concavity and a final upward concavity,
probably because alveolar is opened at the beginning and alveolar exists overdisten-
sion at the end as inflation. Under these circumstances, it would be best to divide
into two portions and calculate the SI respectively [105]. It was recommended that
adjust PEEP to obtain linear in the first portion and set the tidal volume to obtain
linear in the second portion (Fig. 2.9).
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Fig. 2.8 Schematic of the method for visually inspecting the airway pressure-time (Paw-t) wave-
form and stress index (SI) classification. First, the midpoint on the constant inspiratory flow (red
dot) is identified; second, the corresponding point (red dashed line and red circle) on the Paw-t
waveform is confirmed; third, a ruler is put on the ventilator screen to mark the tangent line (red
solid line) passing through the middle point (a). The relationship of this tangent line and the Paw-t
waveform is visually inspected and classified into three categories. The Paw-t waveform almost
coincident with the tangent line is judged as a linear shape (b), indicating an SI value between 0.9
and 1.1. The off-line software measured SI to be 0.98 in this case. When the two sides of the Paw-
time waveform both deviate downward from the tangent line, this is categorized as a downward
concavity (c), indicating an SI 0.9. The off-line software measured SI to be 0.80 in this case. When
the two sides of the Paw-time waveform both deviate upward from the tangent line, this is catego-
rized as an upward concavity (d), indicating an SI 1.1. The off-line software measured SI to be
1.20 in this case

The Transpulmonary Pressure-Time Curves: When the esophageal pressure
(Pes) was measured by an esophageal catheter, the transpulmonary pressure (PL)
can be calculated by the equation as PL = Paw — Pes. The PL and time are also
described as the following equation:

PL = axtime” +c.

In fact, the previous studies showed the SI obtained by Paw-t curves could reflect
SI of obtained PL-t curve well.

2.6.5 Clinical Application of SI

The measurement of SI monitoring provides a noninvasive, repeatable, and real-
time method to monitor respiratory mechanics at the bedside.

In 2000, Ranieri et al. first tested PL-t curves profile in an isolated rat lung injury
model [104]. They adjusted tidal volume and PEEP to obtain three types of SI. The
study found that set a tidal volume as 6—-8 mL/kg and adjust PEEP to keep SI within
0.9-1.1 contributed to reducing VILI and had the lowest histological injury score
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(Il-6 and MIP-2 levels). And further animal studies also found that the SI could
identify tidal recruitment and overdistension accurately compared to CT scan
[109-112].

The ST also has been validated in clinical settings [113—117]. Grasso et al. per-
formed a cohort study in 15 ARDS patients, they adjusted PEEP levels randomly
according to Blood Institute’s ARDS Network (ARDSnet) and SI strategy with
other parameters remained consistent [113]. And SI strategy tended to set lower
PEEP and had obvious lower biomarkers of lung injury (IL-6, IL-8, and TNF-a)
compared to ARDSnet. The further study introduced that combining the values of
plateau pressure (>25 cmH,0) and SI (>1.05) has the highest diagnostic accuracy to
identify the overdistension compared to CT scan [115].

But Chiumello et al. compared PEEP levels selected by different methods in
patients with different recruitability of the lung, Express, stress index, esophageal
pressures, PEEP/FiO, table [118]. Besides the PEEP/FiO, table, other methods all
provided a similar PEEP in the lung with different recruitability. But it seems unrea-
sonable to set high PEEP for low recruitable lung.
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2.6.6 The Limitations of SI

First, it just can be used in constant flow ventilation. Meanwhile, deep sedation or
paralysis are required to obtain a reliable measure. Second, resistance needs to be
assumed constant with inflation. Third, in situations of pleural effusions, high
intraabdominal pressure, or heterogeneous lung disease, the ability of SI to identify
injurious ventilation needs to be discussed.

2.6.7 Conclusion

In conclusion, a dynamic P-t curve could be used to identify injurious ventilation to
some extent, but it is important to pay attention to the theoretical assumptions of

applying SI.

2.7 Pressure-Volume Curves

2.7.1 Introduction

The pressure-volume curve (P-V curve) is an important index reflecting the mechan-
ical characteristics of the respiratory system. For clinicians, well understanding of
the different manifestations of the P-V curve under different pathophysiological
conditions are helpful to guide the ventilator parameters setting in a clinical sce-
nario and promote the clinical researches.

The P-V curve first appeared in the description of acute respiratory distress syn-
drome (ARDS) in the 1970s [119], since then its role in diagnosis and monitoring
has been gradually recognized. However, it was until 1984, when Matamis and col-
leagues described the relationship between the P-V curve and different stages of
acute lung injury in adult ARDS patients, that the curve was recognized as a poten-
tially important tool clinically [120]. With further researches on ARDS patients’
mechanical ventilator-related lung injury and the effect of ventilator-related strate-
gies on patients’ prognosis [121, 122], the P-V curve has aroused wide interest
among clinicians. By the mid-1990s, P-V curves had been widely used in mechani-
cal ventilation to reduce ventilators-associated lung injury. However, with the devel-
opment of research, there was not enough evidence to prove that protective lung
ventilation guided by the P-V curve can significantly improve the outcome of
patients. Currently, rather than directly used to guide the parameter setting of
mechanical ventilation in clinical practice, the P-V curve was served to enhance
intensivists’ understanding of diseases and further clinical diagnosis and treatment.

In this chapter, we will elaborate the clinical applications and recent progress of
the P-V curve.
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2.7.2 Equation of Motion

Before developing the description of applications of the PV curve in clinical prac-
tice, it was necessary to briefly understand the equation gas motion of the respira-
tory system. It is written as follows:

PRS = ERS-V + RAW-V + PEEPTot

in which PRS is the pressure in the respiratory system, ERS is the resistance in
the respiratory system, V was volume, RAW is airway resistance, V is airway flow,
PEEPTot is the total positive end-expiratory pressure. According to this motion
equation, it is no difficult to find that airway pressure of the respiratory system
mainly consists of three components in patients without spontaneous breathing dur-
ing mechanical ventilation. It is no doubt that airway resistance always existed dur-
ing airflow movement. Therefore, accurate measurement of elastic resistance of the
respiratory system, of which reciprocal also called compliance, at static state needs
to minimize the influence of airway resistance. Thus, a static P-V curve was also
named the compliance curve. The comparison of static and dynamic P-V curves
will be introduced in the following paragraphs.

2.7.3 Static and Dynamic Pressure—Volume Curves

P-V curves can be categorized into dynamic P-V curves and static P-V curves. The
dynamic P-V curve is a comprehensive indicator of lung/chest wall compliance and
airway resistance. It is much easier to measure, but cannot reflect the overall com-
pliance of the respiratory system accurately due to the interference of airway resis-
tance. The static PV curve is the curve of lung volume and pressure under ideal
conditions. Therefore, the static P-V curve is more accurate, but also more tedious.
In the actual measurement process, it is impossible to interrupt the patient’s breath-
ing completely. Thus, it was difficult to achieve an absolute steady state of the respi-
ratory system, and the curve we get is often referred to as the quasi-static PV curve.

At present, in the measurement of the P—V curve, the Low Constant-Flow Method
is widely used in clinical practice for its simplicity and easy operation, which can
minimize the influence of the respiratory airway resistance on measurement results
[123, 124]. At the early stage, researchers prefer the dynamic P—V curve since not
need to disconnect ventilators [125-127]. In 2001, Adams and colleagues [128]
investigated the effects of dynamic and static P-V curves on different aspects of
respiratory mechanics in dogs with oleic-acid-induced lung injury. They measured
a quasi-static P-V curve using the super-syringe method and compared it with the
curves measured with the constant inspiratory flow of 10, 30, and 50 L/min. They
found that as the inspiratory flow increased, the curve drifted to the right and the
initial volume of all curves is positively correlated with PEEP level during the mea-
surement of the dynamic P-V curve. It was not difficult to infer from this study that
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when measured with a high flow, the pressure value at the same volume will leave a
large pressure change, which is probably caused by airway resistance.

On the contrary, a multicenter study of 28 patients with ALI and ARDS pre-
sented a conflicting viewpoint. Stahl et al. [129] detected changes in respiratory
mechanics (compliance and recruitment) during dynamic measurements with an
incremental PEEP. They suggest that dynamic measurements may be more appro-
priate for mechanically ventilated patients than the static PV curve. Of course, the
application of the dynamic P-V curve is still controversial. This chapter will intro-
duce the widely used static PV curve measurement method in detail.

2.7.4 Measurement Techniques and Mathematical models
2.7.4.1 Measurement Techniques

The traditional quasi-static P-V curve measurement mainly include the following
three methods: super-syringe method, multiple-occlusion method, and low constant-
flow method.

Super-syringe Method: The super-syringe method was first introduced in 1975.
In the 1980s, it was gradually applied to the description of the different stages of
ARDS [120, 121]. Before tracing the curve, the ventilator should be disconnected
from the patient and a large syringe of 2-3 L and a manometer should be connected
at the end of the endotracheal tube. The pressure value is recorded while pushing the
syringe from FRC. Each injection of 100 mL gas is followed by a pause of 2-3 s to
allow the pressure in the lungs to reach the quasi-static status to acquire the inspira-
tory branch of the curve. The pressure—volume value is recorded and repeated until
the pressure reaches 40 cmH,O. At this point, stop the injection and gradually
deflate gas in the same way, drawing the curve of the expiratory branch. Taking the
pressure as the X-axis and the corresponding volume as the Y-axis, a quasi-static
P-V curve is drawn [130].

The virtue of this measurement method is that the quasi-static P-V curves of the
inspiratory phase and the expiratory phase can be recorded simultaneously.
Drawbacks are as follows: (1) additional syringes are required; (2) the ventilator has
to be disconnected during measurements; (3) cumbersome and time-consuming
operation, which may lead to the risk of hypoxemia; (4) sedation and muscle relax-
ation are essential; (5) it was not easy to measure curves with different PEEPs; and
(6) the continuous gas exchange, gas compressibility, and gas temperature change
cannot be controlled in the measurement process. Figure 2.10 shows that the
pressure-volume curve is acquired with the low constant-flow method.

Multiple-Occlusion Method: The multiple-occlusion method (also called
“ventilator method”) was developed in the late 1980s and first described by
Levy et al [131]. By periodically interrupting tidal breathing at different lung
volumes during volume-controlled mode with a constant flow, different plateau
pressures are obtained by blocking at the end of inspiratory and a quasi-static
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Fig. 2.10 Pressure—volume curve acquired with the low constant-flow method under different
levels of PEEP (inspiratory phase). The purple solid line AB means that the difference in the end-
expiratory lung volume (AEELV) between peep = 15 and zeep. The black solid line CD means that
the lung recruited volume (V,..) between peep = 15 and zeep. PEEP Positive end-expiratory
pressure

P-V curve is constructed, based on the assumption that the lung relaxation vol-
ume (or FRC) remains at the same baseline during each measurement. In the
early 1990s, this method was gradually applied to the determination of the low
inflection point and high inflection point of the PV curve [132, 133] and the
effect of different PEEP levels on pulmonary retraction in ARDS patients [134,
135]. Since this method is measured under normal ventilation conditions, it does
not need to disconnect the ventilator. At the same time, the volume change
caused by oxygen absorption could be negligible since each measurement lasted
for 3 s. Compared with the super-syringe method, this method has less hyster-
esis. Meanwhile, the time consumed for each measurement is about 15 min and
its accuracy is poor, which hindered the application of this method in clinical
practice [125, 130].

Low Constant-Flow Method: The low constant-flow method was developed by
Suratt and coworkers based on the dynamic measurement method [136, 137]. After
inflate and deflate the respiratory system with a continuous low flow, a quasi-static
P-V curve with pressure as the X-axis and volume as the Y-axis could be drawn.
Besides, capacity is calculated by integrating flow rate and time. The most suitable
flow rate ranges from 3 to 9 L/min, while higher flow will cause the curve shift to
the right significantly [123, 124, 135]. Compared with the super-syringe method,
even the flow rate as low as 1.7 L/min might produce a certain drift [130]. Many
modern ventilators equipped this function and could be performed quickly at the
bedside without extra special equipment. Furthermore, this method does not need to
disconnect the ventilator and no need to modify the lung volume before the mea-
surement. However, oxygen absorption still existed in this method.
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Mathematical Models: A significant interobserver variability exists in the
inflection pressure point interpretation, with a maximum difference of 11 cmH,O
for the same patient [139], although some study also reported good consistency
[140]. To avoid these limitations, several mathematical models [141-243] have
been proposed. Although the fitting degree of the data models was fine, the results
obtained from different data models of the same curve were also different [144].

Most researches used the model described by Venegas and colleagues [141],
which was a sigmoid equation, symmetric to the inflection point. Several other
models tried to improve the flexibility of the equations, but some of them have not
been clinically verified. Therefore, the differences between different models should
be taken into account while setting data or comparing the results of different studies
based on these models.

2.7.5 Fundamental Concepts of the P-V Curve

Characters of the P-V Curve: The P-V curve is normally measured in an upright,
awake, and relaxed subject. The typical shape is generally described as alike sig-
moid, consisting of three segments separated by two inflection points [140], and
reflecting the balance between the lung and the chest wall. The compliance of the
first and third segments is low and nonlinear. The intermediate segment between the
upper and lower inflection points is considered linear and is used to calculate “lin-
ear” compliance. Changes in the linear compliance of the PV curve usually imply
different stages of different diseases.

Hiysteresis: The term hysteresis refers to unrecoverable energy or delayed recov-
ery of energy which is applied to a system in physics. Since the lungs are not an
ideal elastic system (in which energy changes can be recovered immediately), there
is a notable difference between the inspiratory and expiratory branches of the P-V
curve, which increased with increasing volume and most pronounced when the vol-
ume reached FRC [145].

As early as the 1950s, researchers had recognized the surface tension as a factor
of hysteresis, which verified by filling the lungs with saline and air separately on the
P-V curve measurement [145]. Subsequently, researchers found that small volume
excursions might have more to do with the intrinsic tissue composition of the lung
than alveolar surfactant [146]. Besides, hysteresis increased significantly when the
alveolar collapse was caused by pulling the lungs out of the chest wall. In general,
in the process of P-V curve measurement, recruitment/derecruitment, surfactant,
stress relaxation, and gas absorption are the main reasons leading to hysteresis [130].

Supine Posture: When the subject was in the supine position, the measured P—V
curve of the chest wall shifted to the right and rotated counterclockwise. FRC was
reduced by half and respiratory compliance increased in the supine position com-
pared to the supine position, possibly due to differences in abdominal compliance in
different positions. Similarly, it is not difficult to understand that when patients have
ascites, intraperitoneal bleeding or abdominal hypertension, etc., the abdominal
compliance will be reduced, which will affect the respiratory system compliance.
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Intrinsic Positive End-expiratory Pressure: Intrinsic positive end-expiratory
pressure (PEEPi) is another influential factor in the measurement of the P-V curve,
mainly represented by the presence of positive alveolar pressure at the end of the
expiratory period. PEEPi is mainly caused by shortened expiratory time or slow
exhalation due to high airway resistance, resulting in higher alveolar pressure at the
end of an exhalation than the endotracheal pressure and incorrect measurement of
respiratory compliance. In other words, when PEEPi is present, the pressure differ-
ence between the end of exhalation and the end of inhalation is overestimated, lead-
ing to an underestimation of respiratory compliance [148]. Besides, PEEPi has been
shown to contribute to a portion of re-expanded alveolar hyperventilation. Therefore,
it is important to empty the lungs by extending the exhalation time before the P—V
curve is measured.

Lung Versus Chest Wall: The P-V curve of the respiratory system is composed
of two main parts: the lung and the chest wall. The chest wall compliance is equal
to the change in volume divided by the change in trans-chest pressure measured by
the esophageal pressure tube, and the lung compliance is equal to the change in
volume divided by the change in transpulmonary pressure. As compliance changes,
it is important to recognize the extent to which both are present in different diseases.
The relationship between the three is as follows:

1/Co =1/C +1/Cpyy

In which Cgg is the compliance of the total respiratory system, Cy is the compli-
ance of the lung, and Ccy is the compliance of the chest wall. For subjects breathing
normally and peacefully, a linear relationship between compliance is usually
assumed.

When the volume is lower than the FRC, the chest wall has a greater influence on
the overall compliance. In contrast, when the volume is higher than the FRC, the
lung contributes more [130]. They play different roles in different diseases. In
patients with acute lung injury or ARDS, although chest wall compliance some-
times decreased [149], there are more changes in lung compliance [150].

2.7.6 Clinical Alterations and Applications
2.7.6.1 Clinical Alterations

Acute Respiratory Distress Syndrome: The P-V curve is the earliest and most
applied to the research of ARDS. In 1967, Ashbaugh and colleagues found that the
static compliance of ARDS patients was reduced [130]. Subsequently, it was found
that the changes in the P-V curve could well reproduce the conditions of ARDS at
different stages. These early studies have led to more research outputs on the P-V
curve to guide the setting of mechanical ventilation parameters and clinical
treatment.

ARDS is mainly divided into three stages: acute/early stage, subacute stage, and
recovery stage. In the acute/early stages of ARDS, the disease is characterized by
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interstitial and alveolar edema and atelectasis [147]. Histologic changes showed a
marked LIP and hysteresis on the inspiratory arm of the P-V curve, but the reduc-
tion in pulmonary compliance was not significant [120, 151]. As the disease pro-
gresses to the subacute phase, pulmonary tissue fibrosis and alveolar filling occur,
manifested by LIP disappearance and significantly reduced compliance of the inspi-
ratory and expiratory branches. As the patient gradually recovered, the P-V curve
returned to normal, hysteresis decreased, but the LIP was not easy to see.

Obesity: In sedation, anesthesia and morbidly obese patients, Pelosi et al. found
that the FRC of the subjects was significantly reduced [152]. Pelosi and colleagues
also found that with the increase of BMI, the lung compliance and chest wall com-
pliance of obese subjects decreased, mainly due to the decrease of lung compliance
[153, 154]. Meanwhile, increasing PEEP could improve the decrease in lung com-
pliance [155].

Congestive Heart Failure: In patients with congestive heart failure, the alveoli
are filled with fluid, the air-fluid interface is damaged, and the volume of alveolar is
reduced. This phenomenon is similar to the early changes in ARDS. Animal experi-
ments have shown that the decreased respiratory compliance in patients with con-
gestive heart failure is much greater than the decrease in gas volume, and it may be
that the presence of fluid in small airways leads to increased hysteresis [156]. But it
has yet to be confirmed in humans.

Interstitial Lung Distress: Alveolar fibrosis and reduced pulmonary air content
are the causes of the decrease in the volume axis of the P-V curve of interstitial
pulmonary disease. Although the change in the PV curve is due to a decrease in the
volume of air contained in the alveoli, it is not equivalent to a decrease in the total
volume of the chest. Studies have shown that, due to the uncertainty of tissue and
blood volume, the change of the total volume in the chest can be increased,
unchanged, or decreased [130]. Therefore, the PV curve is not a sensitive indicator
for assessing alveolar fibrosis.

Intraabdominal Hypertension: Since the abdomen is one of the important fac-
tors affecting chest wall compliance, the increased abdominal pressure will affect
the measurement of the P-V curves, such as ascites, intraperitoneal bleeding, preg-
nancy, intraperitoneal infection, and abdominal surgery. Increased abdominal pres-
sure leads to a downward and rightward shift in the P-V curve of the respiratory
system [157, 158].

2.7.7 Clinical Applications

Guide to the PEEP Settings: Lemaire et al. first defined the “best PEEP” level
proposed by Suter as 2 cmH,0O above the LIP of the inspiratory phase of the P-V
curve [159, 160]. However, a series of subsequent studies have shown that the
“best PEEP” may not be the optimal PEEP for lung recruitment [161-164]. It has
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also been suggested that the LIP may represent only the beginning of significant
lung recruitment rather than the optimal PEEP setting for lung recruitment [165].
Studies have found that setting PEEP above LIP value 7-9 ¢cmH,O can further
promote lung recruitment, improve oxygenation, and prevent recruitment of the
lung [166, 167]. Some studies thought that pulmonary retention occurred through-
out the aspirating branch of the PV curve [168, 169]. Although it can signifi-
cantly improve oxygenation, LIP-based PEEP does not improve the lung injury
and long-term outcome of ARDS in animal models or even lead to local hyperven-
tilation [170, 171]. It has also been suggested that perhaps the P-V curve of the
expiratory phase is more representative of small airway closure and atelectasis,
focusing on protective lung ventilation by setting PEEP values in the inspiratory
branch. According to the expiratory phase of the P-V curve, Takeuchi et al.
believed that higher PEEP was needed to prevent derecruitment. However, higher
PEEP can lead to lung overventilation and potential risks [164]. The optimal
PEEP has been debated for decades, not just by the PV curve, but by integrating
multiple indicators and patient-specific differences. As Gattinoni et al. said, the
“best PEEP” might not exist [172]. The “best PEEP” should be optimal for oxy-
genation, hemodynamics, compliance, etc.

Measure the Recruitment Volume: A proper PEEP can help reduce mechan-
ical ventilation-related lung injury while maintaining alveolar collapse [173,
174]. Therefore, ARDS patients with mechanical ventilation need to evaluate
lung recruitment and derecruitment. The PEEP related recruitment volume refers
to the change of lung volume on the P-V curve under the conditions of PEEP and
zero end-expiratory pressure (ZEEP) [135, 175]. The change in capacity repre-
sents both recruitments for collapsed alveoli and expansion of opened alveoli
[176]. Computed tomography (CT) is the accepted golden standard for evaluat-
ing alveolar recruitment and derecruitment [177, 178]. Since CT is radioactive
and not easy to operate beside the bed, lung ultrasound and the P-V curve are
often used for bedside monitoring of lung recruitment and guiding PEEP settings
[171, 179, 180]. Experimental results show that the retentive volume measured
by CT and the P-V curve method has a good correlation, but cannot be converted
mutually [177].

Monitor the Airway Closure: Airway closure is the obstruction of airflow
between the proximal and distal airways and alveoli. Airway closure was thought to
be mainly found in patients with obesity, asthma [181-183]. However, in recent
years, Chen et al. measured the P—V curve of the respiratory system in 30 patients
with moderate/severe ARDS with different PEEP levels and found that about 1/4 to
1/3 of patients had airway closure, which was far higher than people’s cognition of
airway closure and disturbed people’s previous understanding of PEEPi and the LIP
[181]. Later, Sun et al used the electrical impedance tomography (EIT) to carry out
relevant verification. The omission of airway closure might not only affect the
wrong calculation of diving pressure but also increases the risk of ventilator-
associated lung injury [185]. Figures 2.11 and 2.12 show that the airway opening
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Fig. 2.11 Low-flow inflation pressure-volume curves were obtained from one patient. Curves A,
B, and C were obtained at 5, 8, and 15 cmH,O of positive end-expiratory pressure (PEEP), respec-
tively. The airway opening pressure (AOP) was 15 cmH,O
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Fig. 2.12 The above data were obtained from another patient with airway closure. This figure
reflects changes in transpulmonary pressure (Ptp) and lung volume (V). Arrow A indicates that the
airway opening pressure (AOP) is about 10 cm. Arrow B indicates a significant increase in lung
volume when the transpulmonary pressure is greater than a certain value, which more vividly
reflects the phenomenon of airway closure

pressure (AOP) was acquired with the low constant-flow method and the relation-
ship between transpulmonary pressure and lung volume in patients with airway
closure.

2.7.8 Summary

For decades, researchers have been deeply understanding and studying the P-V
curve, which is still used in clinical observation process and clinical research,
although rarely used directly alone to guide ventilator setting. We believe that
researches on the different pathophysiological conditions of the P-V curves could
improve clinicians’ understanding of diseases, useful for clinical diagnosis and
treatment, all of which still remain the vital focuses of interest.
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2.8 Flow-Volume Loop

Flow-volume loop provides information on the dynamic characteristics of respi-
ratory system resistance [186, 187]. In this chapter, we will introduce the nor-
mal flow-volume loop and distinguishable shapes indicating specific
pathophysiological conditions. We will not discuss the spirometry measure-
ments during pulmonary function test, such as forced expiratory volume or
forced vital capacity.

2.8.1 Normal Flow-volume Loop

The flow-volume loop is a plot of inspiratory and expiratory flow (on the
Y-axis) against volume (on the X-axis) during the respiration (Fig. 2.13A). It
has to be noted that some reports display the expiratory limb in the positive
position of the flow-axis, whereas others display expiratory limb in the nega-
tive position of the flow-axis. We will use the negative expiratory limb in this
chapter.

A normal flow-volume loop starts at both zero flow and volume [188-190]. Flow
increases after the beginning of inspiration to reach the peak inspiratory flow (PIF)
and then decreases to zero at the end of inspiration. The shape of the inspiratory
limb on the flow-volume loop depends on the breathing that is spontaneously active
generated or delivered by positive mechanical ventilation with constant or deceler-
ating inspiratory flow pattern. After the starting of expiration, which is always pas-
sive even during positive mechanical ventilation, the flow reaches peak expiratory
flow (PEF) more rapidly than that for PIF and then decreases to zero in a nearly
straight or a convex line.

Vlrfzir-ation\ Inspiration Inspiration Inspiration Inspiration Inspiration

=
§ \““*-n—-__) ~——
2 Volume (L)
3
L | Expiration Expiration Expiration Expiration Expiration Expiration
Normal Small airway Large air_waY Large airw ay Large airway Restrictive
obstruction _obstruction: _obstruction: obstruction: lung diseases
variable extrathoracic variable intrathoracic fixed
a b c d e f

Fig. 2.13 Flow-volume loop during normal and various pathophysiological conditions. (A) nor-
mal condition; (B) small airway obstruction; (C) large airway obstruction with variable extratho-
racic; (D) large airway obstruction with variable intrathoracic; (E) large airway obstruction with
fixed point; and (F) restrictive lung diseases
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2.8.2 Abnormal Flow-Volume Loop During Various
Pathophysiological Conditions

The shape of the flow-volume loop is useful for indicating the type of lung and air-
way pathophysiology, air trapping, responses to treatments, airway leak and airway
secretions, or water in the ventilator circuit.

In patients with obstructive lung diseases, as most common types of chronic
obstructive pulmonary disease (COPD) and asthma, the small airways are partially
obstructed by certain pathological conditions. The gas in the large airways can be
first exhaled without significant resistance followed by the gas in the small airways
flows slowly due to obstruction in these areas. The typical change on expiratory
limb of flow-volume loop is concaved shape with a relatively normal PEF
(Fig. 2.13B) [191].

Flow-volume loop evaluation can also be helpful for the detection of large air-
way obstruction, with different changes of shape depending on obstruction located
at intrathoracic, extrathoracic, or both [192]. In variable extrathoracic obstruction,
the obstruction is blown outwards during expiration but suck into the trachea with
partial obstruction during inspiration. Thus, the typical change of flow-volume loop
is the flattening of the inspiratory limb with a relatively normal expiratory limb
(Fig. 2.13C). The pathophysiology of variable intrathoracic obstruction is the oppo-
site of the extrathoracic obstruction. One of the most common reasons for intratho-
racic obstruction is intrathoracic located tracheal tumor. The obstruction is sucked
outwards during inspiration and pushed into the trachea with partial obstruction
during expiration. The typical change of flow-volume loop is the flattening of the
expiratory limb with a relatively normal inspiratory limb (Fig. 2.13D). In the fixed
large airway obstruction, intrathoracic and extrathoracic obstructions occur simul-
taneously, with examples of tracheal stenosis due to intubation and circular tracheal
tumor. Thus, the inspiratory and expiratory limbs of the flow-volume loop are both
flattened (Fig. 2.13E).

In accordance with flow-time tracing showing obstructive abnormality with air
trapping (Fig. 2.14a), the flow-volume loop can also detect air trapping with the
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Fig. 2.14 Flow-time curve (a) and flow-volume loop (b) show obstructive abnormality with air
trapping
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expiratory limb not reaching zero flow rate at the end of expiration (Fig. 2.14b)
[186, 187].

The flow-volume loop can also be used for clinical evaluation of the therapeutic
effect [193]. Figure 2.15 schematically shows the flow-volume loops in a mechani-
cally ventilated patient with asthma before and after the administration of broncho-
dilator. The effect of bronchodilator on resistance is only focused on the expiratory
limb of the loop, while no influence on the inspiratory resistance.

The restrictive lung diseases are characterized as a decrease in the total lung
volume [194]. The flow-volume loop analysis can suggest restrictive lung diseases
despite the inability to accurate diagnosis. Because of the normal airway resistance,
the shape of the flow-volume loop remains normal, but the total lung volume
decreases as shown on the volume-axis (Fig. 2.13F).

Expiratory flow limitation represents the lack of expiratory flow response to an
increase in the driving pressure. It has been shown that expiratory flow limitation is
common in mechanically ventilated patients with a variety of pathophysiological
conditions, and is associated with adverse clinical outcomes [195, 196]. The deter-
mination of expiratory flow limitation relies on the analysis of the flow-volume
loop. The negative expiratory pressure (NEP) technique is used to detect expiratory
flow limitation [197]. During expiration, a negative pressure (—5 cmH,0) is applied
at the airway opening to increase the transpulmonary driving pressure, and the flow-
volume loop is compared with preceding breath without negative expiratory pres-
sure (Fig. 2.16). In patients with expiratory flow limitation, adding negative
expiratory pressure will not increase expiratory flow throughout the whole expira-
tory phase, while this phenomenon will not occur in patients without expiratory
flow limitation. The onset of flow limitation is shown by an inflection point on the
expiratory limb of the flow-volume loop, by which NEP maneuver also provides a
quantified diagnosis of flow limitation as the percentage of exhaled tidal volume
where limitation occurs.

Analysis of flow-volume loop can provide information on ventilation circuit
(including artificial airway) leak, which is characterized by that expiratory tidal

Fig. 2.15 Flow-volume ‘
loops in a mechanically
ventilated patient with
asthma before (solid line)
and after the administration
of bronchodilator
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Fig. 2.16 Flow-volume loop in a patient with expiratory flow limitation, a negative pressure is
applied at the airway opening during expiration (a). Panel b shows the flow-volume loop in preced-
ing breath without negative expiratory pressure

volume cannot return to zero value in volume-time tracing and on expiratory limb
of the flow-volume loop [198, 199]. Also for monitoring of ventilation circuit, a
typical saw-tooth shape on both inspiratory and expiratory limbs of the flow-volume
loop represents excessive secretion in the airway or water condense in the ventilator
circuit [200].

In conclusion, the flow-volume loop can provide important information on the
type of lung and airway abnormalities, expiratory flow limitation and air trapping,
responses to treatments, as well as airway and ventilator circuit problems. However,
it has to say that the flow-volume loop analysis should be used in combination with
the collection of history, and observation of clinical symptoms and signs.

2.9 Transpulmonary Pressure and Driving Pressure

2.9.1 Transpulmonary Pressure
2.9.1.1 Definition

According to equations of motion in respiratory system, when patients have no
spontaneous breathing, the peak airway pressure (Ppeak) can be calculated.

Ppeak = Flow x Resistance + VT / Crs + PEEP

The resistance means the airflow resistance. VT is the tidal volume, Crs is the
respiratory system compliance, and PEEP is the positive end-expiratory pressure.
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The plateau pressure (Pplat) is the lowest pressure that is needed to deliver cer-
tain volume of air to the lung. Imagine that if the time of gas delivery is infinitely
long, the flow is infinitely close to zero, and the platform pressure is not related to
the airway resistance.

Pplat = VT / compliance + PEEP

When patients have no spontaneous breathing, the platform can reflect the alveo-
lar pressure during inspiration, so the guideline recommends that the platform pres-
sure should be controlled within 30 cmH,O in passive breathing patients. But when
the patient has spontaneous breathing, monitoring of the airway pressure or tidal
volume cannot accurately reflect the lung’s force (or stress). The essential cause of
barotrauma is not the airway pressure, but the alveolar excessive inflation.

Transpulmonary pressure (Ptp) is the pressure spent to overcome the elastic
resistance of the alveoli to increase the lung volume, which is calculated as the dif-
ference between the airway pressure (Paw) and the pleural pressure (Ppl).

Ptp = Paw — Ppl

Ptp is the actual force distending the lung during respiration. Instead of airway
pressure [201], it could be a better expression of lung distension (alveolar excessive
inflation) and as a consequence of the risk of VILI (ventilator-induced lung injury)
(Fig. 2.17) [202].

Ppl Ppl Ppl
VT=400 mL VT=400 mL VT=400 mL
ZEEP ZEEP ZEEP
Pplat=10 cmH,O Pplat=20 cmH,O Pplat=20 cmH,O
Ppl=5 cmH,O Ppl=5 cmH,O Ppl=15 cmH,O
Ptp=10-5=5 cmH,O Ptp=20-5=15 cmH,0O Ptp=20-15=5 cmH,0

Crs=400/10=40 mL/cmH,O Crs=400/20=20 mL/cmH,0 Crs=400/20=20 mL/cmH,O
Clung=400/5=80 mL/cmH,O  Clung=400/15=27 mL/cmH,0 Clung=400/5=80 mL/cmH,O
Ccw=400/5=80 mL/cmH,O Ccw=400/5=80 mL/cmH,0 Ccw=400/15=27 mL/cmH,O

Fig. 2.17 Transpulmonary pressure in different compliance of lung and chest wall. The calcula-
tion formula is shown in the figure. The bold part represents low compliance
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2.9.2 Measurement

Since it is difficult to measure the pleural pressure (Ppl) directly at the bedside, the
esophageal pressure (Pes) is used to reflect the effective Ppl. When the airway
occlusion reaches a certain time (usually for 3 s), the airway pressure is balanced
with the alveolar pressure, so the airway occlusion pressure is the replacement of
the alveolar pressure.

The direct method of the measurement of Ptp is the calculation of the difference
in absolute airway and esophageal pressure. However, chest pressure conducts to
the lower section of the esophagus and takes through the esophageal wall and the
mediastinal organ (especially in supine position). Therefore, using the absolute
value of esophageal pressure to calculate Ptp is controversial, and there are many
factors that influence the accuracy of esophageal pressure [203].

Between the orthostatic and supine position, the absolute difference value of
esophageal pressure can be 3 cmH,O because of the mediastinal weight [204].
Different filling volume of balloon applied as 0.5 and 1.0 mL can cause the differ-
ence of esophageal pressure in 2 cmH,O [205]. The elastance of the esophageal wall
may also affect the accuracy of the esophageal pressure monitoring result [206].
Therefore, a correction of direct reduction by 5 cmH,O has been applied [207],
which need to be further proofed.

Nonetheless, the influence of the absolute esophageal pressure value in different
patients is individual, and the measurement of directly derived method may be inac-
curate. Therefore, measuring the variation of Ptp may be more accurate.

The early study compared the difference between the measurement of Ppl and Pes,
and the result showed that the absolute values were different, but changes in Ppl with
Pes during the respiration cycle had good relevance and consistency [208]. Therefore,
the correction methods of Ptp measurement are recommended based on the changes
of Pes, including the release-derived method and the elastance-derived method [209].

2.9.3 Release-Derived End-Inspiratory Ptp

Ptp is measured as the change in Paw and Pes due to tidal inflation from end-
inspiration to atmospheric pressure.

Ptp = (Paw atend — inspiration — atmospheric pressure)

- (Pes atend — inspiration — Pes at atmospheric pressure)

2.9.4 Elastance-Derived End-Inspiratory Ptp

Ptp is calculated as the product of the end-inspiratory Paw and the ratio of the lung
to respiratory system elastance.
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Elastance related to tidal volume. Elastance of the respiratory system (Ers), lung
(El), and chest wall (Ecw) during tidal inflation was calculated as the changes in Paw,
Ptp, and Pes between end-inspiration and PEEP divided by the inspired tidal volume.

Based on Chiumello’s observations, the release-derived method and the
elastance-derived method were quite similar, and the release-derived method and
direct method were not related. The release- and elastance-derived end-expiratory
transpulmonary pressure method was also mentioned [209]. But the results of this
part were not given.

The advantage of the release-derived method is that the mediastinal weight and
the esophageal wall elasticity basic remain stable, while the disadvantage is that
the method needs to disconnect the ventilator from the patient. The advantage of
the elastance-derived method is that the method does not need to disconnect the
ventilator from the patient, while the disadvantage is that cannot be proofed at
end-expiratory.

2.9.5 Application
2.9.5.1 ARDS (Acute Respiratory Distress Syndrome)

Ptp is the key to sustain continuously open of the alveolar at the end of expiratory,
and PEEP level can directly influence Ptp [207].

The meaning of Pes monitoring is to: (a) determine the demand of PEEP in
ARDS patients, (b) guide the PEEP settings during mechanical ventilation, (c)
select the minimum PEEP to keep Ptp between 0 and 10 cmH,O at the end of expi-
ratory, (d) avoid alveolar and airway collapse during expiratory, (e) minimize the
shear stress and barotrauma, (f) improve ventilation and oxygenation, and finally
achieve individual settings of PEEP.

2.9.5.2 Obesity and High Abdominal Pressure

Excessive fat can increase elastic resistance of the chest wall and rise up the dia-
phragm, which can cause obvious increase of the pleural pressure, and leads to
alveolar collapse. The mechanical ventilation in obesity treatment, therefore, should
be set to a higher level of PEEP, balance the increased pleural pressure or abdominal
pressure, and make the Ptp become positive at the end of the expiratory [210].

2.9.5.3 Cardiopulmonary Diseases

Mechanical ventilation strategies guided by Ptp, including the titration of PEEP and
the lung recruitment can (1) improve oxygenation and ventilation, (2) avoid baro-
trauma due to the sudden rise of Ptp, and (3) avoid the influence of circulation and
the cardiac output due to inappropriate setting of high PEEP.
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2.9.5.4 Driving Pressure

When patients have no spontaneous breathing, driving pressure (AP) is calculated
as the difference between the plateau pressure (Pplat) and PEEP.

AP = Pplat - PEEP = VT / Crs

Actually, AP calculated by respiratory system compliance is the driving pressure
of airway, which is influenced by the compliance of chest wall and lung function.
The decrease of chest wall compliance (caused by high abdominal pressure) leads
to overestimate the driving pressure of airway, and cause miscalculations of lung
function. So the transpulmonary driving pressure (APtp) can be used by esophageal
pressure monitoring.

When patients have no spontaneous breathing [211],

APtp = VT / Clung = Ptpat the end of inspiratory — Ptp at the end of expiratory
= (Pplat — Pesat theend of inspiratory) - (PEEP — Pesat theend of expiratory)

The transpulmonary driving pressure and the tidal volume related determine the
stress of lung tissue during lung expansion, which determines the possibility of
VILI [212, 213]. The study in 2015 [214] showed that AP was the most effective
risk factor, and the decreases in AP owing to changes in ventilator settings were
strongly associated with increased survival.

2.10 Occlusion Airway Pressure

Abstract

Occlusion airway pressure (P0.1) has been used in the past four decades to quantify
the output of the respiratory drive. PO.1 is a simple, convenient measurement that
could be performed in patients with any level of consciousness with or without arti-
fact airway. Potential application of PO.1 is the assessment of patients, which helps
to know more about the magnitude of patients’ spontaneous inspiratory efforts, and
about the state of the muscles, lungs, and chest wall. Although P0.1 has been pro-
posed as a measurement of respiratory output, there are sources of errors and poten-
tial pitfalls in it. Interpretation of the data, however, requires a comprehensive
understanding of the nature of the PO.1 itself.

2.10.1 Introduction

Respiratory muscles as the effectors perform the function of breath after receiving
the motor output from the central controller in the brain. In the meantime, sensors
will gather the information on the status of the reparatory system and feed it to the
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central controller, which adjusts the impulse of output. Therefore, understanding the
respiratory drive may help to analytically differentiate some problems: the failure of
respiratory neurogenesis; the abnormality of respiratory muscle; changed respira-
tory mechanics. In patients with existing lung injury, the respiratory muscles with
the command of too high respiratory drive generated regional forces and may lead
to injurious effects on a regional level [215]. Goligher et al. [216] found that decreas-
ing thickness of diaphragm was related to abnormally low inspiratory effort; increas-
ing thickness was related to excessive effort, much abnormal respiratory drive is a
risk factor for both lung and diaphragmatic injury.

Several measurements have been used to estimate the respiratory drive, which is
predominantly evaluated by measuring phrenic nerve activity or through electromy-
ography (EMG). However, these measurements have some limitations, some are inva-
sive or complex technically and some are hard to standardize or can be complicated
by cross talk. An alternative validated measurement of the respiratory drive is the
airway occlusion pressure, which is the negative airway pressure developed at 0.1 s
after the onset of an inspiratory effort against a complete occluded airway. P0.1 is a
reliable, measurable, and noninvasive measurement that has been proposed as the
indirect indicator of respiratory drive. As a useful index of output, Whitelaw first
described PO.1 in 1975 [217], which is unaffected by respiratory system resistance
and compliance. Various physiologic or clinical studies have been performed on
changes in P0.1 under very different conditions: ARF (acute respiratory failure) [218],
COPD (chronic obstructive pulmonary disease) [219], ARDS (Acute Respiratory
Distress Syndrome), the weaning period [220], and non-pulmonary diseases [221].

2.10.2 Rational

As one of the basic components of the respiratory control system, respiratory mus-
cles perform the function of breathing after receiving the output from control cen-
ter and transform into flow (or volume) and pressure. Typically, minute ventilation
or tidal volume is an indirect indicator of respiratory output, which depends on the
respiratory drive and the respiratory system resistance and compliance. For exam-
ple, in a given output the higher resistance and (or) lower compliance result from
lower ventilation. With the drawback, ventilation cannot be used as a reliable index
reflecting changes in the activity of the respiratory center. The same is true for
airway pressure, but the influence of respiratory mechanics on which can be elimi-
nated by occlusion maneuver. Grunstein et al. [222] introduced this method, which
occluded the anesthetized cat’s airway at FRC and measured the amplitude of tra-
cheal pressure generated during subsequent inhalation efforts. During occlusion,
the inspiratory muscles contracted nearly isometrically without flow and change in
volume (except a small amount due to decompression), the resistance and compli-
ance of the respiratory system do not influence measurement. Therefore, the occlu-
sion pressure is independent of the mechanical properties of the respiratory
system [217].
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Clearly, for awake patients, when an airway occlusion maneuver is performed,
the patient will be aware of airway occlusion and react to the mechanical load
through violent reflex or conscious reactions and generate extra pressures, which
results in occlusion pressure cannot be used to assess the respiratory drive. Although
such influence is very small in anesthetized humans, conscious once is more likely
to display obvious reaction to airway occlusion [223]. In order to make airway
occlusion pressure an effective indicator to evaluate respiratory center output in the
absence of airway occlusion, it is necessary to ensure that airway occlusion maneu-
ver itself might not disturb the neuronal discharge applied to the respiratory mus-
cles. In theory, there is a delay between the increase in airway resistance load and
the subject’s detection and response to the load, so that the initial increase in airway
pressure will be equivalent to the respiratory output when airway load is not
increased. In the experiment of Whitelaw et al. [217], they reported the response
time of normal subjects to occlusion was never less than 0.15 s; the neuronal dis-
charge during the first part of (<0.1 s) the occluded breath is the same as during
unobstructed breathing. In addition, measurement of P0.1 is unaffected by vagal
volume-related reflexes [224]. So it was reasonable to take the occlusive pressure
generated at 0.1 s after inhalation as the index of respiratory center output.

Respiratory muscles contract and generate negative pressure inside the pleural
space firstly, which consequently transmits to the airway, so the negative inspiratory
pressure begins earlier in the pleural space than in the airways, particularly in
patients with variable levels of intrinsic PEEP (PEEPi) increasing an inspiratory
threshold load. In patients with PEEPi, there is a longer delay between the onset of
inspiratory effort and the drop in airway pressure during an end-expiratory occlu-
sion than without PEEPi. In fact, the pleural occlusion pressure (which can be mea-
sured by esophageal pressure, Pes) generated in the first 100 ms of the inspiratory
can be used to infer the respiratory driver better than airway occlusion pressure
whether PEEPi exists or not. Unfortunately, the technical aspects of Pes measure-
ment, including the many sources of error and artifact hinder the use in clinical.
Furthermore, Daniele Murciano had proved that no differences between the esopha-
geal and tracheal occlusion pressure in patients with COPD, except patients with
marked increase in the compliance of the soft aspects of the upper airways and air-
way flow resistance [225]. In addition, Conti et al. [226] have demonstrated that
airway occlusion pressure at 0.1 s in the airway is a reliable surrogate of that in the
pleural in patients with variable levels of PEEPi.

Since it is not currently defined or available to quantify the activities of the con-
trol center precisely, it is impossible to verify the correlation between respiratory
center output measured by any evaluation method and the actual output. Over the
past decades, various studies have demonstrated that PO.1 can be used as a reliable
indicator to evaluate respiratory center output. Altos MD found a direct relationship
between changes in occlusion pressure and ventilatory responses to CO, in normal
individuals [227]. Close correlations have been observed between changes in
phrenic and diaphragm electrical activity and the change in occlusion pressure dur-
ing a single and over multiple breaths [228—-230]. Hussain has reported that P0.1 is
generally consistent with changes in the pressure of the diaphragm and is linearly
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related to the rate of rise of the electromyography of the diaphragm over a wide
range [231]. Marini et al. showed that p0.1 was closely related to the patient’s work
of breathing, despite the ventilatory assistance [232].

2.10.3 Technical Aspects Relating to the Acquisition
of Occlusion Pressures

PO.1 can be measured in the conscious or unconscious patient with or without an
endotracheal tube. The standard measurement of PO.1 consists of a pressure trans-
ducer and occlusion device both attached to the inspiratory circuit (endotracheal
tube, mouthpiece, or fitted facial mask) in sequence. The pressure signals recorded
on a high-speed strip chart (at least 25 mm/s) to accurately determine the first
100 ms of inspiration were transferred via an analog-digital converter to a computer
for online data sampling and pressure recording [233]. A rudolph-type valve is usu-
ally taken as an occlusion device that separates inspiration from expiration, allow-
ing the selective occlusion of inspiration [234, 235]. The valve is closed during the
patient’s expiration in order to occlude the next inspiration, and it should be reopened
quickly after the 100 ms, so that the patient can continue to breathe. Conscious
subjects must be unable to anticipate occlusions, which must be done silently and
unexpectedly. PO.1 measurement technique has been developed as an integrated
function in a standard respirator which can be easily performed through an inspira-
tory circuit equipped with a demand valve [236, 237], but it is necessary to confirm
that the opening delay time of the inhalation demand valve in the ventilator is more
than 100 ms, otherwise, the monitoring results are unreliable. It is common to aver-
age the values of physiology measurements because of the variability. Takeshi Kera
[238] has reported that the minimum number of measurements required for a valid
PO.1 was 4. All the PO.1 measurements must be taken under the same condi-
tions [239].

2.10.4 Interpretation of the Data

Before analyzing the clinical implications of P0.1 value, the possible bias that exists
under certain specific physiopathologic situations or technologic aspects need to be
taken into account. Underestimated or overestimated PO.1 value leads to Faulty
results. In healthy subjects, PO.1 varies between 0.5 and 1.5 cmH,0; In stable
patients with COPD, PO0.1 is around 3 cmH,0; in acute respiratory failure due to
COPD or ARDS, P0.1 maybe 10 cmH,O or more [240, 241].

To obtain accurate results, measurement of PO.1 should be performed at relaxed
FRC, because the elastic recoil of the respiratory system is zero, and the pressure
measured is the net pressure developed by the respiratory muscles under this
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condition. An increase in lung volume changes end-expiratory muscle length by
shortening inspiratory muscles at the end of expiratory. Because of the length—ten-
sion relationship of the muscles, the contractile force of the diaphragm decrease
[242-245]. Physiology experiment investigates the effect of lung volume on con-
traction characteristics of the human diaphragm and reveals that a change in FRC
of 500 mL should change transdiaphragmatic pressure generated for a given stimu-
lus by 10% [245]. For example, a reduced P0O.1 value with no change in respiratory
motor output would be expected with pulmonary hyperinflation and an ele-
vated FRC.

The expiratory muscles are inactive during quiet breathing but are active during
hyperventilation and in other conditions in which there is active contraction of the
expiratory muscles, therefore, if inspiration starts below equilibrium lung volume,
the value of P0.1 recorded can be partly produced by the relaxation of expiratory
muscles.

Although PO0.1 is widely regarded as an indicator of central drive, clinical value
of this technique in respiratory muscle disease has not been proven due to the depen-
dence of P0O.1 on respiratory muscle strength is at present unknown. Patients in the
intensive care unit often develop significant muscle weakness, occlusion pressure
generated by which will underestimate motor output [246], for example normal
occlusion pressure implies an abnormally high motor output.

The results of Baydur [247] study demonstrated that in patients with neuromus-
cular disease, despite muscle weakness PO0.1 is not decreased, and in fact, it is mark-
edly increased. In the model of acute respiratory muscle weakness provided by
partial curarization of healthy subjects, the slope of P0.1 response to CO, is increased
even though the ventilatory response is reduced [248]. However, in patients with
chronic weakness the ventilatory and PO.1 slopes are both diminished (even though
resting PO.1 is normal or increased) [249].

Similarly, patients with muscle incoordination or flail chest will make lower than
normal occlusion pressure for the same motor output, even if the muscles are strong.

During occluded respiratory efforts the transmission of changes in alveolar pres-
sure to the mouth depends on the product (=time constant, 7) of the airway resis-
tance (Raw) and the compliance of the upper (extrathoracic) airways (Cuaw). The
magnitude of Cuaw depends on the compliance caused by the compressibility of gas
in the extrathoracic airways (including measuring apparatus) and, to a larger extent,
on the structural (tissue) compliance of the upper airways (cheeks, base of the oral
cavity, etc.). In normal subjects T is small, and hence the values of esophageal and
mouth P0.1 should not differ appreciably. In patients with increased Raw and such
as COPD patients, however, T may increase sufficiently to cause significant differ-
ences between esophageal and mouth occlusion pressures [225]. Therefore, PO.1
measured at the mouth in non-intubated patients can underestimate respiratory
drive. Marazzini and coworkers [250] compared the pressures generated at the
mouth and in the esophagus during the first 0.1 s of inspiratory efforts against a
closed airway in normal subjects and in patients with chronic obstructive pulmonary
disease (COPD) during CO, rebreathing. They found that normal subjects showed
similar responses to CO, in terms of both mouth and esophageal pressure, whereas
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the patients with COPD exhibited a greater response in PO.1 measured in the esoph-
agus than at the mouth.

On the other hand, in patients with COPD with upper airways bypassed (trache-
ostomized or intubated) the time constant would be substantially reduced. In that
case, a marked reduction in Cuaw will offset even a very high value for Raw, and
hence the differences between esophageal and tracheal pressure during occluded
respiratory efforts are smaller than those between esophageal and mouth pressure,
and the PO.1 is a reliable measure of respiratory neuron efferent activity

2.10.5 Application

In patients under spontaneous assisted ventilation, clinicians should better under-
stand inspiratory efforts of patient. Monitoring of respiratory muscle activity and/or
respiratory drive is mandatory. Since P0.1 is a reasonable index of the respiratory
drives and can be measured easily at bedside, it should be used much more widely
in clinical practice to detect patients at high risk of patient self-inflicted lung injury
(P-SILI) [251].

Monitoring P0.1 helps to adjust the ventilator without over or under assistance
preventing mechanical ventilation relative complications. Recently, Rittayamai
et al. [252] found that inspiratory effort was strongly correlated with PO.1 under
pressure control, intermittent mandatory, and synchronized intermittent mandatory
ventilation, a cutoff value for PO.1 above 3.5 cmH,O had a sensitivity of 92% and
specificity of 89% in predicting PTPes >200 cmH,O x s x min~', which mean excess
patient’s inspiratory effort. Pletsch-Assuncao et al. [253] recently reported an opti-
mal threshold of P0O.1 <1.6 cmH,0 to diagnose over assistance defined by WOB
<0.3 J/L or >10% ineffective efforts (with a sensitivity of 62% and a specificity of
87%). Alberti A [254] found a level of pressure supportable to generate a condition
of near-relaxation in each patient, evidenced by P0.1 values <1.5 cmH,0 and WOB
values close to 0 J/L. During pressure support ventilation, PO.1 may be a more sen-
sitive parameter than breathing pattern determines of optimal support level, which
is sufficient to maintain moderate diaphragmatic activity without inducing fatigue.
Alberti [254] suggests that a pressure level sufficient to maintain PO.1 below
3.5 cmH,0 be set, as suggested by the correlation between P0.1 and WOB. Lotti
and colleagues have designed a closed-loop control of PO.1 applied to pressure sup-
port ventilation which automatically adjust pressure support ventilation based on a
target P0.1 prescribed by the physician.

High auto-PEEP increases the work of breathing needed to trigger the ventilator
and increase the number of ineffective triggering. Smith and Marini [255] found
that PEEP levels that counterbalance PEEPi reduce the mechanical work of breath-
ing during the machine-assisted ventilatory cycle. However, the optimal peep is
difficult to select, Mancebo et al. [256] demonstrated that PO.1 can assess the effect
of external PEEP on counterbalancing the auto-PEEP sensitively and especially
there was a significant correlation between individual changes in PO.1 and in work
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of breathing (WOB) when external PEEP was increased. Moreover, no patient
exhibited a decrease in PO.1 and a simultaneous increase in WOB. The decrease in
P0.1 was concomitant with a decrease in patients’ inspiratory WOB. So, P0.1 can
help to titrate PEEP in patient with dynamic hyperinflation.

Some clinically stable patients who meet established weaning criteria fail to
wean. The ventilatory center tends to respond to ventilatory distress, increasing its
output as ventilatory demands increase which suggests that PO.1 can be different
between patient weaning success and failure. P0.1 has been proposed to be a useful
predictor for successful ventilator weaning in several studies of small groups of
patients. Among a group of 16 patients with COPD, Murciano et al. [257] found that
5 patients who had a persistently high PO.1 (7.1 + 2.4 cmH,0) required reintubation
and the 11 who showed a decrease in PO.1 (4.7 = 1.8 cmH,0) before extubation
were successfully weaned. In 11 patients with COPD and 9 with ARF, Herrera et al.
[258] found that the mean PO.1 values were high in patients who required mechani-
cal ventilation support and were low in patients who were extubated without com-
plication. They suggested that the P0.1 of 4.2 cmH,O separated patients who could
and could not be successfully weaned. Recently, in a group of 12 patients with
COPD, Sassoon et al. [259] found that 5 patients who failed to wean had a higher
PO.1 (8.0 = 0.4 cmH,0) than the 7 patients whose weaning was successful
(4.0 £ 0.5 cmH,0). They suggested that the PO.1 of 6.0 cmH,O separated patients
who could and could not be successfully weaned.

The accuracy of P0.1 alone as a predictor of the success of weaning is compro-
mised in muscle weakness patients with low P0.1 despite a high ventilatory demand,
therefore, was later linked with maximal inspiratory pressure (PIMax), hypercapnic
challenge, and f/Vt. The index PO.1/PIMax increases the reliability of P0.1 in detect-
ing the need for mechanical ventilatory support [260].

Montgomery et al. [261] used hypercapnic challenge to study ventilatory reserve.
These investigators found a tendency toward greater P0.1 in unsuccessfully weaned
patients compared with successfully weaned patients, but the difference was not
significant. When breathing a hypercapnic mixture that raised end-tidal PCO,,
approximately 10 mmHg, successfully weaned patients had greater augmentation of
PO.1, expressed as the ratio of PO.1 during CO,, stimulation to PO.1 during baseline,
than did those who were unsuccessfully weaned. Ventilation increased more during
the hypercapnic challenge in those patients who were successfully weaned, but the
overlap of results between the two groups rendered this test inaccurate for predict-
ing weaning success. In Fernandez’s study, [262] they found that even when clinical
selection is made with great care and a 30-min trial of spontaneous breathing is
performed, as many as 18% of patients require reintubation. In this group of life-
threatened patients, measuring PO.1 and PO.1#f/Vt on low PSV during the breathing
trial is of little help.

Many integrative weaning indexes of discontinuation from mechanical ventila-
tion have been proposed for clinical use, but few provide comparative data with
PO0.1 optimal threshold values of P0.1 alone or combined with other parameters for
weaning are still a matter of debate. We still require more extensive experience with
large, well-defined patient groups, uniform techniques and criteria, and an
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assessment of the extent to which the prediction of weanability saves ICU costs.
Nevertheless, preliminary data certainly suggests some usefulness.

2.10.6 Limitation

Indexes of ventilation control have a wide range of normal values and are easy to be
overinterpreted. P0.1, in particular, is difficult to interpret because the theory needed
for a detailed physiological interpretation of it is complex and has many pitfalls.
PO0.1 is a valid index of neural output only at FRC. Breath-to-breath scatter in the
data requires averaging of many breaths to obtain precise results and measurement
of PO.1 should be performed in the same situation.

2.10.7 Future Perspectives

P0.1 has commonly been used as an index of a neuromuscular ventilatory drive.
Measurement of P0.1 is noninvasive, simple, and seems promising to help clinicians
to improve their ventilator settings and to determine weaning in the individual
patient at the bedside. Although PO0.1 is difficult to interpret, exploration of its prac-
tical uses will be most useful if based on the study of numerous patients using cor-
relations of the data with clinical situations, or with other mechanics or control
measurements.

2.11 Pressure Time Product

During assist ventilation, the work of breathing (WOB) generated by respiratory
muscle should remain in a suitable range, avoiding muscle fatigue or weakness. The
classic method to measure WOB is Campbell diagram and pressure time product
(PTP) [263]

2.11.1 Physiology
2.11.1.1 Inspiratory Muscles

During spontaneous breathing, the diaphragm is the main inspiratory muscles. The
diaphragm contraction cause the pleural pressure (Ppl) dropping and abdominal
pressure (Pab) rising, the pressure of diaphragm can be evaluated by the difference
of Ppl and Pab, called the transdiaphragmatic pressure (Pdi) [264]:
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Pdi = Ppl - Pab

When respiratory load increases, the accessory inspiratory muscles, i.e., sterno-
mastoid, parasternal, scalene, and rib cage muscles also generate contraction, which
also induce chest wall expanding and Ppl dropping [265]. The pressure of all inspi-
ratory muscles is called as Pmus. So, Ppl is equal to the sum of the Ppl and the pres-
sure gradient over the chest wall (Pcw):

Ppl = Pmus + Pcw
In clinical, the esophageal pressure (Pes) is used to estimate the Ppl [266]. So:

Pmus = Pes — Pcw

The standard method to calculate Pcw needs subjects to stay in passive ventila-
tion and all respiratory muscles are relaxed that usually muscle paralysis. In this
condition, Pmus is zero and Pes is equal to Pcw [267]. The Pcw also can be esti-
mated by the ratio of the tidal volume and the theoretical values of the compliance
of chest wall (Ccw). According to the pervious study in healthy subjects, the theo-
retical values of Ccw was equal to 4% of vital capacity. But this method might not
be accurate because Ccw can be influenced by some illness [268].

2.11.1.2 Expiratory Muscles

During resting ventilation, expiration is a passive process. The elastic energy restored
during inspiratory is consumed in overcoming resistance and persistent forces of inspi-
ratory muscles during expiration. The expiratory muscles, abdominal wall muscles,
internal interosseous intercostal, and the triangularis sterni muscles need to contract for
increasing Ppl when load of inspiratory muscles increase or expiratory resistance
increases [e.g., patients with chronic obstructive pulmonary disease (COPD)] [269].

2.11.2 WOB and Campbell Diagram

According to physics, the work is equal to the product of force and the distance of
an object moves when the force is applied on an object. And for the respiratory
system, the pressure causes the change of volume. So,

Vv
WOB:PXV:Idev
0

Vv
where J. P x dv represents the integral of the pressure applied and corresponding
0

Change of volume. The pressure unit is usually expressed as cmH,0, volume unit is
expressed as L, so work unit is L x cmH,O. In practice, work unit is normally
expressed as in the form of joules (J). 1 J represents the amount of work required to
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move 1 L of gas by the pressure of 10 cmH,O. WOB also could express as joules
divided by the corresponding tidal volume per breathing cycle (J/L). The power of
breathing is also calculated, expressed as J/min, by multiplying the work per breath
cycle by the respiratory rate per minute.

The calculation of WOB in patients with spontaneous breathing is complex and
the development of Campbell diagram revaluates this procedure [270]. Meanwhile,
it further allows to divide WOB into its elastic (lung and chest wall) and resistive
components with the help of esophageal pressure monitoring (Fig. 2.18).

In Campbell diagram, the vertical axis is the change values of Pes and horizon-
tal axis is the change of volume during breathing. Besides, the Pes in passive ven-
tilation also need to be measured to calculate the compliance of lung (CL) and
chest wall (Ccw). The slope of Ccw line is the value of Ccw that starts from the
functional residual volume (FRC) and corresponding pressure is equal to Pes at
FRC in totally passive ventilations. The CL line can be plotted in a similar method.
The area (ADCBCA) subtended by Ccw, Pes, and inspired volume represents the

Campbell diagram
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Fig. 2.18 Schematic diagram of the work of breathing (WOB). (a) The horizontal axis is the
change of volume during breathing and the vertical axis is the change values of Pes. The compli-
ance of lung (CL) line and the compliance of chest wall (Ccw) line start at the volume of functional
residual volume (FRC) and corresponding pressure is equal to Pes at FRC in totally passive venti-
lation (A). The area (ADCBCA) subtended by Ccw, Pes, and inspired volume represents the WOB
generated by respiratory muscles, the area (ABCA) represents the WOB against the elastic force
of lung and chest wall, and the area (ABDA) represents the WOB against resistance. (b) If PEEPi
exists, the alveolar pressure remains positive and the lung volume is higher than FRC before inspi-
ration. The second Ccw line needs to be plotted from intrinsic PEEP (PEEP1), the area (ADCBA’A)
represents the WOB generated by respiratory muscles, the area (ABB’A) represents the WOB
against the elastic force of lung and chest wall, the area (AB’CA’A) represents the WOB against
PEEPi, and the area (ABDA) represents the WOB against resistance
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WOB generated by Pmus, the area (ABCA) represents the WOB against the elastic
force of lung and chest wall, and the area (ABDA) represents the WOB against
resistance.

But when PEEPi appears, the alveolar pressure remains positive and the lung
volume is higher than FRC at end-expiration. PEEPi can be assessed by the differ-
ent values of Pes between the beginning of inspiratory and the start of ventilator
inflating gas. So, the area (ADCBA’A) represents the WOB generated by Pmus, the
area (ABB’A) represents the WOB against the elastic force of lung and chest wall,
the area (AB’CA’A) represents the WOB against PEEPi, and the area (ABDA)
represents the WOB against resistance. If the Pes-volume loop of expiratory
extends the elastic work area, this extended area represents the active expira-
tory WOB.

It also should be noticed that the PEEPi not only influences expiratory mus-
cles but also influences inspiratory muscles. Inspiratory muscles must contract to
generate pressure that is equal to PEEPi at least before lung volume changes.
This part of inspiratory efforts is considered as ineffective inspiratory efforts, but
without volume changing, Campbell diagram cannot measure this ineffective
WOB. In this situation, the PTP might be more suitable to measure muscle
WOB [268].

2.11.2.1 Limitations

Firstly, the measurement of WOB needs Pes monitoring and using the absolute of
Pes to estimate Ppl still exists debate. Second, the measurement of Ccw is rather
complex and often needs muscle paralysis. Third, it does not allow to measure WOB
during isometric contractions, such as existing PEEPi. Last, WOB does not consider
the effect of duration and frequency of contractions. For example, the different
breath might present the same change of volume when the same Pes is applied but
could take a long time. The longer breath might require more energy actually.

2.11.2.2 Applications

The measurement of WOB is helpful to optimize and understand the effects of
mechanical ventilation. The normal values of WOB in healthy subjects is around
0.5 J/L or 5.0 J/min. But it is still difficult to determine the optimal WOB level for
individuals who receive mechanical ventilation. And the previous study also found
that the WOB was not an adequate parameter to guide weaning. The WOB had an
obvious overlap between subjects weaned successfully and non-successfully [271].
Whether measuring WOB could guide clinical decisions that still need to be
explored.
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2.11.3 PTP

The PTP is the integral of the pressure and the time of pressure acting.
PTP = Pxt = Pdt

The pressure is usually expressed in cmH,O and time unit is second (s). The PTP
unit of every breath is cmH,0O X s and it is also commonly calculated in the period
of 1 min (as PTP-min).

With the help of Pes monitoring, the PTP of respiratory muscle (PTPmus) can
be calculated. Meanwhile, the Ccw also needs to be measured in passive

30 -

20 =

10 =
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0.0

Time(s)

Fig. 2.19 Schematic diagram of pressure time product. The X axis is time and the Y axis is esopha-
geal pressure (Pes). The pressure time product (PTP) of Pes represents the PTP of respiratory
muscle (PTPmus). The first vertical dashed line represents the onset of inspiratory effort (Pes
begins decreasing), the second dashed line represents the onset of inspiratory flow generated by
ventilator, the difference of Pes between the first and second line is intrinsic PEEP (PEEPi). The
third dashed line represents the end of inspiration. The compliance of the chest wall (Ccw) can be
measured in passive ventilation or be estimated by using 4% of vital capacity. If PEEPi exists, two
Ccw lines need to be plotted from the onset of inspiratory effort and the onset of inspiratory flow,
respectively. The PTPmus is equal to the area subtended by the upper Ccw line and Pes curve from
the onset of inspiratory effort and the end of inspiratory. Combined with the dynamic lung compli-
ance (CL,dyn), the PTPmus can be classified into three components: effort to overcome PEEPi
(red), resistance (gray), and elastic of respiratory system (yellow). PTP of PEEPi is equal to the
area subtended by Ccw lines between the onset of inspiratory effort and the onset of inspiratory
flow generated by ventilator. PTP of resistance is equal to the area subtended by CL,dyn line and
Pes curve. And PTP of elastance is equal to the area subtended by Ccw line and CL line between
the onset of inspiratory flow and the end of inspiratory
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ventilation or estimated by using 4% of vital capacity (Fig. 2.19). If subjects
exist in the PEEPi, two Ccw lines need to be plotted, one starts at the onset of Pes
decreasing (starting inspiratory effort) and another starts at the onset of inspira-
tory flow generated by the ventilator, respectively and both end at the end of
inspiration. And Pes in the deference between at the onset of Pes decreasing and
inspiratory flow generated by ventilator is the value of PEEPi. And dynamic lung
compliance (CL,dyn) starts at the onset of inspiratory flow generated by ventila-
tor and ends at the end of inspiratory. The PTPmus is equal to the area subtended
by Ccw line and Pes curve from the onset of inspiratory effort and the end of
inspiratory. The PTPmus can be classified into three components, effort to over-
come PEEP], resistance, and elastic of respiratory system. PTP of PEEPi is equal
to the area subtended by Ccw lines between the onset of inspiratory effort and the
onset of inspiratory flow generated by ventilator. PTP of resistance is equal to the
area subtended by CL, dyn line and Pes curve. And PTP of elastance is equal to
the area subtended by Ccw line and CL line between the onset of inspiratory flow
and the end of inspiratory.

If the gastric pressure (Pga) is monitored simultaneously that can be used to
estimate Pab, the transdiaphragmatic pressure (Pdi) also can be measured by the
difference of Pga and Pes, as Pdi = Pga — Pes. The PTP of diaphragm (PTPdi) can
be calculated to assess the diaphragm effort, that is equal to the area subtended by
the baseline value of Pdi at the end-expiratory and Pdi curve from the onset of flow
and the end of inspiratory.

2.11.3.1 Limitations

First, the measurement of PTP does not consider the effect of flow and volume. For
the subjects with equal PTP, oxygen cost differs with different volumes and flow.
Second, it also needs to measure Ccw that requires passive ventilation and muscle
paralysis [268].

2.11.3.2 Applications

The normal values of PTP in healthy subjects is around 120 cmH,0 x s/min.
And it had a linear relationship with the oxygen cost of breathing with a rela-
tively constant inspiratory flow during ventilation [272]. It was related to lung
mechanics, ventilator demands, and PEEPi. It has worthy to assess the patient-
ventilator interactions or weaning according to the different components of
PTP. But Jubran et al. found the PTP has a quite variable range in patients with
COPD or respiratory failure during pressure-assist ventilation [273]. And there
still has not an accurate threshold value of PTP to guide ventilation setting and
weaning.
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2.12 Transdiaphragmatic Pressure

2.12.1 Background

The diaphragm is the major inspiratory muscle. During spontaneous breathing, the
contraction of diaphragm can push the abdomen outward and expand the pleural
cavity. When pleural pressure is lower than atmospheric pressure, the air can flow
into the lung. Diaphragm dysfunction is common in patients with critical illness.
Mechanical ventilation, sepsis, drugs, and other diseases are all risk factors for dia-
phragm dysfunction. The diaphragm weakness can cause respiratory failure and
prolong mechanical ventilation that is related to increase length and cost of inten-
sive care unit, even increase morbidity and mortality. Since 1960, the transdiaphrag-
matic pressure (Pdi) is introduced to describe diaphragm force, which is equal to the
difference between abdominal pressure (Pab) and pleural pressure (Ppl) [274].

2.12.2 Measurement

In clinical, the esophageal and gastric pressure (Pes and Pga) can be measured by
inserting esophageal balloon catheters into the esophagus and stomach, respec-
tively. The Pes can be used to estimate Ppl and the Pga can estimate Pab [275].

So, Pdi = Pes — Pga

But the absolute value of Pes and Pga are influenced by multiple factors, like
mediastinum weight, gastric tone, and the abdominal hydrostatic gradient. So, the
maximal inspiratory swings in Pdi (Pdi-max) is mainly used to evaluate diaphragm
function [274]. There are several methods to obtain maximal inspiratory effort, as
follows:

1. Sniff Maneuver: Patients are encouraged to perform a sharp and short sniff as
forceful as possible. The sniffs are repeated until maximal Pdi appears and
remains constant (about six sniffs). Every sniff should have at least two stable
breath [277].

2. Mueller Maneuver: Patients are encouraged to inspire strongly as airways closed.
The nose-clip and mouthpiece can be used to close airways. In subjects with
mechanical ventilation, the expiratory occlusion can be used to close airways. It
can also be repeated several times and the maximal Pdi swings are chosen (about
four maneuvers) [278].

3. Expulsive Maneuver: Patients need to learn how to use their diaphragm-abdomen
maximally. First, make our stomach hard as a rock and bear down as for defeca-
tion. The patients can hum softly to make sure glottis open and the lung volume
is near to functional residual volume [278].

4. Mueller-Expulsive: Patients performed the Expulsive maneuver and Mueller
maneuver sequentially [275, 278].
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5. Phrenic Nerve Electrical Stimulation: The phrenic nerve of sternomastoid mus-
cle can be stimulated by placing two pairs of percutaneous bipolar electrodes in
the neck to induce diaphragm contract as airways closed. And electrodes are
connected to a stimulator that provides a constant voltage. The intensity of stim-
ulator can be increased as a step of 10v until Pdi-max appears maximal values.
To avoid twitch potent diaphragm strength, subjects should have a rest and quiet
breath for 10-20 min before stimulating. The bilateral phrenic nerves need to be
stimulated simultaneously to obtain the entire diaphragm contractility. It also can
provide information about hemidiaphragm function if only the left or right elec-
trode performs stimulation [279].

6. Phrenic nerve magnetic stimulation: The magnetic stimulation can be performed
by a specific instrument, like Magstim 200 (Magstim Co. Ltd, Whitland, Dyfed,
Wales, UK) to induce maximal contraction of diaphragm by placing circular coil
over the nerve roots of fifth to seventh cervical vertebra as airways closed. We
can move coil down and up across the midline of fifth to seventh cervical verte-
bra until Pdi-max occurs the maximal values [279].

The former four methods all need the cooperation of subjects. The previous stud-
ies enrolled 64 normal subjects and compared Pdi-max measured by Sniff and
Mueller maneuver methods [277]. The study found that Sniff maneuver was a rather
easier and reproducible method to evaluate diaphragm strength. Expulsive and
Mueller-Expulsive maneuver are so difficult that is not used frequently in the clini-
cal setting [275]. The electrical and magnetic stimulation are non-volitional meth-
ods. But electrical stimulation needs placing electrodes in the right position and is
difficultly applied in patients with short neck, trauma, or swelling. To symmetrical
stimulation successfully, it needs to repeat stimulating that might induce painless,
neck trauma and swelling. So, magnetic stimulation is more comfortable and easily
performed comparing to electrical stimulation. But magnetic stimulation can influ-
ence diaphragm and muscles in the upper rib cage, while electrical stimulation
mainly acts on the diaphragm, so Pdi-max by magnetic stimulation is slightly higher
than electrical stimulation [276].

2.12.3 Interpretation

The length and geometry of diaphragm can influence pressure inducing by the dia-
phragm and lung volume is a major determinant to modify the length and increase
the radius of curvature. The different maneuvers can influence the rate of lung vol-
ume changing and diaphragm contraction. Besides, absolute values of Pdi-max are
related to lung initial volume, size, body position, gender, and history of diseases
[275]. So, it has a wide variation among inter-subjects and there is no threshold for
assessing diaphragm dysfunction yet. And it also should be remembered that the
conditions of measurement should be standardized as comparing Pdi-max of intra-
subjects. The normal value of Pdi in healthy adults is approximate 100 cmH,O [275].
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2.12.4 Clinical application

Arguably, Pdi-max can be a gold standard for the assessment of diaphragm contrac-
tility. The low values remind patients of existing muscle weakness, but the huge
variation in individuals can cause misinterpretation of Pdi-max easily. The previous
study found that Pdi-max O is a reliable method to diagnose bilateral diaphragm
paralysis [280]. However, the previous study also compared Pdi-max measured by
phrenic nerve electrical stimulation in patients with weakness (N = 15) and healthy
subjects (N = 20), the results shown that the Pdi-max in only four patients with
severe weakness was lower than the lowest values in control patients [281]. Besides,
the low values also could be caused by poor technique or effort. A high value is
helpful to exclude diaphragm weakness. Besides, the tension-time index of the dia-
phragm (TTdi) was introduced to assess breath effort. It is the product of the ratio
of the average of Pdi (Pdi-mean) and Pdi-max and the ratio of inspiratory time (Ti)
and total respiratory cycle time (Ttot) in a normal breath, expressed as TTdi = Pdi-
mean/Pdi-max x Ti/Ttot. The normal value for healthy subjects is 0.03 at rest and
TTdi exceeding 0.15 probably limited diaphragmatic blood flow and developed dia-
phragm fatigue [282, 283].

2.12.5 Conclusion

The measurement of Pdi provides a reliable method to evaluate diaphragm function.
However, the complexity of monitoring and interpretation restricts clinical practice.
Further studies should focus on how to use Pdi to detect diaphragm dysfunction
more effectively and easily.

2.13 WOB: The Electrical Activity
of Diaphragm-Derived Method

In assisted ventilation modes, the patient’s respiratory muscles and the ventilator
contribute to the WOB together. The golden standard of measuring the pressure
generated by respiratory muscles (Pmusc) is based on Pes measurement; however,
it needs the expertise to place the balloon and interpret data correctly. The tight cor-
relation between the intensity of diaphragmatic electromyogram and the transdia-
phragmatic pressure (Pdi) has been clearly illustrated [284, 285], and the linear
behavior also exists between Pmusc and Eadi. Compared with Pdi monitoring, the
electrical activity of the diaphragm (Eadi) is less invasive, and more widely used in
clinical practice. There are two Eadi-derived indexes available to assess the patient’s
inspiratory effort during NAVA mode.
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2.13.1 Pmusc/Eadi index

The conception of Pmusc/Eadi index (PEI, also termed as neuromechanical effi-
ciency) has been proposed in 2013 by Bellani et al., which indicates the amount
of pressure (in cmH,0) that the respiratory muscles of the patients are generat-
ing for each microvolt of electrical activity [286]. PEI is highly variable among
different patients but quite stable within each patient under different conditions
of ventilator assistance. PEI could be calculated in three different conditions:
during regular tidal ventilation (PEl,y,), during occlusions using the esophageal-
derived Pmusc (PEI i pe;), and during occlusions using the airway pressure drop
(PEL et pu)-

Since the study has shown that the PEl . is a good surrogate of PEl,, by
multiplying with Eadi, continuous estimation of Pmusc could be derived with the
following equation [286]:

Pmusc,, = Eadi x PEI, .,

The maximal pressure developed during the respiratory cycle (Pmusc), the
pressure-time product (PTPg,;), and inspiratory mechanical work of breathing
(WOBg,) can be calculated based on the Pmuscg,q;, and a good correlation with the
standard values derived from the esophageal catheter has been established [286].

2.13.2 Patient-Ventilator Breath Contribution (PVBC) Index

The relative contribution of the patient’s effort to the lung distending pressure is
hard to differentiate, except special mode such as proportional assist ventilation
(PAV+). We have known that the APes/AP; index could measure the relative con-
tribution of inspiratory muscles and ventilator to breathing since it allows the
dissociation of the relative contribution of lung distending pressures
(PL = APaw — APes) generated by the inspiratory muscles (APes) and the ventila-
tor (APaw). Similar to that, in NAVA mode, it is possible to quantify this variable,
by calculating the ratio of tidal volume normalized to neural inspiratory effort in
two consecutive breaths with and without ventilator assist respectively, which
expressed as follows:

PVBC index = (Vt/AEAdi) /(Vt/AEAdi)

no—assi

assist )

PVBC could reliably predict the fraction of breathing effort generated by the
patient: a PVBC index close to 1 indicates that the patient is generating Vt all by
himself, with little contribution from the ventilator, whereas a PVBC index close to
zero indicates that the ventilator almost contributes to all of Vt. The relationship
between PVBC and APes/AP, is curvilinear but squared PVBC (PVBC?) resulted in
a near-perfect linear 1:1 relationship to APes/AP, [287].
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2.13.3 Limitations

First, it must be pointed out that Eadi measures the electrical activity generated by
the diaphragm only, and is more closely related to the neural drive, while Pmusc, as
measured by Pes, includes the pressure generated by all the respiratory muscles
(e.g., accessory muscles). Second, the Eadi value is multiplied for the same PEIL . py
(assuming equal to PEl,,) value throughout the inspiration, although the PEI,,
does change over time. Third, it is not clear whether this method is applicable in
patients with intrinsic PEEP or chronic obstructive pulmonary disease either. Fourth,
the diaphragmatic efficiency may influence PEI, e.g., under the over- or under-
assistance from the ventilator. Furthermore, reference values for EAdi-derived
parameters are not yet known.

2.13.4 Summary

Although very heterogeneous among different patients, the PEI fairly constant
within each patient, and PVBC can assess the patient inspiratory effort during
assisted ventilation. Since the use of Eadi monitoring is becoming increasingly pop-
ular, it is promising to estimate WOB alone, instead of derived from Pes monitoring.

2.14 Mechanical Power

Mechanical ventilation is a major support for respiratory failure, which also can
cause ventilation-induced lung injuries (VILI). Actually, VILI is caused by the
interaction between what the ventilator delivers to the lung parenchyma and how the
lung parenchyma accepts it. With the development of respiratory monitoring and
technologies, the understanding of VILI has increased. Two factors should be taken
seriously: one is the ventilator and the other one is the condition of the lungs. The
ventilator and the lung may interact, which may cause VILI. Firstly, different com-
ponents of the ventilator load can cause different reaction, including the pressure
[288], volume [289], flow (F) [290], and respiratory rate (RR) [291]. Secondly, the
response to a given ventilator load depends on the conditions of the lung paren-
chyma. The lung conditions depend on the amount of edema, which leads to
decreased lung dimensions [292], lung inhomogeneity, increased stress risers [293],
and cycling collapse and reopen [294]. What is more, perfusion, pH, gas tensions,
and temperature are always neglected. In one word, VILI is a comprehensive
syndrome.

All the causes are components of a unique physical variable (i.e., the pressure,
volume), while the amount of edema is the most common lung-related causes of
VILI (i.e., the ARDS severity).
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There are so many parameters which can be the ventilator-generated causes of VILI,
including pressure, volume, flow, and respiratory rate. However, they are all explored
separately. And it is quite clear that the components of energy load, which are expressed
per unit of time, include tidal volume, pressure, and flow. This energy load is called
mechanical power (MP), which is comprehensive of all the parameters [295].

In the past, MP was calculated according to the classical equation of motion with the
addition of PEEP originally [295-297] and has three important components [298]. The
first one is respiratory system elastance, which is the energy associated with the tidal
volume (VT)/driving pressure (DP). Airway resistance is the second component, which
is related to the energy associated with gas movement. The third one equals the energy
needed to overcome tension in the fibers due to PEEP, which is PEEP-related energy. All
these factors together generate the energy applied to the respiratory system, which,
expressed per minute, is the MP. MP can be calculated by pressure-volume curve. The
power is defined as the area between the inspiratory limb of the A-transpulmonary pres-
sure (x)—volume curve and the volume axis (y) and is measured in joule [296].

Energy was computed on the pressure-volume graph:

Energy (N #m) = Pressure (N /m2)* Volume (m3)

Then convert cmH,O * mL in Joule (1 L * cmH,O = 0.000098 J), we can
get the MP.

This is the original method using P—V curves loops to calculate the MP. Recently,
a simpler power equation is suggested. And it shows a good relationship with the
original equation, but without the need for P-V curves. In 2016, Gattinoni and col-
leagues proposed this simple model for the quantification of MP at the bedside.
They also discussed its possible relevance in setting a “safe” mechanical ventilation
[295]. They compared the calculated energy and the measured energy as obtained
from the P—V curves recorded during tidal ventilation of healthy and ARDS patients
at different PEEP levels. Finally, they verified which ventilation variables included
in the equation mostly influenced the final ventilation power.

The simple way relies on the equation of motion. They used all the parameters
obtained during respiratory monitoring to calculate the MP.

2.14.1 Derivation of Mechanical Power Equation

According to the classical equation of motion [299] (with the addition of PEEP
[297]), MP can be obtained.

2.14.1.1 Equation of Motion

Based on the equation of motion, the pressure (P) in the whole respiratory system is
calculated as:

P =ELrs* VT +Raw * F + PEEP
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where ELrs represents respiratory system elastance, VT is tidal volume, Raw is
airway resistance, F'is flow.
In fact, every component of the equation of motion is one pressure:

ELrs* AV = Pplat — PEEP (one component of pressure due to the elastic recoil).

Raw * F' = Ppeak — Pplat (one component of pressure due to the motion),
being Raw = (Ppeak —Pplat )/ F

PEEP = Pend-expiration (another component of pressure). It reflects the baseline
tension of the lung, which represents the pressure present in the respiratory system
when VT and flow are equal to zero.

2.14.1.2 Energy Per Breath

The lung has its resting volume. If we want to increase its volume (AV) above its
resting volume, an energy needs to be given to the respiratory system. The energy is
the product of the absolute value of pressure (P) times the variation of volume (AV),
i.e., P * AV. For this calculation, there is an assumption that the P-V curve of the
respiratory system (or of the lung) is linear in the range of volumes considered. As
shown in Fig. 2.20, the graphic is composed of a large triangle (AHE), and a paral-
lelogram (Resistive, CEFG) is added on the right.

The left axis of AHE represents the total volume, which include TV and PEEP-
induced lung volume (PEEP volume) (the line of AH, AV =TV + PEEP volume),
while the upper axis represents the plateau pressure (the line of HE). And the slope
represents the compliance of the system.

Energy Per Breath Without PEEP (Zero PEEP, ZEEP)

The product of the absolute value of pressure (P) times the variation of volume (AV)
is called energy, i.e., P * AV. Thus, the area of the triangle is the energy applied to
compensate the elastic recoil, i.e., Energy = 1/2 * Pplat * AV.

Energy Per Breath with PEEP

Applying PEEP, there will be a rest volume. Thus, there will be an energy to reach
the PEEP volume (Vpggp), which is equal to 1/2 * PEEP * Vpggp (the tringle of ABC,
elastance static). This energy is needed only once as long as PEEP will be main-
tained. However, during tidal ventilation, this part (ABC) equals zero. Because of
PEEP, more energy is needed to inflate the lung over the rest volume (Vpggp). The
rest of the large triangle (AHE) represents the elastic energy delivered at each tidal
breath, which results from the sum of two components: one is the TV to reach the
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Fig. 2.20 A graphical representation of the power equation. The graphic is composed of a large
triangle (AHE), to which a parallelogram (Resistive, CEFG) is added on the right. The left cathetus
of the big triangle represents the total volume (i.e. TV + PEEP volume), while the upper cathetus
represents the plateau pressure. The slope of the hypotenuse represents the compliance of the sys-
tem, (in our case 1200 mL/20 cmH,0 = 60 mL/cmH,0). The area of this large triangle (AHE) is
the total elastic energy present at plateau pressure and equals (1200 mL * 30 cmH,0)/2 * 0.00009
8 = 1764 J. This total elastic energy has two components: the smaller triangle (Elastic Static,
ABC), which represents the energy delivered just once when PEEP is applied, and the larger rect-
angle trapezoid (Elastic Dynamic, BHEC), whose areas represent the elastic energy delivered at
each tidal breath. Note that the rectangle trapezoid results from the sum of two components (both
azure): a rectangle, whose area is TV * PEEP (third component of the power equation), and a tri-
angle, whose area is TV * APaw * 1/2, equal to ELrs * TV * 1/2 (first component of the power
equation). The third component of the power equation is the area described by the Resistive paral-
lelogram (yellow), whose area is equal to (Ppeak — Pplat) * TV

Pplat (the small triangle CDE, VT * (Pplat — PEEP)), the other is the volume dis-
placed from the Vpggp up to the plateau volume (the rectangle BCDH, VT * PEEP).

Energy Per Breath for Gas Motion

Energy per breath for gas motion almost equals to the area of the parallelogram on
the right side, in which one side is the (Ppeak — Pplat) and the other side is the
VT. This representation is actually a simplification of the reality, since it may change
during VCV or PCV mode.
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Accordingly, the energy per breath can be computed by multiplying each pres-
sure in the motion equation by the volume variation, as follows:

E, ... = VT *PEEP + %VT * (Pplat - PEEP) +VT=* (Ppeak - Pplat)

Two areas are divided in the second term of the equation, which is equal to
VT * (Pplat — PEEP), which approximate the integral of their product. However, the
first and the third terms of the equation do not require any correction, as they repre-
sent a parallel translation along the axis.

According to the respiratory mechanics and some equations, the Ebreath can be
changed.

Premises:

Pplat — PEEP = VT *Ers

Ppeak — Pplat = Raw * Flow = Raw * —
Tinsp

I:E
(1+1:E)

Thus, we can change the Ey ., as follows:

Tinsp = Ttotal *

, (1 (1+1:E)
E, .., = VT*PEEP + VT’ #| —Ers+RR #| ———= |*Raw
2 601:E

The volumes express in liters and the pressures in cmH,O, then their product
multiplied by 0.098 can be Joules. Then, power per breath will be calculated.

2.14.1.3 Mechanical Power

According to the equation, the MP was expressed as power per minute in J/min
will be:

{ , [1 ((1+1:E)j ]}
MP_ =0.098*RR *q VT *PEEP + VT" *| —Ers + RR #| —————= |*Raw
2 60*1:E

where 0.098 represents the conversion factor from L * cmH,O to J, RR repre-
sents respiratory rate, Ers represents the elastance of the respiratory system, I:E
represents the ratio of inspiratory and expiratory time, Raw represents the airway
resistance, and VT represents the tidal volume. This formula makes it possible to
estimate all the effects of changing whatever variable (tidal volume, driving pres-
sure, respiratory rate, resistance) on the MP applied to the respiratory system.
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Gattinoni and coworkers calculated the changes of MP as a function of the
increase (in 10% steps) of one of its determinants while keeping other components
constant. Tidal volume, driving pressure, and inspiratory flow exponentially
increased MP by a factor of 2. A 1.4 exponential increase in MP was registered with
frequency, while a linear increase was observed with PEEP.

2.14.2 Mechanical Power and VILI

MP may be a predictor of VILI, which is all the parameters of ventilator-related
components. According to the motor equation, all the components of VILI are rep-
resented in the MP equation [300]:

The product Ers * VT is nothing else than the driving pressure. It is the pressure
needed to overcome the elastic forces of the whole respiratory system.

The product Raw * F is the pressure moving the gas inside the respiratory sys-
tem, and PEEP is the pressure compensating the baseline static stretch of the
lung fibers.

A key challenge for the application of MP is that it needs to be adapted to account
for the differences of the lung conditions, including lung size, degree of inhomoge-
neity, and local distribution of stress and strain. In the other words, the same MP
may produce different effects in healthy or injured lungs. As the same MP may be
safely applied to a normal lung while will be injurious to a diseased lung. Someone
will argue that the smaller the lung available for ventilation, the higher the potential
harm delivered with the same power amount. Thus, the MP normalized for the lung
volume would provide a more accurate indicator of injury potential. For example,
the lung of ARDS is “baby lung”, which represents the reduction of FRC. This
reduction will be associated with a higher normalized power. Severe ARDS (for
example, with FRC 500 mL) may generate 58 mJ/min/mL of MP (approximately
20-times applying to a healthy lung with the same setting) [301]. Of course, the
association of MP and injury is unknown, further studies should verify to explore that.

In 2016, Cressoni and coworkers performed a study to identify a MP threshold
associated with VILI in animal study [296]. Three animals were ventilated with a
MP known to be lethal (TV, 38 mL/kg; Pplat, 27 cmH,0; and RR, 15 breaths/min).
Other groups (three piglets each) were ventilated with the same TV per kilogram
and PL but at different RR (12, 9, 6, and 3 breaths/min). The authors identified a MP
threshold for VILI. Also, they did nine additional experiments at the respiratory rate
of 35 breaths/min and MP below (TV 11 mL/kg) and above (TV 22 mL/kg) the
threshold. All animals ventilated with a power above 12 J/min developed whole-
lung edema while in those ventilated with a lower MP, CT scans showed mostly
isolated densities. They found a significant correlation between power, increased
lung weight, and lung elastance, along with worsened oxygenation. They demon-
strated that 12 J/min may be a meaningful threshold of VILI, and may be a predictor
of mortality and survival.
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2.14.3 Mechanical Power and Mortality

Apart from the association with VILI, does MP can predict mortality? Or how can
it predict mortality?

Recently, a secondary analysis of data investigated the role of MP as a predictor
of 90-day survival [302]. The data were from 787 ARDS patients included in two
[303, 304] randomized trials. A study was performed to confirm the role of MP,
which was very similar to the study of Cressoni. They demonstrated that 12 J/min
of MP was a meaningful threshold and was associated with a low probability of
survival. Interestingly, they also found that the value of the MP in J/min was very
close to that of driving pressure in cmH,O. Further researches should be performed
to confirm if MP can be a significant independent predictor of survival. However, its
computation at the bedside should be recommended.

MP was known to be related to the development of VILI. Some investigators
performed an analysis of data stored in the databases of the MIMIC-III and
EICU. The study examined the association between MP and mortality in critically
ill patients receiving mechanical ventilation [305]. This is the first clinical investiga-
tion to explore that MP generated by the mechanical ventilator is associated with
patient-centered outcomes. They found that higher MP was independently associ-
ated with higher ICU mortality, lower ventilator-free days and alive at day 28, and
longer stay in ICU and hospital; the impact of MP was consistent and independent
of the presence of ARDS.

There was empirical evidence showing that MP could be used to predict risk of
mortality in mechanical ventilation patients [305]. However, the smaller the lung
available for ventilation, the higher the potential harm delivered with the same power
amount. In other words, the effect of MP on VILI was dependent on the lung condi-
tion. Recently another second analysis was performed to investigate whether MP nor-
malized to predicted body weight (norMP) was superior to other ventilator variables
[306]. One hundred and fifty nine patients’ data were included, which were from eight
randomized controlled trials conducted by the ARDSNet. Among all the ventilator
variables, norMP displayed a significantly higher AUROC value than any other indi-
vidual variables including MP. What is more, the effect of norMP was dependent on
the severity of ARDS. Although norMP had no significant effect on mild ARDS
patients with respect to the mortality outcome, norMP was associated with signifi-
cantly increased risk of worsening of ARDS. MP normalized to predicted body weight
was a good ventilator variable in predicting mortality in ARDS patients.

2.14.4 Mechanical Power for PCV

According to Gattinoni, the MP can be calculated using a set of parameters rou-
tinely measured during VCV. The calculation of MP according to the equation is
based on the assumption that at VCV mode Paw was in a linear rise during
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inspiration. However, it is not suitable for calculating MP during pressure-controlled
ventilation (PCV) [307]. Because in PCV, Raw cannot be calculated by
(Ppeak — Pplat)/Flow and Flow by VT/Tinsp. Further, an increase in VT is always
negatively weighted in both original and simplified calculations, then the effect of
recruitment is neglected. Zhao et al. [307] illustrated an example of MP calculation
during decremental PEEP titration under PCV. They calculated MP with the origi-
nal and simplified equations. However, there was no tight relationship between
these two MP.

Becher and coworkers describe two equations for estimating MP during PCV
and assess their validity in patients ventilated with this mode [308]. They retrospec-
tively analyzed PCV data of patients enrolled in two previously published studies
[309, 310]. And they excluded datasets with assisted spontaneous breathing and
during VCV. They described two equations for estimating MP during PCV. They
also assessed the validity in patients ventilated with this mode.

One is that MP during PCV was calculated according to the simplified equation.
The simplified equation was based on the assumption of an ideal “square wave”
Paw during inspiration:

MP,, =0.098*RR * VT (AP,  +PEEP)

where MP represents mechanical power, AP, represents the change in Paw dur-
ing inspiration, PEEP represents the positive end-expiratory pressure (both cmH,0),
VT represents the tidal volume (1), and RR represents the respiratory rate (1/min),
with 0.098 as a correction factor to obtain the result in J/min.

The other one was additionally calculated according to the comprehensive equa-
tion taking into account inspiratory pressure rise time (Tslope):

MP

PCV (slope

2 T
R R Slope
+PEEP)*VT-AR, > *C*| 0.5- *CJ{ *C] {1—eR*CJ

slope

)= 0.098* RR

* (ARnsp
slope

where C represents the compliance (I/cmH,0) and R represents the resistance
(cmH,O/1/s).

They also calculated MP using P-V curve loops, which is defined as MPref.
Both MPycy (72 = 0.981; bias +0.73 J/min; 95% limits of agreement —1.48 to
+2.93 J/min) and MPpcy(slope) (2 = 0.985; bias +0.03 J/min; 95% —1.91 to
+1.98 J/min) were highly correlated to MPref. Disregarding Tslope, the simpli-
fied equation allows estimation of MP for PCV with a small bias. However, this
equation corrects this bias, and requires knowledge of T, R, and C. If just
knowing VT, RR, PEEP, and AP, the simplified equation may still yield accept-
able results for most clinical situations. With the simplified equation, MP for
PCV can be calculated at bedside.
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2.14.5 Conclusion

Paying attention to mechanical power might help extending focus on VILI. MP will
remind doctors not only the TV and DP but also the flows and RR and the most
important is their combination. Thus, any reduction in any component of the cyclic
mechanical power should lower the risk of VILI. However, the clinical application
of MP lacks direct proof. More clinical evidences should be provided. The way to
normalize the MP to the lung size and the degree of inhomogeneity may be a suit-
able way. Further studies are needed to test the meaningful significance of MP. And
if the ventilator software can include the power equation, it can overcome the limita-
tion, which is the assumption needed for easier calculation (e.g., linear pressure-
volume relationship). Moreover, this may help clinicians to evaluate their choices in
terms of MP at the bedside.
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Chapter 3
Lung Imaging

Jing-Ran Chen, Quang-Qiang Chen, Jian-Xin Zhou, and Yi-Min Zhou

3.1 X-Ray

3.1.1 Quotation

Chest X-ray radiography is a common auxiliary means in the diagnosis and treat-
ment of critical care. It can provide information about the course of the disease and
cardiopulmonary status. And in the critical care unit, patients often need a variety of
life-supporting catheters, X-rays can help clinicians determine the location of these
catheters and whether there are other complications during the placement of the
catheters. Routine chest X-rays can help doctors determine if treatments are effec-
tive and manage potential complications.

Since the X-ray is such an important thing, how do we confirm its
quality?Rubinowitz AN et al. summarized a series of judgment processes [1]. The
first step is to assess the quality of the image technically, then clinicians should
focus on the location of patients’ catheters such as stomach tube, tracheal cannula,
and all other support devices. The next step is to assess the patient’s condition.
Clinicians should systematically evaluate patients’ cardiopulmonary status, size of
heart border, look for the effusion of the lung and pleural. Then, clinicians should
not forget to compare the current X-ray image with the prior studies and evaluate
whether the patient is recovering or getting worse.
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3.1.2 Applications
3.1.2.1 Monitoring and Support Devices
Endotracheal and Tracheostomy Tubes

Endotracheal intubation is common in patients requiring short periods of mechani-
cal ventilation. Improper placement of the endotracheal tube is very common. The
location of endotracheal intubation can be simply determined by auscultation to
determine whether the respiratory tone of the left and right lung is symmetrical.
However, for patients in the critical care unit, the lung is often damaged, so the
stethoscope method may not provide accurate information. So, clinicians always
choose bedside X-ray to evaluate the endotracheal tube’s location. With the patient’s
head in a neutral position, the proper position of the endotracheal tube is its tip
should be located 3—5 cm above the carina [2]. Too deep or too shallow placement
of the tube can lead to bad results. Endotracheal tube insertion into the right main
bronchus is common because the right main bronchus is thicker and straighter. Deep
insertion may lead to hyperventilation of the lung on this side or even lead to pneu-
mothorax, and may lead to contralateral atelectasis. Shallow endotracheal intuba-
tion may increase the risk of catheter prolapse or laryngeal injury. Another poorly
positioned catheter is that the catheter strays into the esophagus, which, if not
detected in time, will lead to excessive accumulation of gas in the gastrointestinal
tract, and even lead to gastrointestinal perforation.

The tracheostomy tube is used in patients undergoing prolonged mechanical ven-
tilation. The best position for a tracheostomy tube should be to align its tip with
approximately the T3 level. Figure 3.1 shows the right main bronchus intubation.

Enteric Tubes

Gastric tubes are often used for drainage and nutritional feeding. For feeding use,
the catheter tip should reach at least to the gastric antrum to reduce the risk of aspi-
ration. Radiology is important for detecting abnormal catheter locations and pre-
venting potentially fatal complications. The catheter may be coiled in the pharynx
or esophagus, with a high risk of aspiration. Occasionally, a catheter may cause
perforation of the pharynx and pharyngeal capsule. Figure 3.2 shows this situation.

Venous Catheters

Central venous catheters are commonly used for fluid rehydration, parenteral nutri-
tion, or CVP monitoring. To reduce the risk of thrombosis, the central venous cath-
eter tip should be located inside the superior vena cava and outside the venous flap
[3]. When the catheter is too deep, it can enter the right atrium, increasing the risk
of arrhythmias and heart perforations.
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Fig. 3.1 Right main
bronchus intubation. This
patient’s chest radiograph
demonstrates the
endotracheal tube tip in the
right main bronchus

Fig. 3.2 A gastric tube
was accidentally inserted
into the right lung. The
chest radiograph
demonstrates an aberrant
enteric tube terminating in
the right upper lobe
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Sometimes a catheter goes into an artery, which is often seen in the subcla-
vian artery or common carotid artery. Bright red blood ejections from the cath-
eter are usually observed when the catheter is inserted into the artery, but this
may not be evident in ICU patients with heart failure or hypotension, so X-ray
examination is still needed to confirm its position. Subclavian venipuncture is of
particular concern because it may result in hemothorax, pneumothorax, or
chylothorax.

3.1.2.2 Pulmonary Parenchymal Abnormalities
Atelectasis

Atelectasis, or a decrease in the volume of air in the lungs, is the most common
cause of chest X-ray opacity in ICU patients [2]. The most common atelectasis is
in the lower-left lobe, followed by the lower right lobe and the upper right
lobe [4].

The X-ray manifestations of atelectasis can be classified into direct X-ray signs
and indirect X-ray signs. Direct signs include reduced lung transparency in the atel-
ectasis part, an increase in the density of uniformity. In the convalescence period or
with bronchiectasis, X-ray may appear uneven density of the cystic transparent area.

Lobular atelectasis is generally in the shape of obtuse and triangular, with broad
and pure surfaces facing the costal diaphragmatic pleural surfaces, and the tips
pointing to the hilum of the lungs, while the indirect X-ray signs of atelectasis show
lateral displacement of the interlobar fissure to atelectasis. As the lung volume
shrinks, the bronchi in the lesion area converge with the vascular texture, while the
compensatory expansion in the adjacent lung causes the vascular texture to be
sparse and shift to the atelectatic pulmonary arch. Clinicians may also see hilum
shadow shifting to atelectasis, the hilum shadow shrinks and disappears, and is sep-
arated from the dense shadow of atelectasis. Mediastinal, heart, and trachea are
shifted to the affected side, especially when the whole lung was atelectasis. However,
the more sensitive and accurate diagnosis of atelectasis is CT. Figure 3.3 shows an
image of atelectasis.

Pneumonia
ICU patients have a higher incidence of pneumonia due to long-term invasive respi-
ratory support and complex conditions. The X-ray manifestation of pneumonia has
a certain relationship with the pathogenic bacteria of infection. It may be performed
as a multi-focused, focal consolidation on chest radiographs. Pneumonia may be
difficult to distinguish from other causes of lung opacity, such as atelectasis, aspira-
tion pneumonia, and pulmonary edema. Figure 3.4 shows an example of bacterial
pneumonia.
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Fig. 3.3 Atelectasis. The
chest radiograph shows the
central space-occupying
lesion of the right lung and
the right upper lobe
obstructs atelectasis

Fig. 3.4 Pneumonia. Panels (a) and (b) show X-ray and CT images of pneumonia, respectively.
The radiograph demonstrates bilateral lung inflammation with partial consolidation

Pneumothorax

Pneumothorax can result from underlying lung disease, inappropriate respiratory
support levels, and medical procedures. Most of the pneumothorax radiographs
have clear pneumothorax lines, that is, the boundary line between atrophic lung tis-
sue and the gas in the pleural cavity, showing an outward convex line shadow, the
pneumothorax line is a transparent area without lung texture, and the line is
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compressed lung tissue. Mediastinal and cardiac migration to the healthy side can
be seen in a large amount of pneumothorax. The gas-liquid level can be seen with
pleural effusion (Fig. 3.5). For patients in the ICU, chest radiographs in the supine
position are often performed. Such patients often do not show the traditional pneu-
mothorax images in chest X-ray, but deep sulcus may be observed [5]. In the supine
position, as the pneumothorax increases in volume, the intrapleural air accumulates
from the anteromedial region to the laterocaudal region (Fig. 3.6). Hence, the

Fig. 3.5 Pneumothorax.
Upright chest radiograph
showing a right apical
pneumothorax. A thin line
of visceral pleura is visible
(arrows). The right lung is
about 95% compressed

Fig. 3.6 Pneumothorax. Panel (a) shows “Deep sulcus sign”, which can be seen in supine patients.
It demonstrates lucent deep lateral costophrenic sulcus and lucency of the right lower hemithorax.
Panel (b) shows the CT scan taken on the same day which confirmed the presence of pneumotho-
rax in the right thorax
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Fig. 3.7 Layering pleural fluid. Panels (a) and (b) show X-ray and CT images of pleural fluid,
respectively. (a) Shows blunting of the right costophrenic angles. (b) CT image in the same patient
confirms right pleural effusions

so-called deep sulcus sign is performed as a deep and lucent costophrenic angle
which extends more inferiorly than usual. But so far, the golden standard for the
diagnosis of occult pneumothroax is still the CT scan.

Pleural Fluid

Pleural effusion is common in ICU patients. The presence of pleural effusion in sit-
ting or standing chest radiographs is indicated by the appearance of a blunt costo-
phrenic angle. However, chest radiographs in the supine position are not sensitive to
the diagnosis of pleural effusion and may present only as hazy opacification pulmo-
nary images. CT examination can not only confirm the presence of pleural effusion
but also reveal the pulmonary, mediastinal, and pleural conditions, suggesting the
etiology of pleural effusion. Figure 3.7 shows the image of layering pleural fluid
under X-ray.

3.2 Lung and Diaphragm Ultrasound

3.2.1 Introduction

Ultrasound is a noninvasive technology and has been employed for the bedside
assessment of the lung reliably. As a versatile imaging technique, ultrasound pro-
vides insights into the presence of lung consolidation, pleural effusion, or interstitial-
alveolar syndrome, especially, it allows the possibility of gaining regional
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information. In recent years, ultrasound has played a crucial role in bedside assess-
ment of the critically ill among imaging techniques. In 1942, a neuroscientist Karl
Dussik first introduced the use of an ultrasound machine as a medical diagnostic
tool [6] and André Dénier first described the diagnostic application of ultrasound
[7]. More importantly, in 1989, the Fragois Jardins intensive care team introduced
the application of lung ultrasound in emergency care. Since 1991, point-of-care
ultrasound (POCUS) has been used by intensive care physicians for the diagnosis of
intensive care medicine. In recent years, the International Consensus Conference on
lung ultrasound has standardized nomenclature, technique, and indications to use
lung ultrasound in critical care practice [8]. Ultrasound evaluation of diaphragm
function and structure is accurate, safe, and noninvasive. Bedside ultrasound was
used to evaluate the diaphragm function by measuring the diaphragm activity, dia-
phragm thickness, and the change rate of diaphragm thickness. It was used to iden-
tify the diaphragm dysfunction and the loss of diaphragm function.

3.2.2 Lung Ultrasound
3.2.2.1 Selection of Lung Ultrasound Probe

Conventional examination modes are divided into B-mode and M-mode. B-mode
ultrasound is a mode in which a linear or convex probe scans an anatomical plane
and then converts it into a two-dimensional image. M-mode ultrasound is a mode to
record the reciprocating motion of a structure toward or away from the probe.
Different probes have their own characteristics. Generally, high-frequency probes
have weak penetration capacity, but high resolution. On the contrary, low-frequency
probes have strong penetration capacity, but low resolution. Firstly, according to the
patient’s body shape and chest wall thickness, low-frequency probes (convex array
or phased probe, frequency 1-5 MHz) which can detect a certain depth are usually
selected; secondly, high-resolution high-frequency probes (linear array probe, fre-
quency 5-10 MHz) can be selected for pleural lesions or pneumothorax according
to the location of the lesions. For obese patients, low-frequency probe is recom-
mended to detect pleural lesions.

3.2.2.2 Operational Skills

Ultrasound examination of the lung does not require a high level of ultrasound sec-
tion, which can be scanned vertically or parallel to the coastal space. Generally,
each side of the chest wall is divided into three parts [9, 10] by the front axillary line
and the rear axillary line. Each part is further divided into upper and lower parts, that
is, each side of the chest is divided into six areas, a total of 12 bilateral areas, cor-
responding to different parts of the lungs. Lung ultrasound should be performed by
left-right contrast, and all intercostal spaces in each region should be examined in
sequence. The probe should be perpendicular to the thorax and slide along the
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longitudinal and transverse direction. When the probe is placed in a sagittal position
and the angle is adjusted perpendicular to the long axis of the rib space, the marker
points generally point to the head side and slip from the head to the foot in the verti-
cal rib space. Most of the pleura can be observed, but the ribs will cover it.
Transversely, the probe is placed horizontally along the long axis of the intercostal
space, with the marker point facing the sternum and sliding along the long axis of
the intercostal space. The whole pleura of the intercostal space can be observed, but
it is limited to the pleura of the intercostal space.

3.2.2.3 Image Interpretation

Understanding lung ultrasound images requires familiarity with basic lung ultra-
sound signs. Because ultrasound cannot penetrate the air, the lungs are the main
air-containing organs, combined with the obstructive effect of thoracic bone struc-
ture, so the lung has been regarded as the forbidden area of ultrasound examination.
However, the lung is an organ of liquid and gas blending. Any lung lesion is accom-
panied by the change of liquid—gas ratio, and the detection of liquid by ultrasound
is sensitive, the change of gas and liquid in the alveoli and interstitium of damaged
lungs will produce some ultrasound images and artifacts, which make it possible for
lung ultrasound. With the decrease of the ratio of gas to liquid in the lung, the lung
lesions, or changes from normal gasified lung tissue to mild interstitial edema,
severe interstitial edema and alveolar edema, or from focal to diffuse, eventually
develop into consolidation, and even pleural effusion and pneumothorax.

3.2.2.4 Bat Sign

Bat sign is one of the most important signs in lung ultrasound. When the probe is
placed vertically in the intercostal space, the bat sign can be seen (Fig. 3.8). The
images depict upper and lower adjacent ribs, rib echo ultrasound, and pleural lines,
which correspond to the lung surface.

Fig. 3.8 Lung ultrasound
sign. Red arrow shows
hyperechoic pleura line
with adjacent ribs on both
sides (blue arrow)
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3.2.2.5 Lung Glide Sign

The pleural line moves synchronously with respiratory motion and appears in nor-
mal lung tissue. The extent of lung glide reached its maximum in the lower part of
the lung, when the lung was descending toward the abdomen. Under B-mode ultra-
sound, visceral and parietal pleura slipped relatively. and under M-mode ultra-
sound, hyperechoic pleura line moved to and fro with respiratory motion. Lung
glide sign is not obvious in the condition of lung hyperinflation and emphysema.
The disappearance of lung glide sign can be seen in pneumonia, atelectasis, pneu-
mothorax, weak breathing, apnea, pleural adhesion, airway obstruction, or one-
lung ventilation.

3.2.2.6 A-Line

The high echo artifacts parallel to the pleural line under B-mode ultrasound are
called line A (Fig. 3.9). Normal subpleural air-filled lung tissue or intrapleural air
because of pneumothorax prevents ultrasonic penetration. The strong reflex of chest
wall soft tissue and air-filled lung surface forms line A, which is several times
deeper than the distance between skin and pleural line. When subpleural gas is
evenly distributed, line A can appear, such as normal lung tissue and pneumothorax.
When subpleural gas is unevenly distributed, line A will blur or disappear, such as
pulmonary interstitial lesions and alveolar lesions.

3.2.2.7 B-Line

The hyperechoic vertical line from the pleural line to the distal end is line B
(Fig. 3.10). Because of the increase of fluid volume in lung tissue, ultrasound pro-
duces strong reverberation at the interface between air and water. Normally, the
thickness of subpleural interlobular septum is about 0.10-0.15 mm, mostly less than

Fig. 3.9 Lung ultrasound
sign. The arrow shows a
hyperechoic A-line parallel
to the pleura line
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Fig. 3.10 Lung ultrasound
sign. The arrow shows that
the hyperechoic vertical
line from the pleura line to
the far end is line B

the resolution of ultrasound (about 1 mm). Therefore, under normal circumstances,
most of them are surrounded by strong echoes of alveolar gases and cannot be dis-
played. There should be less than two B-lines in each intercostal space.

3.2.2.8 Signs of Interstitial Syndrome

Alveolar interstitial syndrome is defined as the presence of three or more adjacent
B-lines in a coastal space, which may be limited or diffuse. Linear and convex probes
can measure the average distance between B-lines. B-line interval is about 7 mm, sug-
gesting interlobular septal thickening, interstitial pulmonary edema, or lesion; Multiple
B-lines with spacing less than 3 mm indicate alveolar pulmonary edema or lesion. The
more severe pulmonary edema presents as diffuse B-line. Line B has seven character-
istics: comet tail sign; from a pleural line; high echo; laser sample; no attenuation,
direct to the edge of the screen; erase line A; and move with the lung sliding.

3.2.2.9 Tissue-Like Sign

Pulmonary tissue has no echo or liver tissue-like echo, and there are irregular
boundaries with different depths (Fig. 3.11). The occurrence of lung consolidation
suggests that the density of lung tissue changes in this area. Similar to line B, there
may be an increase in extravascular lung water or a significant decrease in lung
ventilation in this area.

3.2.2.10 Debris Sign

Short-line, debris-like, strong echo spots appear at the junction of consolidated and
air-filled alveoli, which are called debris signs (Fig. 3.11). Ultrasound images of
lung consolidation are varied at different stages, if the gas in the consolidated lung
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Fig. 3.11 Lung ultrasound
sign. The lung
consolidation (red arrow)
is shown in the figure, and
the alveoli are filled with
liquid, showing tissue like
change; the air-filled
bronchi (blue arrow) can
be seen, with
heterogeneous light/dark
echo, and debris like shape

tissue is not fully absorbed, ultrasound shows high echo when it meets gas. In par-
ticular, inflammatory lung consolidation occurs in the stage of severe insufficient
ventilation and incomplete absorption of air in the lung tissue, ultrasound images
can show inhomogeneous bright/dark echoes, similar to debris, so it is called
debris sign.

3.2.2.11 Bronchial Inflation Sign

Bronchial inflation sign is a heterogeneous, tissue-like (similar to liver echoes)
ultrasound image with a punctate or linear hyperechoic sign. It is also an ultrasound
sign in the process of pulmonary consolidation. The reason for this is that the air in
the bronchus, which is inside consolidated lung tissue, is not fully absorbed; ultra-
sound produces a bright echo when it meets gas (Fig. 3.11). According to the
dynamic changes of bronchial gas with respiratory motion, there are static bronchial
inflation signs and dynamic bronchial inflation signs. Dynamic bronchial inflation
sign can rule out the diagnosis of obstructive atelectasis. A small sample study
found that dynamic bronchial inflation sign was more common in inflammatory
lung consolidation and static bronchial sign was more common in atelectasis. For
some inflammatory lung consolidation, bronchial fluid filling signs can also be seen.

3.2.2.12 Pulmonary Pulsation
Pulmonary pulsation is an early and dynamic diagnostic sign of complete atelectasis.

Under normal conditions, the slippage of two pleura layers hinders the vibration of
pleural line caused by cardiac activity observed by M-mode ultrasound. When the
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main bronchial obstruction or one-lung ventilation leads to complete atelectasis, vis-
ceral and parietal pleura slide disappears. Under these conditions, pleural line vibra-
tion caused by heart beating can be recorded by M-mode ultrasound. The disappearance
of lung glide sign under B-mode ultrasound and the pulsation of pleural line with the
beating of heart under M-mode ultrasound is called pulmonary pulsation.

3.2.2.13 Stratospheric Sign (Bar Code Sign)

In M-mode imaging, the normal appearance of the lungs is similar to that of the
beach. The extrapleural structure presents as a horizontal line parallel to the probe
surface, similar to the sea. The lung parenchyma moves with the respiratory cycle
and presents a grainy image, similar to the sand on the coast (Fig. 3.12a). In pneu-
mothorax, the pleura is separated from the parietal layer and the visceral layer due to
the air contained in the pleural cavity. In M-mode imaging, the absence of parenchy-
mal movement beneath the pleura will produce multiple horizontal parallel lines,
replacing the sandy appearance of the coastal marker. This kind of image is similar
to bar code or stratosphere, so it is called stratosphere (bar code) sign (Fig. 3.12b).

3.2.2.14 Pulmonary Point

The pulmonary point is a special ultrasound sign in the diagnosis of pneumothorax.
In the same image, one side of the lung tissue has the phenomenon of lung sliding
and pulsation, while the other side does not exist. This critical point is called a

Fig. 3.12 Lung ultrasound sign. Panel (a) is beach sign in normal lung; (b) is Stratospheric sign
in pneumothorax
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pulmonary point. This phenomenon is a specific manifestation of pneumothorax.
Under B-mode ultrasound, B-line disappeared, A-line and lung glide disappeared,
while under M-mode ultrasound, the critical point of ultrasound sign replacing
coastal sign was lung point. The principle is that when pneumothorax occurs, ultra-
sound detects the boundary of lung tissue compressed by gas. Ultrasound detects
the side of pneumothorax, showing that lung glide disappears, and the side of nor-
mal lung tissue, showing that lung glide exists. But not all pneumothorax has pul-
monary point, when the scope of pneumothorax is large or the examination is
incomplete, it may not be able to find the pulmonary point, and pulmonary bullae
can also be shown as pulmonary point.

3.2.2.15 Quadrilateral Sign/Sinusoidal Sign

Under B-mode, the quadrilateral anechoic zone in the thoracic cavity was found,
with four boundary areas being the upper and lower ribs in the intercostal space
where the probe was located, and the visceral and parietal pleura. The anechoic
zone was pleural effusion (Fig. 3.13). Under M-mode ultrasound, sinusoidal curves
can be seen, indicating the regular displacement between the visceral pleura moving
with pulmonary expansion and contraction and the relatively fixed pleura line. This
phenomenon often occurs at the costophrenic angles of the base of the lung.

3.2.2.16 Curtain Sign

During examination at the base of lung, images of the diaphragm, liver/spleen, or
spine disappear as the lung expands during inspiration and appear as the lung vol-
ume decreases during expiration. This phenomenon occurs under normal ventila-
tion; when there is pleural effusion or consolidation of pulmonary tissue, the
phenomenon weakens or disappears.

Fig. 3.13 Lung ultrasound
sign. The non echo area of
the quadrangle shown by
the arrow is surrounded by
the pleura line of the
parietal layer, the upper
and lower ribs, and the
pleura line of the

visceral layer
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3.2.3 Application of Lung Ultrasound

Ultrasound is a fast, noninvasive, and real-time imaging method. Lung ultrasound
has been gradually improved and standardized. It plays an important role in the
diagnosis, treatment, and judgment of disease changes.

3.2.4 Diagnostic Value of Pulmonary Ultrasound
in Respiratory Diseases

Several guidelines suggest that procedure guidance and diagnostic assessment by
ultrasound can provide bedside information quickly [8, 11-13].

POCUS for diagnostic assessment is of extensive use in intensive care units [14].
POCUS in the emergency department alongside standard diagnostic tests is superior
to standard diagnostic tests alone for establishing a correct diagnosis within 4 h [15].

3.24.1 Community-Acquired Pneumonia (CAP)
and Ventilator-Associated Pneumonia (VAP)

According to the type of pneumonia, the imaging manifestations are different.
Ultrasound signs of pneumonia are heterogeneous B-line; pleural abnormalities,
mostly small pulmonary consolidation under pleura; debris sign; or bronchial infla-
tion sign. Inflammatory consolidation manifests differently in different stages. Gas is
not fully absorbed in the lung tissues of the lesions, which can be manifested as debris
sign, accompanied by bronchial inflation sign, mostly dynamic bronchial inflation
sign, or can be manifested as liver-like pulmonary tissue when the gas is fully
absorbed. The application of lung ultrasound in screening or diagnosing of CAP or
VAP has attracted much attention. 70-97% of CAP patients can see lung consolida-
tion accompanied by bronchial inflation sign [16—18]. Consolidation has 93% sensi-
tivity and 98% specificity in the diagnosis of CAP [17]. However, for ICU patients,
pulmonary consolidation and bronchial inflation sign can also occur in patients with-
out pneumonia, which is related to long-term bedridden, controlled ventilation, and
systemic inflammatory response. It seems that pulmonary ultrasound has limited
value in the diagnosis of VAP. However, some scholars regard linear or tree-like
dynamic bronchial images as one of the signs of VAP diagnosis, and can easily cal-
culate the clinical ultrasound score at the bedside for early VAP diagnosis. It may
even be better than the traditional clinical pulmonary infection score (CPIS) [19].

3.2.4.2 Pulmonary Edema
B-line is the most important ultrasound sign of pulmonary edema. It may be related

to alveolar or interstitial exudation. According to the distribution and shape of
B-line, it can be divided into homogeneous B-line, heterogeneous B-line, and
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converged B-line. The B-line distribution of pulmonary edema due to elevated
hydrostatic pressure was more homogeneous, and there was no change of pleural
line, and pleural sliding was not affected [20]. The distribution of B-line in osmotic
pulmonary edema shows that the non-dependent area is lighter, the dependent area
is heavier, and even the signs of pulmonary consolidation appear. In addition,
because of the high viscosity of the exudated fluid, the pleural sliding sign usually
weakens or even disappears. Pulmonary edema due to elevated hydrostatic pressure
is usually secondary to cardiac insufficiency and volume overload. Cardiac echocar-
diography can show a significant decrease in systolic function and an increase in the
diameter of inferior vena cava. Osmotic pulmonary edema is usually secondary to
severe infections and other factors, with normal cardiac function or enhanced sys-
tolic function without volume overload.

3.24.3 ARDS

The pulmonary lesions of ARDS are heterogeneous. Qualitative imaging evaluation
of pulmonary exudative lesions and consolidation by lung ultrasound can assist the
diagnosis of ARDS [21-23]. The international consensus on lung ultrasound also
suggests the diagnosis of ARDS if there are the following signs: (1) inhomogeneous
B-line; (2) abnormal pleural line signs; (3) subpleural consolidation of anterior
chest wall; (4) normal pulmonary parenchyma; and (5) weakening or disappearing
of pulmonary glide sign [8]. The Berlin definition of ARDS [24] suggests a rapid
differential diagnosis of pulmonary edema for suspected ARDS patients without
risk factors by echocardiography. Therefore, combined cardiopulmonary ultrasound
is helpful for real-time diagnosis of ARDS at bedsides, and can differentiate pulmo-
nary edema, atelectasis, pleural effusion, chronic heart failure, pulmonary intersti-
tial fibrosis, and other pulmonary conditions leading to hypoxemia.

3.2.4.4 Atelectasis

Atelectasis can be divided into compressive atelectasis and absorptive atelectasis.
The former is usually caused by a large amount of pleural effusion, with sharp and
smooth edges, moderate echo, and jellyfish-like shape with the beating of heart and
movement of breath, the compressive atelectasis can be reduced or even disap-
peared after puncture and drainage. The latter is caused by airway obstruction, such
as secretions or tumors. Lung ultrasound shows alveolar consolidation and homoge-
neous hypoechoic structures resembling liver-like structures. Compared with pneu-
monia, absorbable atelectasis has no dynamic bronchial inflation sign. Bronchial
inflation sign is static (initial stage) or nonexistent (total air is reabsorbed in small
airways). If bronchial inflation sign is dynamic, obstructive atelectasis can be
excluded [25]. Sometimes bronchial fluids can be found, which suggests that secre-
tions or fluids fill the airway.
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3.2.4.5 Pleural Effusion

Ultrasound can directly identify pleural effusion and consolidation [26].

Compared with bedside chest radiographs, ultrasound for detecting pleural effu-
sion showed higher accuracy (93% vs. 47%) [8]. Pleural effusion manifests as an
echo-free area in dependent region [27, 28].

The appearance of pleural effusion under ultrasound can indicate the nature of
the fluid. Pleural effusion can be characterized by anechoic, complex non-
encapsulated, complex encapsulated, or homogeneous echo [29]. Generally, com-
plex pleural effusion suggests exudation, whereas anechoic effusion may be
transudate. However, transudate can also be manifested as complex non-encapsulated
effusion [29]. This is because the transudate is not only water, but also has different
components (such as cells, proteins, and fats). Transudate can also behave as an
echo-free liquid. Homogeneous echo effusion is a manifestation of hemorrhage or
empyema. In some cases, ultrasound images can help to judge the nature of the effu-
sion. For example, thickened pleural or pulmonary consolidation with bronchial
inflation sign (suggesting the site of infection) usually indicates exudate. Diffuse
pulmonary congestion (B-line) indicates transudate because of heart failure. In
supine position, in transverse scanning, the pleural space at the bottom of the lung
is 5 cm or larger, which can predict 500 mL or more pleural effusion. The linear
relationship between them was also determined. The pleural space per centimeter
corresponded to 200 mL effusion [30, 31]. The application of ultrasound in chest
puncture can reduce the number of pneumothorax cases and improve operation effi-
ciency, even for more experienced operators [32].

3.2.4.6 Pneumothorax

The sensitivity, accuracy, and negative predictive value of lung ultrasound in the
diagnosis of pneumothorax are much higher than those of chest X-ray and are close
to those of CT [24], especially for traumatic patients [33, 34]. When diagnosing
pneumothorax by lung ultrasound, we need to recognize the pleural sliding sign,
pulmonary pulsation sign, B-line, consolidation, and pulmonary point. Pneumothorax
can be diagnosed when the pleural slip sign disappears, the stratospheric sign and
the pulmonary point are found by pulmonary ultrasound. If the pulmonary point
appears below the midaxillary line, it indicates that at least 30% of the pulmonary
parenchyma collapses [35].

Although the specificity with the signs described above for diagnosis of pneumo-
thorax is almost 100%, in most cases, it is difficult to determine the pulmonary point
because of the different degrees of pulmonary compression and sometimes focal
pneumothorax in severe patients. Therefore, when pneumothorax is suspected in
clinical practice, one by one lung tissue should be examined, if pleural sliding sign,
pulmonary pulsation sign, B-line, consolidation, and pleural effusion can be found,
the presence of pneumothorax in the examination site can be excluded.
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3.2.4.7 Pulmonary Embolism

Studies have shown that combined cardiopulmonary and vascular ultrasonography
can diagnose pulmonary embolism more accurately [13, 36]. Other studies have
shown that the specificity and sensitivity of combined cardiac, pulmonary, and vas-
cular ultrasound in the diagnosis of pulmonary embolism are significantly higher
than that of single cardiac, pulmonary, or vascular ultrasound, which can signifi-
cantly improve the diagnosis of suspected pulmonary embolism and reduce the
examination rate of CT pulmonary angiography [37, 38]. Because pulmonary
embolism mainly affects the oxygenation of patients by affecting the ratio of venti-
lation to blood flow, there is usually no obvious lung lesion in patients. Ultrasound
signs of pulmonary embolism are mainly line A, sometimes wedge consolidation
caused by pulmonary infarction, but rarely accompanied by line B or large areas of
pulmonary consolidation. In addition, the presence of deep venous thrombosis in
lower extremities can be determined by ultrasound screening of lower extremity
vessels thus providing indirect evidence for the diagnosis of pulmonary embolism.

3.2.5 Differential Value of Pulmonary Ultrasound in Etiology
of Respiratory Diseases

The bedside lung ultrasound in emergency (BLUE) protocol provides a simple
method to analyze and diagnose diseases, using the characteristics of lung ultra-
sound. This diagnostic scheme can diagnose five common causes of respiratory
failure in 90.5% of cases of acute respiratory failure [39]. Traditional medical exam-
ination methods include medical history and physical examination. The combina-
tion of electrocardiogram and echocardiography with BLUE improves the diagnostic
accuracy. The first objective of the BLUE program is to quickly diagnose and treat
dyspnea symptoms. The second goal is to reduce the use of computed tomography
and X-ray avoiding radiation hazards to special patients such as pregnant women
[40, 41]. At the same time, the program allows accurate diagnosis of acute respira-
tory distress in resource-poor clinics.

The BLUE protocol standardized the examination sites of the chest, including
the upper blue spot, the lower blue spot, the posterior alveolar, and/or pleural syn-
drome (PLAPS) points on the left and right sides.

First, looking for lung glide sign. If the lung glide sign exists and there is a clear
line A, it is called A-profile. Next venous system examination needs to be done. The
specificity of diagnosing pulmonary embolism with lower extremity venous throm-
bosis was 99%. So before other lung areas are examined, veins need to be analyzed.
Posterolateral alveolar pleural syndrome (PLAPS) includes posterior chest wall
lung consolidations and pleural effusions. PLAPS can be seen for many reasons,
and veins need to be prioritized before PLAPS can be found. It has important clini-
cal significance to find lower extremity venous thrombosis after finding A-profile. If
no lower extremity venous thrombosis is found, then look for PLAPS at the PLAPS
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examination area. If PLAPS exists, it is called A-no-V-PLAPS image, suggesting
pneumonia. Without PLAPS, it is called nude profile (bare image features) (all
items are normal), suggesting COPD or asthma. The A’ profile is defined by the
presence of A-lines without lung sliding. This profile is seen in pneumothorax. A’
profile requires finding the pulmonary point. If there is a pulmonary point, it strongly
suggests pneumothorax. The diagnosis of hemodynamic pulmonary edema is pre-
ferred when B features are found. B profile (anterior lung B-line without lung slid-
ing), A/B profile (A-line in one hemithorax and the B-line in another hemithorax),
and C profile (consolidation of the anterior chest wall) strongly suggest pneumonia.
86% of ARDS patients had one of four pneumonia images.

3.2.6 Monitoring and Guiding Therapeutic Value
of Pulmonary Ultrasound

3.2.6.1 Ventilation Score

Since the number and type of ultrasound artifacts (A-line and B-line) seen in the
intercostal space of lung ultrasound vary with the loss of pulmonary ventilation
function [42], lung collapse or re-expansion can be assessed by tracking the changes
in lung ultrasound. In vitro [43] studies have shown that progressive homogeneous
ventilation loss determines the transition from A-line to B-line, and the number of
B-line gradually increases and fuses. Tissue-like features are present when ventila-
tion is completely lost. Lung ultrasound score (LUS) [44] is a useful tool to quantify
the degree of pulmonary ventilation reduction and to compare the degree of improve-
ment of pulmonary ventilation before and after treatment. It realizes the transforma-
tion from ultrasound image vectorization to numerical value. According to the
axillary front line and the axillary posterior line, the chest wall of the patients was
divided into three zones: anterior, lateral, and posterior. The three zones were
divided into upper and lower zones, respectively. Thus, one side of the chest wall of
the patients was divided into six zones and twelve zones on both sides. Lung ultra-
sound was performed in each area and scored according to the following criteria:
normal pulmonary ventilation (0 points): the presence of lung sliding and horizontal
A-lines or no more than two B-lines; moderate pulmonary ventilation reduction (1
point): the presence of multiple uniformly or unevenly segregated B-lines; severe
pulmonary ventilation reduction (2 points): multiple rib spaces with combined
B-lines; and pulmonary consolidation (3 points): The lungs show tissue-like echoes
accompanied by dynamic or static bronchial inflation signs. According to the above
criteria, the total score of 12 regions ranges from O to 36. Dynamic assessment of
LUS can accurately reflect the changes of pulmonary ventilation before and after
the implementation of any treatment measures that may affect pulmonary ventila-
tion function thus guiding the next decision-making. Several studies have shown
that the clinical value of pulmonary ultrasound in assessing the degree of pulmonary
inflation is in good agreement with chest CT. In patients with ARDS, regional
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pulmonary ultrasound scores were closely related to tissue density assessed by com-
puted tomography, and the gradual increase in scores from 0 to 3 was significantly
related to the increase in density [45].

3.2.6.2 Monitoring the Effectiveness of Antimicrobial Therapy

Lung ultrasound can also be used to evaluate the efficacy of pulmonary infection
and can assist in adjusting and stopping antibiotic therapy. The LUS can be calcu-
lated by observing regional changes before and after treatment aimed at improving
pulmonary ventilation. It has been successfully applied to evaluate antibiotic-
induced alveolar reaeration in VAP [46].

3.2.6.3 Monitoring the Extravascular Lung Water (EVLW)

The ultrasound manifestations of EVLW has increased B-line. For acute alveolar or
interstitial exudation, increased diffuse B-line can be observed by lung ultrasound.
Atpresent, lung ultrasound score can be used for clinical monitoring of EVLW. Baldi
et al. [47] evaluated EVLW with B-line score, B-line score correlated well with
quantitative CT. The overall LUS was directly correlated with EVLW assessed by
pulmonary thermodilution [48], and with the overall lung tissue density assessed by
quantitative CT [45]. Increased LUS is an early warning of harmful side effects of
fluid resuscitation in sepsis patients, transthoracic lung ultrasound may serve as a
safeguard against excessive fluid loading [49]. The LUS is independently related to
the 28-day mortality, as well as the APACHE II score and lactate level, in intensive
care unit shock patients. A higher elevated LUS on admission is associated with a
worse outcome [50].

3.2.6.4 Monitoring Lung Recruitment

Lung reaeration after lung recruitment maneuvers can be monitored by direct and
real-time visualization [51]. Bouhemad et al. [52] used LUS to measure the reaera-
tion of PEEP 0-15 cm H,O in 40 patients with ARDS undergoing mechanical ven-
tilation. The level of pulmonary alveoli (or collapse) was found to be positively
correlated with the pressure-volume curve (P-V curve). Therefore, ultrasound can
assess the potential of lung recruitment, and dynamically monitor and guide the
parameter setting of mechanical ventilation. Lung recruitment combined with
appropriate PEEP may improve oxygenation and some physiological indexes in
ARDS patients, but not in all ARDS patients. The setting of PEEP according to the
recruitability of lung can more effectively reopen the collapsed alveoli and reduce
the side effects caused by PEEP. Lung ultrasound can synthetically judge the recruit-
ability from the homogeneity, severity, airway patency (dynamic bronchial gas
phase), and the presence or absence of tidal recruitment in the examination area. In
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the course of recruitment, the response of the lung to different recruitment maneu-
vers and recruitment time can be assessed by qualitative or semi-quantitative ultra-
sound scores, and the causes of non-recruitment can be comprehensively analyzed
and better treatment strategies can be found [53]. It can also detect the possible
barotrauma caused by lung recruitment in time and adjust the treatment in time. It
should be noted that pulmonary ultrasound could not detect lung hyperinflation.

3.2.6.5 Prone Position

Ultrasound is helpful in evaluating and managing prone position therapy. Pulmonary
tissue in gravity-dependent area of ARDS patients in supine position is not easy to
reopen due to the influence of gravity, abdominal pressure, and chest motion ampli-
tude. It has been proved that prone position can improve the degree of pulmonary
tissue expansion in gravity-dependent areas either alone or in combination with
recruitment maneuver thus improve oxygenation and reduce mortality [54].

In the prone position of ARDS patients, ultrasound can assess the lesions or
homogeneity of the lungs, and evaluate the lung recruitment in gravity-dependent
areas (PLAPS point and posterior blue point in supine position). The degree of dor-
sal lung recruitment assessed by lung ultrasound after 3 h in prone position was
correlated with clinical positive reaction [55]. Therefore, the effectiveness of prone
position can be predicted by semi-quantitative ultrasound score, which also can help
to determine the time and frequency of prone position.

3.2.6.6 'Weaning

When mechanical ventilation is disconnected, it will cause significant changes in
pulmonary ventilation volume. Ultrasound changes of pulmonary ventilation can
predict the success or failure of extubation in patients who successfully passed the
1 h spontaneous breathing test (SBT). There was no significant change in overall
pulmonary ventilation during the spontaneous breathing test in patients who suc-
ceeded in extubation. However, in patients with post-extubation distress, pulmonary
ventilation decreased during the SBT [56].

3.2.7 Diaphragm Ultrasound

The diaphragm is an important respiratory muscle. In spontaneous breathing, dia-
phragm plays an important role in generating tidal volume [57]. Many factors in
ICU such as phrenic nerve injury after abdominal or cardiac surgery, neuromuscular
disease, mechanical ventilation, sepsis can lead to diaphragm dysfunction, and thus
increase the risk of weaning failure and prolong the time of mechanical ventilation
[58]. There are some methods of examining diaphragm function, including
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electromyography, transdiaphragmatic pressure, X-ray, magnetic resonance imag-
ing, and so on. Most of them are invasive or radioactive examination. Bedside, ultra-
sound has the advantages of noninvasive, real-time, and highly repeatable. It can not
only observe the shape of diaphragm, but also evaluate the function of diaphragm.
It has been widely used in clinical diagnosis and treatment of critical care patients.

3.2.8 Measurement

There was no significant difference in the thickness and the change of thickness
between the left and right diaphragms. Compared with the left diaphragms, ultra-
sound could measure the mobility of the right diaphragms more intuitively, and the
repeatability of the measurement of the right diaphragms was higher than the left
one [59]. Therefore, the liver is often used as an acoustic window to measure the
thickness and movement of the right hemidiaphragm. However, when it is suspected
that the patient has unilateral diaphragm injury, it is necessary to evaluate the bilat-
eral diaphragm function. For example, in patients undergoing heart surgery, the
phrenic nerve injury may cause complete paralysis in half of the diaphragm, while
the other part of the diaphragm is not affected, which usually does not cause dys-
function of the whole diaphragm. Therefore, it is necessary to evaluate the function
of the two diaphragms separately [60].

3.2.9 Diaphragm Thickness and Change Rate
of Diaphragm Thickness

Diaphragmatic thickness refers to the distance between the pleura and peritoneum
of the diaphragms at the thoracic involution. When inhaled, the diaphragm con-
tracted and its thickness increased. The change rate of diaphragmatic thickness
refers to the change degree of diaphragmatic thickness during respiration, which
reflects the contractility of diaphragm [61]. Change rate of diaphragmatic thick-
ness = (maximum end inspiratory diaphragmatic thickness—end expiratory dia-
phragmatic thickness)/end expiratory diaphragmatic thickness x 100% [62, 63]. In
normal conditions, when the lung volume increases from functional residual vol-
ume to total lung capacity, the average thickness of diaphragm increases by 54%
(range: 42% ~ 78%) [64, 65].

For B-mode ultrasound measurement, select a high-frequency ultrasound probe
with a frequency of 7.5 MHz or more, and place it between the axillary front line
and the axillary midline between the eighth and tenth intercostals, that is, the junc-
tion of the diaphragm and the chest wall. The direction of the probe is perpendicular
to the chest wall. Two parallel hyperechoic layers can be seen at a distance of
1.5-3 cm from the skin. The hyperechoic layer near the skin is the pleura layer and
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Fig. 3.14 Diaphragmatic thickness measurements. Diaphragmatic ultrasound can measure the
thickness at end of inspiratory (left arrow) and at end of expiratory (right arrow), and calculate the
change rate of diaphragmatic thickness

the peritoneal layer at a distance. The area with low echo between the two is the
diaphragm [66]. The thickness of diaphragm is the distance between pleura and
peritoneum. Using ink to mark the skin to locate the diaphragm can improve the
repeatability of measurements. The position of M-mode ultrasound measurement is
the same as B-mode. The measurement line was selected after the diaphragm was
located by a two-dimensional ultrasound. M-mode ultrasound showed that the
thickness of diaphragm changed with the change of respiratory cycle along the
measurement line (Fig. 3.14). The measurement of diaphragmatic thickness in
more than two respiratory cycles with M-mode ultrasound can improve the repeat-
ability of measurement. The accuracy and repeatability of measurement of dia-
phragmatic thickness and thickness fraction by ultrasonography have been
confirmed [61, 64, 67, 68].

3.2.10 Diaphragm Excursion

Diaphragm excursion refers to the displacement between the inspiratory and expira-
tory ends of the diaphragm. During the measurement, 3—5 MHz probe is selected,
and the patient takes a half-lying position (the head of the bed is raised by 30°—45°).
The excursion of different parts of the diaphragm is not exactly the same during the
breathing process. The excursion of the middle and rear parts is greater than that of
the front part. The measurement of the excursion of the diaphragm is mainly to
measure the rear part [69]. Since the amplitude of each breath is different in patients
with spontaneous breath, it is necessary to avoid recording very deep or very shal-
low breath as the evaluation result. It is necessary to measure five respiratory cycles
and take their average value as the evaluation result [70].

M-mode ultrasound can continuously record the time-position relationship of the
diaphragm on the sampling line and quantify the movement amplitude of the dia-
phragm. The ultrasound probe was placed at the lower edge of the lower rib between
the axillary front line and the clavicular midline to make the ultrasound beam per-
pendicular to the posterior part of the diaphragm. M-mode ultrasound could show
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Fig. 3.15 Diaphragmatic excursion measurements. Arrows indicate the beginning (left arrow) and
the end of the diaphragmatic contraction (right arrow). The distance between the arrows indicate
an excursion (displacement)

the excursion of the diaphragm along the sampling line with the breath. When
inhaled, the diaphragm moves down close to the probe, and the M-mode ultrasonic
track is upward; when exhaled, the diaphragm moves up far away from the probe,
and the M-mode ultrasonic track is downward. Phrenic excursion is the vertical
distance from baseline to the highest point of the curve (Fig. 3.15). Research shows
that the phrenic mobility of healthy volunteers is about 1.0 cm for men and 0.9 cm
for women [59, 71].

3.2.11 Contraction Velocity of Diaphragm

M-ultrasound can show the contraction velocity, inspiratory time, and respiratory
cycle time of diaphragm (diaphragm contraction velocity = diaphragm mobility/
inspiratory time). Diaphragm contraction velocity was related to the muscle strength
of diaphragm. Diaphragm contraction velocity was (1.3 + 0.4) cm/s when the
healthy people were breathing peacefully [71].

3.2.12 Application
3.2.12.1 Weaning

The matching of respiratory demand and respiratory muscle strength is the key to
the success of weaning. Therefore, diaphragm function is closely related to the suc-
cess of weaning. Diaphragmatic thickness is helpful to predict the success of wean-
ing, diaphragmatic mobility, and shallow fast breathing index have similar value in
predicting the results of weaning [72—74]. Dinino et al. [73] reported that the sensi-
tivity and specificity for predicting the success of weaning were 88% and 71%,
respectively, when change rate of diaphragmatic thickness was more than 30%. The
results of Ferrari et al. [74] showed that the sensitivity and specificity of the change
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rate of diaphragmatic thickness >36% were 82% and 88%, respectively. More stud-
ies have reported that the sensitivity and specificity of predicting the results of
weaning are better than those of shallow fast respiratory index and maximum inspi-
ratory pressure when the average diaphragm mobility is 1.1 cm. Farghaly et al. [75]
found that the diaphragmatic mobility was 16 mm in the successful group and
9.8 mm in the failure group (P < 0.0001). The sensitivity and specificity of the suc-
cessful withdrawal were 87.5% and 71.2%, respectively. At present, most of the
studies on diaphragm mobility and change rate of diaphragmatic thickness are
observational studies, and a few are case-control studies. Up to now, there is no
further randomized controlled trial to determine the time of withdrawal according to
diaphragm mobility and change rate of diaphragmatic thickness. Whether it can
reduce the failure rate of extubation still needs to be confirmed by further stud-
ies [76].

3.2.13 Differentiation Between Phrenic Atrophy
and Phrenic Paralysis

The main manifestations of phrenic atrophy on M-mode ultrasound are the decrease
of diaphragm thickness and motion amplitude [77]. The main manifestation of
phrenic paralysis is the contradictory movement of the diaphragm, which can occur
in one or both sides of the diaphragm. On M-mode ultrasound, it shows the move-
ment track opposite to the normal diaphragm [78]. Ultrasound can directly observe
the thickness, thickening and movement track of bilateral diaphragm to determine
whether the diaphragm function is abnormal and the type, so as to provide more
useful and reliable information for clinical judgment of the causes of respiratory
insufficiency in patients [79, 80].

3.2.14 Monitoring Work of Diaphragm

The change rate of diaphragm thickness during mechanical ventilation can reflect
the work of diaphragm. Umbrello et al. found that transdiaphragmatic pressure and
esophageal pressure were only significantly related to the change rate of diaphragm
thickness, but not to diaphragm mobility. Therefore, ultrasonic measurement of the
change rate of diaphragm thickness in patients with mechanical ventilation can
accurately reflect the work of diaphragm. Monitoring the work of diaphragm can
guide the setting of ventilator parameters. Monitoring the thickness of diaphragm
by ultrasound, titrating the support level of ventilator parameters, keeping the
patient’s inspiratory effort at a normal level, can prevent the change of diaphragm
shape during mechanical ventilation. Therefore, monitoring the work of diaphragm
by ultrasound can guide clinicians to adjust ventilator parameters.
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3.2.15 Evaluation of Synchronization

Simultaneous monitoring of diaphragmatic mobility and airway pressure-time
curve of patients under M-mode of ultrasound can evaluate synchronization. This
method can help to find out whether there is ineffective trigger in patients, calculate
the trigger delay time, and guide clinicians to adjust ventilator parameters and treat-
ment plans. M-mode ultrasound provides a mirror image for the change of esopha-
geal pressure waveform. When inhaled, the esophageal pressure drops, the waveform
rises, when exhaled, the esophageal pressure rises, and the waveform declines.
Ultrasound can provide the whole process of the beginning and end of inspiration in
real-time thus avoiding invasive esophageal pressure monitoring [81]. Therefore,
the real-time waveform of diaphragm M-mode ultrasound and mechanical ventila-
tion airway pressure can find the time when the patient triggered the ventilator, and
evaluate the synchronization, but further clinical research is needed.

3.3 Electrical Impedance Tomography

3.3.1 Overview

As a clinically available and noninvasive technique, electrical impedance tomogra-
phy (EIT) has been widely used by clinicians. It can provide dynamic tidal images
of gas distribution at the patient’s bedside.

3.3.2 Principle of EIT Imaging

In short, the principle of EIT imaging is based on the difference in pulmonary tis-
sue’s electrical resistance at different phases of respiration. An increased volume of
gas in lung tissue increases electrical resistance, while an increased volume of blood
or fluid will decrease electrical resistance. While executing EIT, a belt with multiple
electrodes is placed around the patient’s chest wall. The number of electrodes varies
from 8-32 according to various versions and brands of EIT. Each pair of electrodes
emitting very small electrical currents alternately, and the rest electrodes read the
voltage generated by the current flowing through the chest.

Until a cycle is accomplished, all data needs to build a raw EIT image is acquired,
which is called the frame. The EIT ventilation image at this moment can then be
displayed according to different imaging methods. Currently, the commonly used
imaging technique is based on the change value of the immediate frame and baseline
frame, and image frames are usually called relative images. Through these algo-
rithms, a real-time continuous moving image is shown on the screen, enabling clini-
cians to evaluate patients’ ventilation distribution at the bedside and can also obtain
more information through off-line analysis software. The reliability of EIT has been
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Fig. 3.16 The functional image by EIT. The color scale in the figure indicates different ventilation
situation. Darker color shows less ventilated area (small impedance change), lighter colors are the
opposite. EIT image is similar to a CT image, which means the anterior side is on the top of the
image while the left and the right side is enantiomorphic

confirmed by various common methods, such as CT scan, positron emission tomog-
raphy, single-photon-emission computed tomography, and pneumotachograph.

The image of EIT is similar to a CT image, which means the anterior side is on
the top of the image while the left and the right side is enantiomorphic [82]. The
imaging diagram of EIT is shown in Fig. 3.16.

3.3.3 Method of Application
3.3.3.1 How to Place the Belt

The electrode belt should tenderly be placed around the patients’ chest. Although
the location of the electrode plane impacts the examinations, there has no consensus
on the standard electrode belt position for pulmonary EIT monitoring. In a general
way, researchers place the belt at 4-5 intercostal space. We do not recommend to
place the belt lower than the sixth intercostal space because the diaphragm may
periodically enter the measurement plane [83]. The suitable position of the belt is
shown in Fig. 3.17.

3.3.4 Data Directly Obtained on the EIT Instrument
3.3.4.1 Regions of Interest (ROI)

EIT is able to observe pulmonary ventilation in different regions. Regions of interest
(ROI) mean different regions obtained by various partition methods. EIT can divide
ROI vertically or quadrantally by identifying regions with gas ventilation automati-
cally. Clinicians can also customize the ROI according to ventilation conditions and
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Fig. 3.17 The suitable
position of EIT belt.
Commonly, the belt is
recommended to be placed
between fifth and sixth
intercostal space with the
green electrode on the right
side of the patient

needs. Commonly the chest is vertically divided into four parts from top to bottom
averagely, among which ROI 1 and ROI 2 represent a non-dependent area while ROI
3 and ROI 4 represent the dependent area. When dividing as quadrants, usually
default ROI 1 as the upper left, ROI 2 as the upper right, ROI 3 as the lower left, and
ROI as 4 the lower right quadrant. Figure 3.18 shows two common ways of ROI set.

3.3.4.2 Functional Image

The functional image represents tidal changes in impedance by a time-series,
namely the image observed on the EIT screen that gradually changes with respira-
tion. With gas been inhaled into the lung, the impedance of the lung increases, the
lung area on the screen expands. While during the expiration phase the impedance
decreases, the lung area gradually darkens and disappears. Through the change of
vertical or quadrant ROI, prothorax and dorsal, left and right lung distribution of
ventilation can be observed. The functional image of EIT correlates well with CT
scan and can evaluate the ventilation heterogeneity conveniently.

3.3.4.3 EIT Plethysmogram

EIT plethysmogram is a curve of pulmonary impedance changes accumulated by
each breath over a period according to ROI division, containing global and regional
data. The change of end-expiratory lung impedance monitored by EIT correlates
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Fig. 3.18 Regions of interest (ROI). Here a normal EIT image is shown, researchers are able to
choose different ROI according to their needs. Gas distribution at each region is expressed as a
percentage of global tidal impedance variation

well with the change of end-expiratory lung volume monitored through the nitrogen-
washout maneuver. Through the EIT plethysmogram, the trend of volume change
can be estimated [84].

3.3.4.4 Basic Definitions in EIT Measurement

For ease of understanding, the following table lists some common concepts when
applying EIT (Table 3.1) [85].

3.3.5 Clinical Application
3.3.5.1 Evaluating Ventilation Heterogeneity

The ventilation status of the lung can be observed directly through the EIT screen.
Usually, clinicians divide the lung into the non-dependent area and dependent area
as we recommended previously. Under normal circumstances, the gas distribution
ratio of these two regions is close to 1:1, while during ARDS or patients with dia-
phragm paralysis the ratio may increase, with gas accumulation more in the upper
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Table 3.1 Common concepts of EIT

Name Definition

Baseline Baseline (also called reference), is a reference value to determine
electrical impedance variations in time difference EIT. Different choice
of baseline has a big impact on impedance calculating and data
interpretation.

Center of Ventilation | Is used to quantify the distribution of ventilation in relation to vertical
(CoV) or quadrantal ROI division and expressed as percentage. CoV is 50%
means there is an equal distribution of gas, in the previous condition,
CoV less than 50% means a shift distribution towards dependent area.

Change in end- The difference in end-expiratory EIT values between two points of
expiratory lung time.
impedance (AEELI)

Global inhomogeneity | Means the overall degree of spatial heterogeneity of ventilation.
index (GI index)
Pixel The smallest element in an EIT image and is also the smallest unit in an
EIT calculation

Regional ventilation | RVD quantifies the degree of delay caused by atelectatic area, it

delay (RVD) measures the delay in the local impedance reaching a particular
impedance value, usually up to 40% of the maximum impedance value
during a slow inflation maneuver

Tidal impedance TIV represents the total impedance change in a breath, the difference
variation (TIV) between the maximum at the end of inspiration and the minimum at the
end of expiration

part, due to the change of respiratory system. Traditionally, clinicians adjust the res-
pirator parameter according to the entirety pulmonary condition and respiratory
mechanics—improving the collapse of alveoli by means of recruitment maneuver
and elevate the PEEP level. However, this method does not reveal the opposite
pathology in different parts of the lung, which is that by keeping some of the alveoli
open, you may have overinflated another part of the lung. While with EIT, people can
identify ventilation differences among different parts of the lung and achieve regional
parameters such as regional compliance so that clinical decisions could be adjusted.

3.3.5.2 Estimation of Lung Collapse and Overdistension

In 2009, costa et al. proposed the method of using EIT to monitor overextension and
collapse of the lung to calculate the optimal peep [84]. They divide the lung into
multiple pixels, cooperating decremental PEEP titration after maximally recruiting,
and calculate every pixel’s compliance in each PEEP level through formula 1. They
search for the best compliance of a certain pixel that appears at a certain PEEP level.
They believe that before the best compliance occurs, the alveoli represented by that
pixel are overinflated, and after that, the alveoli tend to collapse. In each PEEP level,
they calculate the percent of overextension in each pixel(Overextention %) and
the percent of collapse in each pixel(Collapse,.%). They use data acquires before
the best compliance appears through formula 2 to calculate Overextention,% and
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use data acquires after the best compliance appears through formula 3 to calculate
Collapse,.% by the same token. The percent of collapse is set to zero if the best
compliance has not been achieved and the percent of overextension is set to zero
after the best compliance has already been achieved.

After a weighted average of all pixels’ Collapse,x% and Overextention,,% in
a certain PEEP, through a special algorithm of EIT, they can finally achieve the
cumulated percentage of collapse and overextension for the entire lung in a certain
PEEP level. Then, according to the various percentage of collapse and overdisten-
sion corresponding to different PEEP, the curve of collapse and overdistension with
PEEP can be obtained. The collapse of the lung achieved by this kind of PEEP trial
following a recruitment maneuver correlates well with the CT method. This idea is
also carried on some EIT machines, enabling clinicians to use EIT to calculate the
collapse of the lung right after the PEEP trial and choose optimal PEEP conve-
niently. But people should bear in mind that PEEP which minimizes alveolar over-
extension and collapse does not necessarily correspond to peep which maximizes
overall lung compliance.

Compliance ;, = Local impedence variations / (Pplat — PEEP)

pixel

Collapse

pixel pixel

*100 / Best Compliance

% = (Best Compliance  , —Current Compliancepixel)

pixel

Overextention , % = (Best Conpliance ; , — Current Compliance ; )

pixel pixel

%100 / Best Compliance

pixel

3.3.5.3 Pendelluft

Traditionally, scholars generally think spontaneous breathing should be encouraged
in patients receiving mechanical ventilation, because, on the one hand, it can remain
the diaphragmatic muscle’s activity to prevent diaphragmatic disuse and paralysis,
on the other hand, keep spontaneous breathing can improve regional ventilation,
typically the dependent lung region, help reduce respiratory mechanics parameter
and maintain hemodynamic stability. However, in patients with ARDS or a strong
contraction of the diaphragm, keeping spontaneous breathing may cause the pen-
delluft phenomenon. This means at the beginning of inspiration, dependent lung
region inflates while non-dependent lung region deflates with no change in tidal
volume. In other words, the gas is inspired by non-dependent area to dependent
area. This phenomenon was detected and reported by Yoshida through EIT [86].
Pendelluft may cause local atelectrauma in non-dependent area and local volu-
trauma in dependent area, both of that will worsen lung injury. This phenomenon
may concern with the injury lung has less behave of fluid-like behavior and distend-
ing pressure conduct unevenly through the pulmonary surface. And right because of
the uneven conduction of transpulmonary pressure on the pulmonary surface, the
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esophageal pressure cannot represent the entire lung condition. Furthermore, this
regional and transitory phenomenon cannot be observed by traditional respiratory
mechanics monitoring indicators, while EIT can help clinicians identify such venti-
lation heterogeneity.

3.3.5.4 Pulmonary Perfusion

One of the important objectives of mechanical ventilation is to ensure adequate gas
exchange. In addition, to ensure adequate ventilation of the lung, it is also impor-
tant to ensure adequate pulmonary perfusion. In the article above, we mainly intro-
duced the monitoring and application of EIT in ventilation. In fact, in recent years,
the research of using EIT for bedside pulmonary perfusion monitoring has gradu-
ally become a hotspot. Both ventilation and blood flow can lead to impedance
change which eventually affects EIT monitoring results. This property makes it
possible to monitor perfusion by EIT. At present, it is mainly assessed by the “first-
pass kinetics” method. The method uses the high conductivity of hypertonic saline
as an intravascular contrast agent to help distinguish between pulmonary ventila-
tion and blood flow. Applying this method requires a quick and uniform infusion of
20 mL hypertonic saline through the central venous catheter after a brief pause in
inspiration, then the blood signal and ventilation signal will be separated by elec-
trocardiography gating or by algorithms based on the principal component analy-
sis. This method has been confirmed to have a good correlation with electron beam
CT, which illustrates EIT is able to detect changes in pulmonary blood flow over
time [87].

3.3.6 Other Interesting Clinical Applications

Since 2006, clinicians have found that EIT can detect the presence of pneumotho-
rax. In 2017, Morais et al. reported the incidence of pneumothorax on an ARDS
patient during recruitment maneuver in detail, which happened to be recorded by
EIT [88]. Pneumothorax shows a sudden increase in brightness in the EIT image,
and the increase in ventilation is not proportional to the increase in PEEP. Such
reports confirm that the EIT is useful in monitoring patients with the need to per-
form pressure-injury risk procedures.

Chen et al. put forward the airway closure could be underestimated and over-
looked. PEEP levels might be set inappropriately because of this phenomenon [89].
Sun et al. published a case report pointing out that using EIT could confirm airway
closure. They evaluated global and regional PV curves, EIT ventilation maps, and
plethysmograph waveforms during low-flow inflation, finding that there is a nearly
identical infection point on the initial part of both global and regional P-V curves,



3 Lung Imaging 159

meaning that no gas enters the lung at the beginning of the inspiration even in the
relatively well-ventilated non-dependent area, which means complete airway clo-
sure [90].

3.3.7 Advantage of EIT Comparing with CT

Compared to conventional CT, EIT provides bedside, noninvasive, radiation-free,
and real-time monitoring, which also provides local information. Applying EIT to
ICU patients can avoid the risks associated with transporting patients and may
become a more cost-effective option. It is worth noting however that the data pro-
vided by the EIT may be relative rather than absolute. Therefore, although EIT is a
promising monitoring method, researchers should carefully interpret the data and
compare them with the golden standard to maximize the benefits to patients.

3.4 Positron Emission Tomography

3.4.1 Introduction

Positron emission tomography (PET) is a functional image technique of nuclear
medicine, which detects and measures the gamma rays generated in vivo, then
locates and calculates the concentration of radioactive tracer in regions of interest.
After analyzing and reconstructing by computer, PET can display the spatial and
temporal distribution of the radioactive tracer in the body that will contribute to
diagnosing and treatment of diseases, neoplastic disorders in particular [91, 92].

Brownell and Sweet [93] introduced a method to locate the brain tumors with
positron emitters in 1953, which was considered as the first successful attempt to
apply annihilation radiation in medical imaging. David Kuhl and Roy Edwards had
put forward the concept of emission and transmission tomography in the late 1950s.
Based on their work, several inchoate tomographic instruments were designed and
constructed at the University of Pennsylvania [93]. Michel M.Ter-Pogossian and his
colleagues improved tomographic imaging techniques in 1975 [94, 95], they built a
system that can detect the “electronic” collimation of annihilation photons by con-
necting a hexagonal array of receptors to coincidence circuits and then confirmed
that the system has a better performance in contrast and resolution than scintillation
cameras testing by computer simulation and animal experiment.

After more than half a century of development, PET is widely used in oncology,
neuroimaging, cardiology, infectious diseases, pharmacokinetics, musculoskeletal
imaging, and small animal imaging. In this section, we will introduce the simple
principles and basic concepts of PET and focus on the application and prospect of
PET in respiratory function monitoring.
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3.4.2 Conception
3.4.2.1 Positron Emission and Gamma Rays

Elements that are constituted by protons (with positive charge), neutrons (with no
charge), and electrons (with negative charge) can be represented as , X. Z named
as atomic number means the number of protons in element X which also equals
the number of electrons as long as the nuclei are stable. A was called as atomic
mass number in this expression which means the number of protons (Z) plus the
number of neutrons. The same element has the same atomic number. In other
words, for a given element, the number of protons is then determined. In that case,
Z can be omitted when X represents a certain element. But a certain element can
have different forms that also be called isotopes since the atomic mass number are
different.

Proton-rich radio nuclei are unstable and need a nuclear change to stabilize itself.
It only has two ways to achieve this progress. One is positron (p+) decay and another
way is electron capture. Positron (f+) decay is the process of rearrangement of the
nucleus. This transformation reduces a proton and generates a neutron and positive
electron (positron) and ejects a neutrino. The positron travels a short distance, inter-
acts with the negative electrons of the surrounding material, loses its mass, and
releases two photons moving in opposite directions with equal energy (511 keV)
(Fig. 3.19).

The essence of gamma rays, generated by gamma decay is a stream of photons.
After the occurrence of o decay, § decay, or electron capture, the daughter nucleus
is still in an unstable excited state. Then it releases excess energy in the form of
gamma photons to reach a stable state. Photons generated from annihilation radia-
tion after the positron decay mentioned above is a kind of gamma rays [96].

Although the principle of PET scan is to use positron decay for imaging, posi-
trons exist for a very short time and have very weak penetration, so they cannot be
detected directly. The gamma rays produced by positron annihilation after positron
decay can travel through the body and can be detected in PET scan.

3.4.2.2 Radioactive Tracer

Molecule contained radioactive isotope is called radioactive tracer. Because nuclide
reactions are more active than chemical reactions, using radioactive tracer to trace
atom or molecule is more sensitive, which means the concentration of radioactive
tracer can be very low when using in vivo. Substance labeled by isotope do not
change its chemical characteristics and biological function thus radioactive tracer
absorbing, distribution, metabolism, and excretion within organisms can uncover
the function of certain organs. At present, the sources of medical radionuclides are
mainly in three aspects: nuclear reactor, cyclotron, and radionuclide generator. The
commonly used radioactive tracer in PET scan is labeled by 11C, 13N, 150, or 18F
(chemical characteristics are similar to H). Those radionuclides are produced from
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cyclotron and constitute molecules such as 11CO, 11C methyl albumin, 13N-N2gas,
13N-N2-saline, H2150, C150, [18F]-fluorodeoxyglucose [97]. Tracer composed
of a few other nuclides such as 68Ga-transferrin, 9-(4-[18F]-fluoro-3-
hydroxymethylbutyl), and so on are used in PET scan as well to assess pulmonary
transcapillary escape rate, gene expression, or other special features.

3.4.3 Applications

Although pulmonary function monitoring is not the primary application field of
PET, PET has made some significant contributions in helping to understand respira-
tory physiology and lung injury mechanism. We will introduce several aspects of
the application of PET in lung function monitoring, including ventilation, perfu-
sion, lung vascular permeability, lung water concentration, lung inflammation in
ALI and ARDS, enzyme activity, and pulmonary gene expression. At the end of this
section, we summarize some limitations of the clinical application of PET.

3.4.3.1 Ventilation and Perfusion

The distribution coefficient (Awater/air) of nitrogen is 0.015 at 37 °C which means
the solubility of nitrogen is very low. When saline containing 13N-N2, injected
intravenously, reaches the pulmonary capillaries, nearly all 13N-N2 is converted
into a gaseous state and diffuses into the alveoli. Rhodes [98, 99] and his colleagues
took advantage of this peculiarity and induced a method using 13N-N2 in saline
intravenously at a constant rate to measure regional ventilation-perfusion ratio in
1989, and they calculated that mean ventilation—perfusion ratio of healthy human
subjects in the left lung and right lung is 0.8 and 0.76, respectively. This method was
modified by Mijailovich [100], Musch [101], and their coworkers. They infused a
bolus of saline contains 13N-N2 gas intravenously within 3-5 s and then imple-
mented 30-60 s apnea to make sure radioactive gas was trapped in the lung. After
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breathing is resumed, radioactive gas was washed out as time goes on. When the
tracer was injected into the body, continuous PET scanning was performed to obtain
the solubility-time curve of radioactive substances in different regions of the lung.
When 13N-N2 saline arrived at the lung capillary which located in regions perfused
but having no aeration (shunt region), it cannot release 13N2. 13N-N2 saline will
flow away with blood thus the tracer activity will get to an early peak and decline
gradually to a plateau during the apnea period. Radioactive tracer cannot arrive at
lung region which is not perfused since there is no blood flow. If the perfusion of the
region of interest is impaired, the tracer activity will decrease during the period of
apnea compared with normal perfusion regions. In some situations, for example, air
trapping occurring in asthma or chronic obstructive pulmonary disease, 13N-N2
dissolve in saline change into gas stage when it arrives at the lung capillary during
apnea, but on account of no or poor gas exchange, 13N-N2 in gas stage was retained
in lung and tracer activity decrease slower than normal gas exchange lung region
during the washout period. Investigator proposed a mathematical model to deter-
mine the distributions of pulmonary perfusion, ventilation, and shunt and verify the
model is accurate in normal animals and acute lung injure animals [102, 103].
Musch and coworkers [101] found that both perfusion and ventilation tend to dis-
tribute to dependent regions either in supine position or in prone position in healthy
humans with PET scan and 13N-N2 saline bolus technique. Using PET scan and
13N-N2 saline bolus injection technique, they also identified redistribution of perfu-
sion toward collapse regions which may be the reason for the worsening of oxygen-
ation that occurred with sustained inflation or high PEEP [104, 105].

However, with the infusion of 13N-N2, it is not feasible to quantify the ventila-
tion regions poorly perfused thus methods ground on analyzing the kinetics of
inhaled tracer are put forward. An inhaled 13N-N2 PET scan was used to measure
regional alveolar volume and ventilation in experimental acute lung injury animals
to explain the pathophysiology progress of ventilator-induced lung injury [106].
Regional specific volume change (sVol), defined as the ratio of regional tidal vol-
ume and regional end-expiratory (EE) gas volume, is another important variable in
the mechanism of ventilator-induced injury. sVol associated with tidal volume and
lung strain can provide information on the estimation of elastance and ventilation
regionally. Tyler J.Wellman and colleagues used 13N-N2 inhaled and washout tech-
nique and respiratory-gated PET to assess regional lung expansion [107].

Intravenous injection or inhalation of 13N-N2 can be used to assess regional
ventilation, perfusion, shunt, and gas trapping, but, since the need for on-site cyclo-
trons to produce 13N2, the application of those methods is limited. 68Gallium gen-
erated at the PET facility needs no on-site cyclotrons and can be chelated to
numerous functional molecules for imaging in PET scan. Hnatowich DJ, Chesler
DA, and their group first used 68Gallium in lung image to gain lung perfusion
tomography by injecting radioactive albumin microspheres in dogs [108, 109]. It
has been proved that PET scan with 68Ga labeled tracer has higher-resolution and
more capacity in regional quantitation of lung function compared with conventional
ventilation-perfusion ratio imaging (SPECT/CT) in diagnosing patients with sus-
pected pulmonary embolism [110]. In the evaluation of airways disease, PET scan
with Galli-gas provides more information in ventilation distribution and has better
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performance in differentiating ventilation heterogeneity compared with SPECT
with Techne-gas, and this method is expected to be applied in small airways disease
[111]. Another study using PET scan with 68Ga labeled albumin aggregates gain an
insight into the pathogenesis of ARDS in experimental rats [112]. Investigator has
shown that perfusion of regions affected by acid aspiration was increased within
10 min as a result of hyperemic responses and was decreased, as early as 2 h,
explained by hypoxic pulmonary vasoconstriction or direct compression of vessels
by exudate.

Schuster and coworkers found that the fraction of pulmonary blood flow (PBF)
to dependent regions increased while the PaO,/FiO, ratio decreased by measuring
regional pulmonary perfusion with H2150 in acute lung injury (ALI) patients [113].
Their group also found that the main mechanism of perfusion redistribution to aer-
ated regions rather than flooded alveoli was hypoxic pulmonary vasoconstric-
tion [114].

In summary, with the help of PET scan, a physician can measure global and
regional ventilation, perfusion, and ventilation—perfusion ratio, that may make con-
tribution to identifying the presence of pulmonary embolism, assess lung function
before radiotherapy, predict lung function after pneumonectomy, evacuate the
severity of chronic obstructive pulmonary disease (COPD) and asthma, and under-
stand the mechanism of ALI, VILI, and ARDS.

3.4.3.2 Lung Vascular Permeability and Lung Water Concentration

In 1987, Mark A. Mintun [115] and coworker proved that PET was useful in evalu-
ating vascular permeability changes in acute lung injury experimental animals and
patients. They calculated a new index, pulmonary transcapillary escape rate
(PTCER), which describes the movement of 68Gallium transferrin from pulmonary
vascular to extravascular in dogs repeatedly, and found that there was no significant
change of the new index. They also tested it in healthy human volunteers and
patients with acute respiratory distress syndrome (ARDS) and showed that the dif-
ference of PTCER in normal volunteers and patients with ARDS was similar in an
animal model. PET methods can be a substitute for protein flux measurements for
evaluating pulmonary vascular permeability accurately. Lung water concentration
(LWC) can be assessed accurately and reproducibly by PET with 150 labeled water
in supine dog, Velazquez.M [116] and coworkers found an excellent linear correla-
tion between regional LWC measured gravimetrically and regional LWC measured
by PET (r = 0.92).

3.4.3.3 Lung Inflammation in ALI and ARDS

PET imaging is used in the assessment of inflammation of acute lung injury
and acute respiratory distress syndrome as a result of the development of tracer
related to the inflammatory response. 2-[18F]fluoro-2-deoxy-D-glucose
([18F]FDG), the most common radioactive tracer applied in PET imaging of
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lung inflammation, is transported into cells and transformed into FDG-6-
phosphate. The FDG-6-phosphate is trapped in cells temporarily which cannot
be metabolized further. PET imaging finished before radioactive tracer is
extruded from the cell and filtered by the glomerulus, excreted in the urine
eventually. [18F]-FDG is initially used in diagnosing and staging of neoplastic
disease, recently it has been used in evaluating lung inflammation. In 2004,
Heather A. Jacene [117] and coworkers reported a case of increased [18F]-FDG
uptake in pulmonary with acute respiratory distress syndrome patients. They
assumed that inflammatory cells involved with the pathogenesis of ARDS uti-
lized glucose at a high rate compared with normal tissue cells, which may
explain the phenomenon of increased pulmonary [18F]-FDG uptake they
observed. It was proved that the rate of [18F]-FDG uptake was associated with
the state of neutrophil activation which made PET scan with [18F]-FDG a use-
ful tool to understand neutrophil kinetics in the pathophysiological process of
ALI Delphine L. Chen [118] observed a similar phenomenon in ALI dogs.
They also came up with a method to estimate the rate of [18F]-FDG uptake in
the lungs during ALI which was testified by comparing tracer activity derived
by PET and blood time-activity data as the gold standard. With those work as
the cornerstone, [18F]-FDG PTE imaging can be applied in the following clini-
cal scenarios. If critically ill patients have an increased [18F]-FDG activity in
the lungs, the differential diagnosis should include ARDS, this may help to
screen ARDS patients early. In another aspect, PET scan with [18F]-FDG is
used in quantifying the anti-inflammatory therapies response and assessing the
efficacy of novel anti-inflammatory drugs. It also can help to understand the
mechanism of ARDS and instruct ventilator parameter settings. It provides
visualized evidence that regions with normal aeration on CT scan also affect by
lung inflammation. Moreover, the higher plateau pressure (often above
27 cmH,0) and larger dynamic strain it is, the worse inflammation occurred.
These results suggest that for ARDS patients, the tidal volume setting should
be relatively small, so as to avoid barotrauma and reduce the inflammatory
response [119, 120].

3.4.3.4 Enzyme Activity

Vascular remodeling is one of the most important mechanisms of primary pulmo-
nary hypertension (PPH). The expression of factors, such as angiotensin-converting
enzyme (ACE), which may promote vascular remodeling is increased in the region
of active remodeling. Many studies have found that the expression of ACE increases
in patients with PPH or pulmonary hypertension experimental animals. PET imag-
ing with [18F]-fluoro-captopril has been developed to evaluate lung ACE expres-
sion in experimental animals and humans. This method also is used in evaluating the
efficacy of ACEI in the treatment of PPH which can attenuate pulmonary hyperten-
sion and slow down vascular remodeling [121].
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3.4.3.5 Pulmonary Gene Expression

PET reporter gene (PRG) imaging is based on the principle of introducing reporter
genes into specific tissues with the help of modern molecular biology methods, the
products of which trap radioactive tracers, also called PET reporter probe (PRP),
then the PET instrumentation detect the signal generated by PRP, located where the
reporter genes express. Herpes simplex virus (HSV) type I thymidine kinase
(mHSV1-tk) is one of the most common PET reporter genes used in lungs, and
9-(4-[18F]-fluoro-3-hydroxymethylbutyl) guanine ([I8F]JFHBG) is used as the
PRP. With this technique, it is possible to monitor the effect of transgene therapy in
the lungs.

3.4.4 Limitation of Clinical Application of PET

All methods mentioned above share the same inherent limitations of PET. First of
all, PET scan requires sophisticated and bulky instruments, as well as extremely
high radiation protection requirements, which is almost impossible to be carried out
bedside. PET is not suitable for critically ill patients who are difficult to go out for
examination. Secondly, because of the complex preparation process of most radio-
active tracer, the cost of PET scan is still very high. Many technologies are still in
the research stage and cannot be extended to clinical practice. Third, PET scan has
a low anatomical resolution, and it often requires CT or MRI scan synchronously to
locate lesions accurately.

3.4.5 Perspectives

With the development of molecular imaging, PET scan is playing an increas-
ingly important role in this field. With the help of molecular imaging with PET,
the understanding of the imaging changes of diseases has developed from the
organ or tissue level to the cellular or molecular level. Therefore, it is expected
that diagnosis can be made at the beginning of the disease before it reaches an
irreversible state, subsequently gaining an opportunity for the treatment of dis-
eases. Another development of PET scan is equipment upgrading and algo-
rithm optimization of image reconstruction. At present, most PET devices are
hybrid and multimodal, which also can perform CT or MRI imaging. In future,
the hybridization PET scan will have further development in developing devices
with closer functional integration, higher signal quality, and faster imag-
ing speed.
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3.5 Magnetic Resonance Imaging

3.5.1 Introduction

Magnetic resonance imaging (MRI) is a form of tomography that used magnetic
resonance (MR) to extract electromagnetic signals from the body and reconstruct
information about the body. Like PET and SPECT, MRI is also a form of emission
tomography, signals of which used for imaging come directly from the object itself
with no need for radioactive isotopes, that makes MRI safer. A radio-frequency
pulse of a certain frequency was applied to the body in a static magnetic field, then
hydrogen protons in the body were stimulated as a result of magnetic resonance.
After the pulse is stopped, the proton generates an MR signal in the relaxation pro-
cess. Image is generated through MR signal reception, spatial coding, and image
reconstruction.

3.5.2 Brief History

Flelix Bloch from Stanford University and Edward Purcell from Harvard University
independently discovered the phenomenon of magnetic resonance in 1946; hence,
they shared the Nobel Prize in physics in 1950. Shortly after the discovery of MR,
scientists discovered that hydrogen atoms in water molecules can generate MR,
which could be used to obtain information about the distribution of water molecules
in the human body and thus accurately map the internal structure of the human
body. Based on this theory, scientists succeeded in distinguishing cancer cells from
normal tissue in mice by measuring the relaxation time of the MR. In 1972, Paul
Lauterbur developed a set of spatial coding methods for MR signals, which could
reconstruct the image of the human body. After that, MRI technology became more
and more mature and applied in a wide range, becoming a routine medical detec-
tion method.

3.5.3 Image-Forming Principle

Nucleons with odd numbers of protons or neutrons, such as 1H, 19FT, and 31P, have
an intrinsic property: spin. Normally, the arrangement of nuclear spin axes is irregu-
lar, but when placed in an external magnetic field, the spatial orientation of nuclear
spin makes a transition from disorder to order. The magnetization vector of the spin
system increases gradually, and when the system reaches equilibrium, the magneti-
zation reaches a stable value. If the nuclear spin system is affected by external fac-
tors such as a certain frequency of radio-frequency pulse can cause a resonance
effect. After the radio-frequency pulse stops, the excited nucleus of the spin system
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cannot maintain this state and will revert to the original arrangement state in the
magnetic field. At the same time, it will release weak energy which will convert into
a radio signal. The signal is detected and analyzed to obtain the image of nuclear
distribution in motion. The process by which the nuclei return from an excited state
to an equilibrium arrangement is called relaxation. The time it takes is called relax-
ation time. There are two kinds of relaxation time, T1 and T2. T1 is the spin-lattice
or longitudinal relaxation time and T2 is the spin-spin or transverse relaxation
time [122].

The most commonly used nucleus for MRI is the hydrogen proton, because it has
the strongest signal and widely present in human tissues. There are many factors
which include proton density, length of relaxation time, the flow of blood and cere-
brospinal fluid, paramagnetic substance, and protein can affect MRI imaging.
Another characteristic of MRI is that flowing liquid does not produce a signal called
flowing void effect. This makes it possible to separate the pipe network in the body,
such as blood vessels and the biliary tract, from the soft tissue.

3.5.4 C(lassification of MRI

MRI can be divided into plain scan and enhanced scan according to whether the
contrast agent is used or not. Plain scan means scanning without contrast agent
and enhanced scan use contrast agent in scanning. By injecting an MRI contrast
agent, the resonance time of tissues under an external magnetic field can be short-
ened, the difference of contrast signals can be increased, and the clarity of imag-
ing can be improved. Depending on the purpose of examination, MRI can be
divided into Magnetic Resonance Angiography (MRA), Magnetic Resonance
Cholangiopancreatography (MRCP), Magnetic Resonance Urography (MRU),
Magnetic Resonance Myelography (MRM), and so on.

3.5.5 Contrast Agent of MRI

MRI contrast agents can be divided into longitudinal relaxation contrast agent (T1
preparations) and transverse relaxation contrast agent (T2 preparations). T1 prepa-
rations use paramagnetic metal ions to directly affect hydrogen ions in water mol-
ecules to shorten T1 thus enhancing the signal and making the image brighter; T2
preparations are used to shorten T2 by interfering with the inhomogeneity of the
external local magnetic environment thus weakening the signal and darkening the
image. According to the magnetic composition, MRI contrast agents can be divided
into three categories: paramagnetism, ferromagnetism, and superparamagnetism.
The most commonly used paramagnetic contrast agents in clinical practice are
Gadolinium contrast agents.
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3.5.6 Application

MRI is widely used for the diagnosis of various diseases especially in the brain,
spinal cord, large blood vessels of the heart, joint bones, soft tissue, and pelvic cav-
ity, due to its features of non-radiation, high resolution of soft tissue, and flowing
void effect. However, due to the characteristics of MRI scanning technology and the
characteristics of the lung itself, the application of MRI in lung diseases is not as
usual as others. One of the reasons is that the time required for MRI scanning is
relatively long. As a result of the respiratory movement, imaging is often unsatisfac-
tory when there is no suitable contrast agent. Scanning under the condition of
breath-holding methods requires well cooperation of the patients, which is more
impossible in critically ill patients. Another reason for limiting the clinical applica-
tion of pulmonary MRI is that the proton density in lung tissues is only one-fifth of
that in other solid organs, which is not enough to generate sufficient signals to
achieve a satisfactory resolution. However, due to the development of contrast
agents and the improvement of imaging speed, MRI is expected to be a radiation-
free alternative to CT.

3.5.7 Structural Image

In the field of pulmonary structure imaging by MRI, pulmonary angiography is
expected to be widely used. In earlier studies, pulmonary angiography was mainly
performed by injecting Gadolinium-enhanced contrast agents to obtain images with
satisfactory spatial resolution. However, in recent years, due to increasing concerns
about the safety of Gadolinium-enhanced contrast agents, researchers hope to inves-
tigate a technology that can perform pulmonary angiography without the need for
contrast agents. MRI’s unique flowing void effect makes it possible. Balanced
steady-state free precession (SSFP) has been considered as a preferent pulse
sequence strategy for a long time in pulmonary angiography. Based on SSFP, Bieri
[123] and his coworkers proposed ultrafast SSFP pulse sequences, making 3D-MRI
pulmonary angiography without contrast agents possible. Bieri reports a case that
the reconstructed image has almost no artifact or degradation caused by balanced
SSFP. Morphological lung imaging with high spatial resolution and high contrast-
to-noise ratio can be obtained using this method mentioned before, which allows
visualization of lung parenchyma and airspaces even in inspiration. Another pulse
sequence used to acquire a high quality of lung MR image is ultrashort echo-time
(UTE) technology. With the assistance of imaging navigator system or respiratory
bellows signal to synchronize 3D image acquisition with the respiratory cycle, the
UTE acquisition can generate 3D images of the lung in whole with unprecedented
spatial resolution and signal-to-noise ratio. Johnson KM [124] and his coworkers
used UTE acquisition to obtain images of airway walls, lobar fissures, and other
structural features in free-breathing volunteers and patients, which is not exemplary
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seen in normal lung MRI. MRI is also used in assessing diaphragmatic motion dur-
ing inspiration and expiration with satisfied spatial and temporal resolution. MRI
has been proved to be a useful method to assess diaphragm movement in COPD
patients, and it may play a role in evacuating diaphragm dysfunction in patients
undergoing mechanical ventilation. With these advances in pulmonary structural
MR, it is possible to reveal the mechanism ventilator-associated lung injury and
changes in pulmonary structures during disease progression in patients with ARDS,
which will contribute to the early diagnosis, stratification, and individualized treat-
ment of ARDS patients.

3.5.8 Functional Image

MRI is an effective tool to study pulmonary functions, of which ventilation and
perfusion are the two research hotspots. Previous studies have shown that pulmo-
nary ventilation and perfusion are distributed by gravity gradients in healthy indi-
viduals. In pathological conditions, lung ventilation and perfusion are redistributed
as a result of regulatory mechanisms to compensate for impaired lung function,
meet the body’s need for oxygen, and eliminate more carbon dioxide produced by
metabolism. Measurement of pulmonary ventilation and perfusion, both global and
local, is helpful to have a better understanding of the development of pulmonary
diseases and therapeutic reactivity.

The first ventilation MRI was performed in 1994 [125], which was implemented
by using hyperpolarized 129Xe. 129Xe is gradually replaced by 3He since the latter
is easier to polarize. Oxygen-enhanced MRI is another technique used to visualize
pulmonary ventilation. It has been confirmed that pulmonary ventilation assesses by
hyperpolarized gas MRI is feasible and reliable [126]. The extent of pulmonary
ventilation measured by hyperpolarized gas MRI has a good correlation with the
measurement results of spirometry. In patients with asthma or COPD, hyperpolar-
ized gas MRI can be used to detect airway obstruction with sensitivity and specific-
ity no less than that of high-resolution CT, which may potentially apply in ARDS
patients in the future. High temporal resolution images can be obtained by MRI
scanning with gated image acquisition technology, which can show the distribution
of ventilation dynamically during continuous breathing, which will make it possible
to assess the severity and range of air trapping directly. Thus, dynamic ventilation
MRI is going to play an increasingly important role in various obstructive lung dis-
eases since it is quantitative and is no need to expose to radiation.

Unlike 3He, 129Xe is not only existed in the pulmonary gas spaces but also can
spread across the blood-gas barrier which makes evaluation of gas exchange quan-
titatively possible. Hyperpolarized gas MRI with 129Xe can provide information
about gas exchange parameters which includes alveolar surface area, septal thick-
ness, and vascular transit time [127]. Hyperpolarized gas MRI is also potentially
applied in guiding the mechanical ventilation parameter setting. McGee KP [128]
and his coworkers compared the parenchymal elasticity in normal and edematous,
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ventilator-injured lung by magnetic resonance elastography (MRE). Their results
showed that lung elasticity in animals with regional lung injury decreased compared
with normal animals, and in the presence of alveolar flooding, there was no correla-
tion between airway pressure and pressure of the lung parenchyma. Therefore, they
cautioned that, unlike conventional pressure-volume approaches, MRE evaluates
lung function on the topographical distribution of injury rather than considering the
lung as a whole. Maurizio Cereda [129] and his group used 3He MRI as a tool to
assess the effect of PEEP on alveolar recruitment and atelectasis-induced hyperin-
flation in rats ongoing mechanical ventilation and their studies concluded that mea-
suring regional respiratory gas diffusivity by hyperpolarized gas contrast MRI was
a potential method to optimize the effects of parameters settings during mechanical
ventilation. An animal study [130] reported in 2016 demonstrated that MRI could
detect tiny areas of ventilator-induced injury earlier than significant lung injury
occurs, which makes MRI a possible research tool to observe the occurrence and
development of VILI and the therapeutic effect of protective mechanical ventilation
on ALI in real-time. This further understanding of the pathophysiological mecha-
nism during lung injury has attracted attention to the heterogeneity of lung injury
and individual variation in response to treatment, leading to the trend of individual-
ized treatment in clinical mechanical ventilation.

Another important aspect of lung function is perfusion. There are two main MR
techniques, one of which is a contrast-enhanced MR perfusion image, another is
arterial spin labeling (ASL), to assessed pulmonary perfusion. The contrast-
enhanced MR perfusion image is performed as follows. A gadolinium-based para-
magnetic contrast agent is injected into vein and then a gradient-echo pulse sequence
is initiated. The collected signals are integrated and calculated to provide qualitative
and quantitative parameters about pulmonary perfusions, such as transit time, vol-
ume, and flow of lung blood. However, as mentioned above, non-contrast-enhanced
MR perfusion image gradually replaced contrast-enhanced MR perfusion image
due to increasing concerns about the safety of contrast agents and the desire for
noninvasive examination in a partial patient such as children. With the improvement
of MR technologies, limitations of non-contrast-enhanced MR perfusion image
such as long acquisition times and artifacts due to motion have been overcome. ASL
uses MR-tagged water in blood excited by an inversion pulse as an endogenous
contrast agent to generate sensitivity of lung blood flow. Pulmonary perfusion MRI
was mainly used in diagnosis and stratification of pulmonary embolism, COPD,
asthma, pulmonary cystic fibrosis, and malignant tumor. Researchers integrate pul-
monary ventilation and perfusion into a comprehensive index known as ventilation—
perfusion (V/Q) ratio since ventilation-perfusion mismatch is a common
pathophysiological cause of refractory hypoxemia. There are three main MRI tech-
niques used to measure global and regional ventilation—perfusion ratio: ASL-
FAIRER, oxygen-enhanced MRI, and fast gradient-echo with multiple short
TE. However, compared with CT and PET, few studies have been reported to evalu-
ate the pulmonary ventilation—perfusion ratio in critically ill patients who needs
mechanical ventilation, possibly because the MRI-compatible ventilator is not
widely used in clinical practice.
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3.5.9 Perspective

With the development of MRI equipment and techniques, newer signal acquisition
systems permitting fewer measurements are required to reconstruct entire 3D
images, leading to an improved image examinations since MRI is convenient and
less invasive. Thanks to the promotion of the MRI-compatible ventilator, it is rea-
sonable to believe that MRI plays an important role in visualizing and quantifying
the pulmonary structural and functional changes in patients with mechanical venti-
lation. According to a clinical review [131], it is inferred that MRI can detect the
morphological and pathophysiological patterns (such as “ground-glass opacifica-
tion” or “consolidation” found by CT) in ARDS patients. Hybrid imaging would be
another area in which MRI may play an important role in the future. Inspired by the
successful combination of PET and CT, the combination of PET and MRI is an
attractive challenge [132]. The high soft-tissue contrast MRI can make up for the
low spatial resolution of PET and PET/MRI can reduce exposure to ionizing radia-
tion compared with PET/CT, those advantage of PET/MRI may be useful in assess-
ing structural or functional changes of the lung in mechanically ventilated patients.
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Chapter 4
Lung Volume Measurement

Jian-Fang Zhou and Jian-Xin Zhou

4.1 Definition of Lung Volumes

Static lung volumes are commonly described as volumes or capacities. Volumes are
not subdivided and include tidal volume (V,), inspiratory reserve volume (IRV),
expiratory reserve volume (ERV), and residual volume (RV). However, capacities
consist of at least two lung volumes and include total lung capacity (TLC), vital
capacity (VC), functional residual capacity (FRC), and inspiratory capacity (IC)
(Fig. 4.1). Definition of lung volumes are described in Table 4.1.

4.1.1 Plethysmography

Plethysmography is a mature technique for the determination of lung function,
especially FRC and TLC.

Sixty years ago, Dubois et al. used somatic plethysmography to measure lung
volumes [1]. Since then, the technology has been improved continuously. Besides
the classical whole-body plethysmography, new kinds of plethysmography have
been developed, such as optoelectronic plethysmography (OEP), respiratory induc-
tance plethysmography (RIP), and dual band respiratory inductance plethysmogra-
phy, most of which are mainly used in animal experiment. We will focus on the
whole-body plethysmography and OEP in this section.
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IRV

Fig. 4.1 Lung volumes and capacities. IRV Inspiratory reserve volume, V, Tidal volume, ERV
Expiratory reserve volume, RV Residual volume, /C Inspiratory capacity, FRC Functional residual
capacity, TLC Total lung capacity, VC Vital capacity

4.1.2 Body Plethysmography

4.1.2.1 Principle and Measuring Methods
of Whole-Body Plethysmography

The basic physical principle of the whole-body plethysmography is Boyle-Mariotte’s
Law, which states that the volume of a perfect gas varied inversely with its pressure
at a constant temperature and can be expressed as the following equation:

PV =K

where K is a constant, P is pressure, and V is volume.

For the purpose of measuring lung volumes, as the temperature of lungs in a
short time is constant, this law can be interpreted as that: for a fixed mass of gas in
a closed compartment, the relative changes in volume of the compartment are
always inversely proportional to changes in pressure, and can be expressed as the
following equation:

RV, =BV,
where P;, V; is the initial pressure and volume, and P;, V; is the final pressure
and volume.
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Table 4.1 Definition of lung volumes

Tidal volume (Vy)

the volume of air inhaled and exhaled into the lungs in a normal resting
breathing.

Inspiratory reserve

The maximal volume of air that can be inhaled after a normal inspiration.

volume (IRV)
Expiratory reserve | The maximal volume of air that can be exhaled after a normal expiration,
volume (ERV) also the volume of air exhaled from FRC to point of maximal exhalation

(RV), so ERV equals FRC minus RV.

Residual volume
(RV)

The volume of air still remaining in the lungs after the most forcible
expiration.

Total lung
capacity (TLC)

The volume of air contained in the lungs at the end of a maximal inspiration
and equals IC plus FRC, also equals VC plus RV.

Vital capacity
(VO)

The maximum amount of air exhaled from the lungs after a maximum
inspiration. It is equal to the sum of IRV, Vy, and ERV.

Functional
residual capacity
(FRC)

The volume of air present in the lungs at the end of a tidal volume breath,
and is the sum of ERV and RV.

Inspiratory
capacity (IC)

The maximum volume of air that can be inspired after reaching the end of a
normal, quiet expiration. It is the sum of V; and the IRV.

Forced vital
capacity (FVC)

The amount of air can be forcibly exhaled out of the lungs after taking a
breath to fill the lungs as much as possible.

Forced expiratory
volume in 1 s
(FEV1)

The volume of air that can forcibly be blown out in the first 1 s, after full
inspiration.

End-expiratory
lung volume
(EELV)

The volume of air present in the lungs at the end of a tidal volume
expiration in mechanical ventilation patients. If PEEP (positive end-
expiratory pressure) or CPAP (continuous positive airway pressure) is
unused, EELV might be close to the FRC.

If absolute changes of volume are known and the initial and final pressure can be
measured, the initial volume of the closed compartment can be calculated.
Thus, if we think a lung as a closed compartment, it is possible to measure the

volume of lungs as long as the final volume is known and both the initial and final
pressure in alveolar can be measured. The initial volume (unknown) of lungs times
the initial pressure is equal to the final volume times the final pressure. Based on this
principle, the fumined as follows:

AV
FRC = Kv—"_ Ky ~ P Baromeric

mouth

where AV, is the change of volume in the box of body plethysmography when the
subject breath normally, and AP, is the change of pressure at the mouth.

Prior to the measurement, the flow and volume should be calibrated using a
syringe with calibrated volume [2]. The cabin pressure and mouth pressure should
also be calibrated according to the instruction of the manufacturer.

When measuring lung volumes by a body plethysmograph, the test subject
should enter into a sealed chamber and hold a mouthpiece in the mouth [3].
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Commonly, the lung function test starts with resting normal breath. The pressure
at the mouth and in the chamber are measured simultaneously. The mouthpiece
will be closed at the end of a normal expiration. Then the patient is instructed to
inhale. Inhalation starts from the end-expiration lung volume. As the inspiratory
muscles contract, the thoracic and lungs expand, and volumes of thoracic and
lungs increase at the same time. As the organs in the thorax are incompressible, the
increase of volumes in thorax and lung would be equal. As the volume changes, the
decrease of pressure would follow Boyle-Mariotte’s law because the instrument
is sealed.

If the airway resistance is close to zero, an infinite airflow would quickly enter
the lungs without any pressure gradient, and the pressure of the lungs and chamber
will increase instantly. Conversely, if the airway is occluded during the inspiratory
exercise, the alveolar pressure might decrease greatly, but no airflow enters the lungs.

Actually, there is resistance in the airway and the resistance is finite. Therefore,
only when the pressure gradient between the lungs and the chamber overcomes the
resistance of the airways, the flow will start to enter into lungs. In other words, the
movement of airflow lags behind changes in lung volume. The airflow lag caused
by the slight pressure difference in the breathing cycle is called “shift volume,”
which is much smaller than tidal volume. Shift volume is dynamic and exists in
both inhalation and exhalation processes. It is generated by the dynamic pressure
change within the lungs and represents the amount of gas that needs to be com-
pressed or decompressed in order to drive the airflow during inspiration or
expiration.

During inspiration, this shift volume leads to a pressure drop in the lung, result-
ing in the flowing of air into lungs, and the opposite is true during expiration. The
degree of this pressure drop is related to airway resistance, and airflow can only be
generated by overcoming airway resistance. The shift volume represents the volume
defect in lungs and the box. As the box is sealed and the walls are very stable,
change in lung volume should be equal but opposite to change in the free volume of
the box. The free volume of the box can be calculated as follows:

Volume ,, =Volume,, —Volume,,,

free
where Volumeg,. is the free volume of the box; Volume,,, is the volume of the box;
and Volume,,, is the body volume estimated from the body weight.

As the Volumey,, is computed, the shift volume can be derived from the pressure
change according to Boyle-Mariotte’s law. Thereby, airway resistance can be
evaluated.

Due to the effect of the inspiratory muscles, the volume of the chest cavity
increases with the increase of air in lungs. The muscles will maintain their tension
for a short period of time. At the end of inspiration, pressure equilibration is reached
and the shift volume is reduced to zero. The inspired volume measured at the mouth
equals the increase in lung volume, and both represent inspiratory tidal volume
(Vrin). Exhalation is reversed but similar to inhalation. With the relaxation of the
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respiratory muscles, the lung volumes decrease due to the chest and lung elastic
recoil. The expiratory movement continues until the recoil forces of lung and chest
wall become equal, and the pressures of alveolar and the box reach equilibrium. At
the end of expiration, airflow and shift volume return to zero. Both the expired vol-
ume and the volume reduction of lungs can be measured and represent expiratory
tidal volume (Vr.,).

Other lung volume parameters can be measured by the shutter maneuver. After
opening of the shutter, the subject can be instructed to inhale maximally after a
normal inspiration, and the IVC can be measured. A similar way can be used to
measure the ERV. Then RV and TLC can be computed. Combined with spirometry,
a prolonged forced expiration can be performed to measure the forced expiratory
volume in 1 s (FEV1) and the forced vital capacity (FVC). Airway resistance can
also be measured by spirometry. In this way, information about lung mechanics can
be obtained (Fig. 4.1).

4.1.2.2 Clinical Application

Body plethysmographs can measure a variety of respiratory parameters, reflecting
lung function and structure. It can provide information on characteristics such as
RV and TLC, airway resistance and intrathoracic gas volume (ITGV) 3,4, which is
helpful for the differential diagnosis of obstructive airway diseases and restrictive
diseases (Table 4.2). Body plethysmography can measure a variety of respiratory
parameters reflecting functional and structural aspects of the respiratory system. It
can provide information on RV, TLC, and other characteristics, such as airway
resistance and intrathoracic gas volume (ITGV) [4, 5], which are helpful for dif-
ferential diagnosis of obstructive airway diseases and restrictive diseases [3]
(Table 4.2). For patients with severe obstructive disease and air-trapping, body
plethysmography is particularly appropriate as it is the only technique for FRC
measurement including air trapped within the lungs at the distal end of closed
airways.

Body plethysmography is the gold standard of TLC and FRC. However, it is
irremovable and needs the cooperation of patients, and it is unsafe and impractica-
ble to place a patient undergo mechanical ventilation into a sealed chamber.
Therefore, it is not suitable for most of the critically ill patients.

Table 4.2 Differential diagnosis of obstructive airway diseases and restrictive diseases by lung
function test

Raw RV TLC FRC

Obstructive airway diseases | Elevated | Normal or elevated | Normal | Normal or elevated

Restrictive diseases Normal | Reduced or normal | Reduced | Reduced
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4.1.3 Optoelectronic Plethysmography (OEP)
4.1.3.1 Principle of OEP

OEP uses a three-dimensional motion capture system to measure the changes of the
chest wall (both absolute values and their variations) during breathing by modeling
the surface of the chest and abdomen. OEP uses infrared imaging to assess respira-
tory kinematics by placing a number of markers on the subject’s chest and abdomen
surface (Fig. 4.2) and tracking the three-dimensional coordinates of those mark-
ers [6-9].

For the standing position, an 89-marker protocol is usually used [9, 10].
According to Aliverti et al. [11] and Romei et al. [12], for subjects in supine

—'s OEP room a'—

Calibrated workspace

R

P v,

OEP workstation 3D marker tarjectories

Y

Computation

i { 1 1

Vew Vas VRca VRep

Fig. 4.2 Schematic of OEP working principle; 3D human chest wall reconstructed starting from
3D markers. Vew, Vieps Vrea and Vg refer to the volume of pulmonary rib cage, the abdominal rib
cage, and the abdomen, respectively. The Vcy is the sum of RCp and RCa volumes
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position or prone position, such as patients in intensive care unit (ICU), a 52-marker
protocol can be used. Four to eight infrared (IR) cameras are used to capture and
track the movement of markers that can reflect infrared light. A dedicated worksta-
tion is used to synchronize the input and output information to and from cameras.
The specialized software in the workstation will compute the three-dimensional
trajectories of makers by integrating the information collected from each camera.
Then, a geometrical model is applied to measure lung volumes. In this model, every
three markers form a triangle and one triangle is defined as a closed surface. The
software will calculate the volume contained in each surface. Therefore, we can
obtain volume variations of the entire chest wall and its different compartments by
using OEP.

4.1.3.2 Calibration

The equipment of OEP should be calibrated before using. First, the 3D position (x,
v, and z axes) of a calibration tool need to be calibrated. Each camera should recog-
nize all three axes, otherwise the camera’s position needs to be readjusted until it
can cover three axes. Then the y-axis to the plane where the subject is located
should be measured by moving the wand. At the same time, it is necessary to ensure
that cameras can detect the wand as it moves in the range of motion. If the wand
cannot be detected, the technician should adjust the speed and movement of cam-
eras [13].

4.1.3.3 Volume Measurements

As shown in Fig. 4.2, the thoracoabdominal lung volume can be divided into three
different parts: pulmonary rib cage (RCp), abdominal rib cage (RCa), and the
abdomen (AB). RCp begins at the clavicles and jugular notch and ends at the
xiphoid; the range of RCa is from the xiphisternum to the lower costal margin; AB
ranges from the lower costal margin to the bilateral anterior superior iliac crests.
Abdominal volume change refers to the volume change caused by abdominal wall
movement, and is the result of the combined action of the diaphragm and expira-
tory abdominal muscles. This model is the most suitable for studying chest wall
kinematics in most conditions, including rest and exercise. It takes into consider-
ation the differences of pressures acting on the RCp and RCa during inspiration.
The diaphragm acts directly only on RCa, while other inspiratory muscles mainly
act on RCp other than RCa [14]. Lung volumes can be divided into right and left
lung volumes.

As described in detail in previous studies [6, 15, 16], lung volumes are calculated
by summing the changes of the triangulated surface areas. The following volume
variables can be measured by OEP: end-expiratory volume of chest wall (Veecw),
pulmonary rib cage (Veercp), abdominal rib cage (Veerca), and abdomen (Veeab);
end-inspiratory volume of chest wall (Veicw), pulmonary rib cage (Veircp),
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abdominal rib cage (Veirca), and abdomen (Veiab). Tidal volumes of chest wall
(Vew), pulmonary rib cage (Vgc,), abdominal rib cage (Vic,), and abdomen (V,5) can
be assessed by calculating differences of end-inspiratory volumes and end-expira-
tory volumes. The percentages of volumes of each part to the entire chest volume
can also be calculated.

4.1.3.4 Clinical Application

OEP can be used to measure changes in lung volumes in a different status, such as
exercising and resting. OEP has also been validated for measuring lung volumes of
infants and patients with chronic obstructive pulmonary disease [11, 17, 18]. It is
particularly suitable for critically ill patients as the measuring process is noninva-
sive and does not need the cooperation of patients, and it has also been validated on
patients in the prone and supine positions. For mechanically ventilated patients,
OPE can assess volume changes of each compartment of the chest wall precisely
and can assess action and control of different respiratory muscle groups. Combined
with pressure variables, chest wall dynamics can also be assessed.

4.2 Spirometry

A spirometer is an instrument that can measure the volume of air inhaled and
exhaled by the lungs. Spirometry is the most commonly used pulmonary function
test and is useful in the diagnosis and differential diagnosis of respiratory diseases.
Spirometry uses a pneumotachograph to measure volumes, flow rate of air, and
frequency of the ventilatory cycle simply and noninvasively [19].

The earliest spirometer appeared in nineteenth century [20, 21]. In 1813, Kentish
invented his “Pulmometer,” which had a graduated bell jar in water, with an outlet
at the top controlled by a tap. He was the first to try to study ventilatory volumes in
disease, and he used his Pulmometer to measure the ventilatory volumes of his three
“bronchitis chronica.” He found that the ventilatory volumes of the patients were
much lower than those expected, and thought that ventilatory volumes were affected
by “mechanical obstruction” and “inflamed state of the bronchiae (sic), causing
spasmodic action” [21]. An English physician named John Hutchinson invented a
spirometer, and he recorded the vital capacities of over 4000 subjects. He found that
the vital capacity had a linear relationship with height. Since then, a number of
papers described different machines to measure ventilation. Gad (1879) and Regnard
(1879) were regarded as the first ones to use spirometers with graphic records [21].
In the twentieth century, more elaborate closed-circuit machines were invented and
used to measure lung volumes [21]. In 1959, Wright B.M. and McKerrow C.B. intro-
duced the peak flow meter, which was much cheaper, lighter, and easier for use and
could give rapid information in the ward or in the home of patient [21].


https://en.wikipedia.org/wiki/Peak_flow_meter

4 Lung Volume Measurement 185
4.2.1 Measuring Method

With the improvement of technologies, many spirometers designed for use in pri-
mary care do not require daily calibration. However, equipment maintenance, accu-
racy, and precision checks are still essential for quality spirometry. The international
standards state that the volume accuracy and airtightness of the spirometer should
be checked at least once a day with a 3 L calibrated syringe, and the measurement
errors of volumes should be within acceptable ranges [22]. At the same time, the
accuracy of the syringe volume must be guaranteed. The environment of storage and
use of the syringe should be with the same temperature and humidity of the test site.
The linearity of flow should be checked weekly and that of volume should be
checked quarterly. The accuracy of the time scale of the mechanical recorder should
be checked with a stopwatch at least quarterly. If a large number of subjects are
tested within a day, or the ambient temperature of the test site is changing, the accu-
racy of the spirometer should be checked more frequently than daily. Volume-type
spirometers must be checked for airtightness every day [23].

The most important lung volumes that can be measured by spirometry are FVC
and FEV1. When measuring those lung volumes, patients are usually in a sitting
position with nares occluded by nose clips or hands to prevent leakage of air through
the nasal passages. The technician needs to instruct and encourage the patient to
perform the breathing maneuvers. First, ask the patient to inhale deeply. Then, a
mouthpiece should be put into the mouth of the patient immediately and be held
tightly with lips. Exhalation should be performed with as much force as possible,
and make sure there is no air leakage during maximal forced exhalation. For sub-
jects older than 10 years, exhalation should last at least 6 s and until no more air can
be expelled from the lungs while maintaining an upright posture. For patients with
airways obstruction or older age, exhalation times often require>6 s. However,
exhalation times does not need to exceed 15 s. The patient is allowed to rest for a
few seconds and the breathing maneuvers need to be repeated until three acceptable
maneuvers are obtained [24]. Usually, at least three maneuvers are performed, but if
one or more of the maneuvers do not meet the requirement, more attempts should
be performed. However, the number of attempts should be not more than eight,
which is generally a practical upper limit for most subjects [25, 26]. Multiple pro-
longed exhalations within a short time may lead to different uncomfortable symp-
toms, such as light-headedness, syncope, fatigue, and so on. If a patient feels dizzy,
the test should be stopped, otherwise syncope might occur due to decreased venous
return caused by increased intrathoracic pressure. In order to guarantee the accuracy
of lung volumes measured by spirometers, the most important task is to instruct the
subject to inhale and exhale rapidly and completely. The waveforms and data should
be assessed for reliability and accuracy before analysis. Even if the instrument is
accurate, the results obtained by spirometers might be misleading for clinical diag-
nosis and treatment if the patient did not breath with maximum strength. During
measurement, a cough, hesitation, or hold of breath may affect the measured values
of FEVI1 and FVC [24]. Leakage at the mouth or near or obstruction of the
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mouthpiece may also influence the accuracy of measured values. Patients with neu-
romuscular disease may need assistance from technicians or family members to
keep the airtightness of the mouth.

A spirometer can also be used to measure VC and IC. However, the spirometer
must meet the requirements for measuring FVC and can be capable of accumulating
volume for at least 30 s. When measuring VC, the subject should be instructed and
demonstrated how to breathe appropriately in the VC maneuver. The subject should
wear a nose clip and be in a seated position. The subject needs to inhale completely
from the full expiration position (RV) to assess the IVC or exhale completely from
the full inspiration position (TLC) to assess the EVC. If significant differences
between IVC and EVC are detected, there might be airways obstruction [27].
Subjects should be relaxed except at the end of the inspiration and expiration.
During the test process, the subject exhales completely to RV, then inhales to TLC,
and finally exhales to RV again. When measuring IC, subjects should also be relaxed
and breathe regularly for several times until the end-expiratory lung volume is sta-
ble. Then the subjects should inhale deeply to TLC without hesitation. At least three
acceptable maneuvers should be performed and selected for the measurement of
VC and IC.

4.2.2 C(linical Application

Spirometers can be used to diagnose certain types of respiratory diseases, such as
asthma, bronchitis, emphysema, and so on. Spirometry can measure FEV1 and
FVC, which is widely accepted and used as a clinical tool for diagnosing and dif-
ferential diagnosing of obstructive, restrictive, or mixed ventilatory dysfunction
[28-30]. FEV can also be used to evaluate the efficacy of treatments and to moni-
tor the severity of respiratory diseases, especially asthma and chronic obstructive
pulmonary disease (COPD).

The flow-volume loop (Fig. 4.3) is a plot of the changes in flow rate (on the
Y-axis) and volume (on the X-axis) of the air during the performance of maximally
forced inspiratory and expiratory maneuvers, and it is helpful for differential diag-
nosis of respiratory diseases, such as upper airway obstruction [31-34], dynamic
hyperinflation [35], neuromuscular diseases [36], et al.

For patients with mechanical ventilation, side-stream spirometers can be used to
measure flow continuously and lung volumes can also be evaluated by the area
under velocity-time curve [37]. Spirometers can also be used to measure PEEP-
induced recruitment volumes (PEEP-volumes) at the bedside. When measuring the
PEEP-volume, a long expiration hold maneuver should be performed and zero end-
expiratory pressure (ZEEP) is required, where FRC is assumed to be reached. If
FRC is the same at different levels of PEEP, the difference in end-expiratory lung
volumes (EELV) (AEELV = EELVy,, pgep — EELV,q, prep) should theoretically be
close to the difference in APEEP-volume (PEEP volumey, prre — PEEP volu-

MEjoy pEEP)-
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There are some limitations to spirometry. First, using a fixed FEV1/FVC ratio to
define airflow limitation has been criticized as it might result in underdiagnosis in
younger subjects and overdiagnosis in elderly subjects. Furthermore, the measure-
ment of lung volumes by spirometers is highly dependent on effort and cooperation
of the subject [38].

4.3 Washout/Washin Technique

Washin/washout technique has been applied to measure static lung volumes, and the
technique analyzes the concentration changes of a gas with low solubility, such as
nitrogen during washin/washout maneuvers.

4.3.1 Washout/Washin technique

Washout/washin technique can be used to measure static lung volumes by inhaling
a gas with low blood solubility and continuously measuring and analyzing the con-
centration of the gas.

Nitrogen washout/washin maneuvers (or Fowler’s method) are the most com-
monly used methods in clinical practice. Nitrogen has low solubility in blood and
tissues, low exchange rate in the alveoli, and cannot be absorbed and metabolized by
the human body. Thus, it is suitable as a tracer to measure lung volumes, such as dead
space volume, functional residual capacity (FRC), or end-expiratory lung volume
(EELV), and some other parameters related to airways occlusion, and this method is
not directly affected by changes in body metabolism during the measurement process.

4.3.2 Principle

The nitrogen washout/washin technique is based on the law of conservation of
mass. There are two types of nitrogen washout/washin techniques, which are single-
breath nitrogen test and multiple-breath nitrogen test. Both tests require similar
equipment and can estimate FRC/EELV. However, the multiple-breath test might be
more accurate in measuring absolute lung volumes.

4.3.3 Single-breath Nitrogen Test

When measuring lung volumes using single-breath nitrogen test, the first step is to
increase the fraction of inhaled oxygen (FiO,) to 1.0, and the patient is directly con-
nected to a spirometer. Ask the subject to take a normal breath of 100% oxygen after


https://www.sciencedirect.com/topics/medicine-and-dentistry/nitrogen
https://en.wikipedia.org/wiki/Lung_volumes

4 Lung Volume Measurement 189

a normal exhalation (at this time the lung volume is FRC or EELV). Then, the sub-
jectexhales from V.. The concentration of N,, oxygen, and carbon dioxide in exhaled
gas are continuously monitored, as well as the gas flow rate.

Resident nitrogen is exhaled out of the lungs progressively. At the beginning, as
the subject exhales the pure oxygen that has been inhaled previously but stays in the
dead space and is not involved in alveolar exchange, the concentration of nitrogen
is initially zero. As the gas in the alveoli exhales and mixes with the gas in the dead
space, the nitrogen concentration increases gradually and finally equals to that in the
alveoli (C1) [39]. We can obtain the total amount of exhaled gas at any point in time
by calculating the area under the flow-time curve. Knowing the total amount of
exhaled gas and nitrogen concentration, we can calculate the total amount of exhaled
nitrogen (MN). According to the law of conservation of mass, FRC (or EELV) can
be calculated by the following equation:

M, = C1xFRC
M
FRC = —X
c1

4.3.4 Multiple-Breath Nitrogen Washout/Washin (MBNW) Test

MBNW method is commonly used for lung function tests in patients with spontane-
ous breath or mechanical ventilation. Similar to single-breath nitrogen test, at the
beginning of MBNW test, FiO, is adjusted from the baseline to 1.0. After a normal
exhalation (at this time, the amount of gas in the lung is FRC or EELV), the patient
is directly connected to a spirometer, and the gas flow rate during breathing is con-
tinuously monitored. The concentration of nitrogen is measured from the beginning
(C1) to the end of the test. Because there may be nitrogen flushing out of human
tissue or signal noise affecting the measurement results, the test can be completed
when the nitrogen concentration in the exhaled gas reaches 3% of the baseline [40].
The total amount of exhaled nitrogen (MN) can be calculated according to the total
amount of exhaled gas and the real-time concentration of nitrogen. At the beginning
and end of the experiment, the amount of N, is the same, which is just the amount
of N, in the FRC. Since there is no material leakage in the system, during the test,
the amount of nitrogen remains unchanged (concentration X volume = amount), and
the FRC is calculated by the same way of single-breath nitrogen test.

If the patient is initially connected to the spirometer at other lung volumes (such
as TLC or RV), the corresponding lung volumes might be measured by the same
method. PEEP-induced lung volume changes (referred to as PEEP-volume) can also
be assessed simply at the bedside by using passive spirometry. EELV at different
PEEP levels can be measured, and the difference in EELV (thatis, AEELV = EELV,;,,
peep — EELV o, perp) can be calculated. The patient exhales to zero end-expiratory
pressure (ZEEP) for a long time until FRC is assumed to be reached, and the PEEP-
volume at different PEEP can be obtained, as well as the difference in PEEP volume
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(APEEP volume = PEEP-volume high PEEP — PEEP-volume low PEEP). If the
AEELV is similar to APEEP volume, we can assume that the FRC has not been
modified by the PEEP changes and vice versa.

4.3.5 Modified Nitrogen Washout/Washin Method

Under certain conditions, such as high FiO, or high PEEP, the nitrogen washout/
washin method might be restricted. Modified nitrogen washout/washin technology
can be used to measure FRC or EELV in this situation [41] as this method can be
used with a step of small change in FiO,, and there is no need to interrupt mechani-
cal ventilation. Traditional MBNW methods measure the total amount of nitrogen
washed out from the lungs. However, the modified technique estimates the changes
of alveolar nitrogen concentration and the variation of tidal volume during wash-
out [42].

The measurement is based on two assumptions: (1) The heterogeneity of the
alveolar gas distribution is constant during the measurement process, and the total
FRC/EELV does not change until the alveolar gas composition reaches a new equi-
librium after changing the FiO, [43]; (2) During the measurement, the body’s cell
metabolism and gas exchange between the pulmonary capillaries and the alveoli
are stable.

At the beginning of measurement, the FiO, at the ventilator should be changed.
In order to measure FRC accurately, the fraction of FiO, generally needs to be
changed by at least 20% [44, 45]. The air exhaled from the lung consists mainly
of O,, carbon dioxide (CO,), and N,. The fraction of nitrogen can be measured
with a mass spectrometer technique or calculated as the residual of O, and carbon
dioxide (CO,) [40, 45, 46] if the fraction of O, and CO, are measured continu-
ously during a change in FiO,, which can be expressed by the following equa-
tion [42]:

EN

it 72

~1-FO,
F,N, =1-F,0, - F,CO,

(where FiN, and FiO, are the fraction of nitrogen and oxygen in the inspiratory air,
and FpN,, F;0,, and F;CO, are fraction of N,, O,, and CO, during the expiration,
respectively.)

During measurement, with each additional breath of alveolar ventilation at the
increased level of FiO,, residual nitrogen in the lungs (FiN,) is diluted and washed
out gradually, and the amount of nitrogen remaining in the lung reduces correspond-
ingly. When the nitrogen concentration difference between the washin and washout
gas is less than the threshold value set by the manufacturer, the measurement can be
terminated and the instrument can calculate the average value of the washin and
washout data automatically.
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Washout can be completed in 3—4 min in normal subjects. However, for patients
with severe obstructive airway disease, the measurement procedure might take more
than 15 min, and in this situation the safety of the patient must be guaranteed during
the measurement process.

Respiratory gas flow is measured continuously. Gas viscosity is also monitored
to correct the measured flow signal [47]. Through the integration of the flow-time
curve, the real-time tidal volumes can be calculated. Tidal volume multiplied by
the nitrogen concentration is the total amount of nitrogen washed out during exha-
lation [48]. In order to ensure the accuracy of the calculation, the synchronization
of gas flow and concentration measurement should be guaranteed before calcula-
tion [40].

The initial volume of nitrogen (V;;V,) in the alveolar is determined by the frac-
tion of nitrogen (F;;/NV, and FRC or EELV), and can be expressed as the following
equation:

V.;.N, =F_N, xFRC

ini

As the FiO, is changed and the nitrogen washed out from the lungs, the nitrogen
volume in the alveolar changes correspondingly, and the final volume of nitrogen in
lungs (V.,4lV,) after the equilibrium time are determined by the final fraction of nitro-
gen (Fe,4V,) and FRC (or EELV):

V..N, =F N, xFRC

end end

The following equation can be derived if the FRC (or EELV) is constant during
the measurement procedure:

VN, -V N, =(F,N, -F, N, )xFRC

ini end ini end

The fraction of N, can be measured directly or calculated by the inverse relation-
ship of changes in fraction of nitrogen and FiO,:

F,N,-F N, =FO,

ini end (end)

-F Oz(im)

(FiN, = initial inspiratory N, concentration; F,4N, = final N, concentration)

The FRC (EELV) can be calculated as follows:

AN,
F,N,-F,N,

ini end

FRC = AN, (mL)/ AFiO,

Before calculating the total volume change of nitrogen in alveolar after the
change of FiO,, we can first calculate the breath-by-breath changes of nitrogen. If
the inhaled gas is not pure oxygen, inhaled nitrogen should be subtracted when
calculating volume change of nitrogen:

ViN, = (FiNz X Viar ) _(FETNZ x VTAE)
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(ViN, = breath-by-breath N, exchange; FiN, = the inspiration N, fraction;
VTAI = inspiratory alveolar tidal volume; VTAE = expiratory alveolar tidal volume;)
The total change of nitrogen is the sum of each breath changes:

AN, =Y V,N,

The expiratory alveolar tidal volume (VTAE) can be calculated according to
Bohr’s formula [49].
V,

rae = Veor /

F,

ETCO2

(FETCO, = end-tidal carbon dioxide fraction; Vo, = Volume of carbon dioxide)
VAI = (VI _VE)+VAE

(Va1 = inspiratory alveolar tidal volume; V; = inspiratory tidal volume; Vi = expira-
tory tidal volume)

As the total nitrogen volume change is known, FRC or EELV can be calculated
using the above equation.

4.3.6 Clinical Application

In acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), func-
tional residual capacity (FRC) is markedly decreased due to various factors [50].
Measuring FRC (or end-expiratory lung volume [EELV] when PEEP is applied)
might help to assess the volume of open and collapsed alveoli, adjust ventilation
strategies, and judge their effects [46, 50]. Recently, nitrogen washout/washin tech-
nique [41, 43] has been made available in ICU ventilators, allowing bedside EELV
measurement. Under certain conditions, such as high FiO, or high PEEP, the limita-
tions of nitrogen washout/washin techniques for EELV measurement have not been
fully investigated [51].

4.4 Computed Tomography (CT)

CT used in early studies to acquire lung images was a one-of-a-kind scanner
developed at the Mayo Clinic (Rochester, MN), which was named as dynamic
spatial reconstructor [52, 53]. This scanner could acquire lung volume images in
1/60th of a second. During each static inflation of lungs images were acquired, and
ventilation of the region of interest was estimated by assessing regional density
changes [54, 55]. Because early CT scanners took as long as 2-5 s to acquire data
needed to reconstruct a single slice of the lung, it was hardly used to assess lung
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function in the clinical practice and was mainly used for imaging anatomic fea-
tures. With the development of electron beam CT (EBCT), namely Ultrafast or
Cine CT, it has become possible to evaluate both ventilation [56] and perfusion
[57] by CT. However, EBCT is currently mainly used for research and is not
applied to the clinical arena. In the late 1990s, a new class of CT scanners appeared,
called multidetector CT (MDCT) scanners. These MDCT scanners can acquire 64
slices in a single rotation, and one rotation takes only 0.3 s. To obtain lung volu-
metric images, the subjects only need to hold their breath for 5 s at most. The
volume of gas and tissue in the lungs can be assessed by quantitative analysis of
CT scan images.

4.4.1 Measuring Lung Volumes by CT

The basic principle of CT is that the X-ray hits the CT detector depends on tissue
absorption. X-ray beam transmitted through the body tissue will be captured by the
detectors and be converted into visible light, electrical signals, and digital signals in
turn. Then, digital signals will be inputted into a computer for processing. In the
process of image formation, the body slices will be divided into several cuboids
with the same volume, which is called voxel. The attenuation of X-ray can be mea-
sured in each voxel or volume element and form a digital matrix. The numbers of
voxels depend on the pixel area and thickness of the section and will be converted
into different pixels, which are expressed as small squares with different gray levels
ranging from black to white. The pixel area depends on the matrix size applied.
X-rays pass through the human body, and the attenuation of X-rays has a linear
relationship with the physical density (such as radiodensity) of human organs and
tissues, which are formed by different composition and with different absorption
coefficients. Non-contrast CT images can be obtained by converting attenuation
coefficients into gray images.

Lungs volume can be calculated according to the number of voxels present in a
specified region. The Hounsfield unit scale (HU) or CT number is a quantitative
scale to describe radiodensity. The attenuation of X-ray through air and water is
infinitely small. The radiodensity of distilled water is considered to be 0 HU, the
radiodensity of bone is +1000, and the radiodensity of air is —1000 HU. The CT
number of lung tissue is =500 CT and blood is 20-40 HU. The CT number can
reflect density, and the composition of air and tissue (“tissue” includes alveolar
edema, interstitial water, blood, and the lung structure) [58] in a given voxel can be
estimated according to its CT number and its volume. The CT value of any material
can be calculated by the following formula:

CT. =1000x Lo " Hw
My = H,
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where py, p,, and p,, are the attenuation values of water, air, and the material
being measured, respectively.

According to this equation, we can calculate the gas/water ratio and gas volume
of the given voxel based on CT numbers. For a lung region of interest, if we know
the total number of voxels, the total volume, the volume of gas, and the volume of
tissue can be computed using the following equations:

Volume of the voxel = (size of the pixel)2 x section thickness
Total volume = number of voxels x volume of the voxel

If the CT number of the region of interest is below 0:

Volume of gas =| — €T x total volume
1000

Volume of tissue =| 1+ ﬂ x total volume
1000

If the CT number of the region of interest is above 0:
Volume of gas =0
Volume of tissue = number of voxels x volume of the voxel

As the volumes of gas and tissue are obtained, the fraction of gas can be
calculated:

1 f
Fraction of gas = Volume of gas

total volume

Therefore, both the tidal volume and its distribution of a CT section can be cal-
culated [59]. Then the volume of gas and tissue of the whole lung can be calculated
by summing the volumes of all regions of lungs. The volume of both lungs at end-
expiration is FRC.

Non-contrast-enhanced CT can be used to measure the ventilation status of dif-
ferent zones and to detect physiological and pathophysiological phenomena in
healthy and obstructive lung disease, such as gravity dependence, tissue destruction,
and collateral ventilation [60, 61]. The volume of lung tissue is fixed and the volume
of gas varies with breathing. During inspiration, air enters into lungs while paren-
chymal tissue expands and becomes less dense. Intrapulmonary blood volume
decreases during inspiration and is affected by heartbeat. In order to rule out the
effect of heartbeats on blood volume when lung volumes are measured, a breath-
holding method can be used. As the breath-holding time can be significantly longer
than heartbeat interval, a constant blood volume can be maintained by averaging
over time. In healthy controls, there are large changes in CT density between inspi-
ration and expiration images and indicate normal lung function [62]. If little or no
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change in CT density between images of inspiration and expiration, there might be
ventilation defects.

The air might be unevenly distributed in different lung regions. Even if the dif-
ference between CT numbers of two regions is below 100 HU, CT multivolume
imaging can also be detected [60]. Lung zones with a CT number between —900
and —500 HU are considered as normal aerated, those lower than —900 HU are
considered as overdistention, those between —500 and —100 HU are considered as
poorly aerated, and those between —100 and + 100 HU are considered as nonaerated
[58, 63, 64]. Decreased density at FRC indicates air trapping and airways-related
impairments, such as bronchiectasis, thickened airways, and mucus plugging, which
might result in incomplete exhalation. In contrast, increased density at TLC with
consolidations and ground glass opacities suggests that these areas are not properly
aerated.

If a PEEP is used and lung recruitment occurs, the volumes of nonaerated lung
tissues at a PEEP level of 0 cmH,0O and at a given PEEP can be measured and the
difference between the two can be calculated, and that is “PEEP-induced alveolar
recruitment.” PEEP-induced alveolar recruitment may transform a nonaerated lung
area into a hypoventilated area or a hypoventilated area into a normally aerated area.
If the gas volume of a normally aerated area increases as the applying of PEEP, there
might be PEEP-induced alveolar distension.

4.4.2 Clinical Application

Recently, Computed Tomography (CT) technique [60, 61, 65] has been used to
evaluate regional ventilation by assessing changes of the regional intensity between
breath-hold images acquired at different lung volumes. CT can also be used to
assess ventilation heterogeneities related to gravitational effects and ventilation
defects caused by emphysema and asthma [60, 61, 66]. Non-contrast CT imaging
might be an alternative to current ventilation-imaging techniques, such as nuclear
imaging, xenon-enhanced CT, and hyperpolarized-MRI, as it is much cheaper and
easier for ordinary clinical practice [67, 68].

For patients with ARDS, CT can be used to guide the recruitment maneuvers
[59] and to calculate the volume of PEEP-induced alveolar recruitment [69].
Although debates still exist, quantitative CT-scan analysis has been considered as a
“gold standard” to assess PEEP-induced recruitment.

4.4.3 Limitations

It should be noted that there are several limitations of measuring lung volumes by
CT scan: (1) the risk of transport; (2) the radiation exposure; and (3) the time
required for quantitative analysis.
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4.5 EIT

Electrical impedance tomography (EIT) is a noninvasive and radiation-free clinical
monitoring technology that can provide dynamic images of gas distribution in the
lungs during breathing at the bedside. EIT was invented over 30 years ago [70].
However, it has been commercially available only in recent 10 years. It has devel-
oped rapidly in recent years and is now widely used in clinical research and clini-
cal work.

4.5.1 Principle of EIT

Biological tissue is composed of specific compositions (e.g., lipids, water, electro-
Iytes). If an alternating electric current is applied exogenously, those compositions
will respond to the electric current distinctively, which are generally referred to as
“bioimpedance.” EIT image reconstruction is based on the measurement of changes
in lung tissue impedance with breathing by injecting small currents and measuring
voltages. During inspiration, the resistivity increases with lung inflation and corre-
lates closely with the amount of air inhaled into the lungs. When the subject takes a
deep breath, the resistivity might increase more than twice as many [71]. However,
the increase of blood or fluid volume or disruption of cellular barriers raise the con-
ductivity and lowers the impedance.

EIT examinations require a dedicated chest belt with electrodes placed around
the patient’s chest circumference. Some EIT devices use 16-electrodes belt, and
others may use belts with more or fewer number of electrodes. The position of elec-
trodes may affect the findings [72-75]. They are usually placed at the fifth to sixth
intercostal level [76] (Please refer to Sect. 3.3 of Chap. 3 for details), and should not
be placed lower than the sixth intercostal space so as to avoid the influence of dia-
phragm on the measurement as the diaphragm may rise and fall with the cycling of
breath and enter the measurement plane of EIT [73].

During an EIT examination, very small currents are delivered through pairs of
electrodes, while other electrodes measure the resulting voltages. The pairs of injec-
tion currents are alternated in turn, and one image can be produced using all volt-
ages measured by electrodes at the end of one full cycle according to specific
reconstruction algorithms. A set of EIT data obtained in a cycle is usually referred
to as an image frame and is generated by comparison with the data of the reference
period at the baseline. The number of frames (or original images) acquired per sec-
ond corresponds to the EIT scan rate. After reconstruction using an improved finite
element mesh, the image is projected into an array of 32 x 32 pixels, where each
pixel represents the change in resistance at the corresponding location compared to
the foundation during a certain period of time. Therefore, image frames are often
referred to as relative images. EIT monitors these impedance changes in real-time
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and dynamic images can be obtained, which are projected on the screen and are
helpful for understanding ventilation status and air distribution in the lungs.

4.5.2 Measuring TIV by EIT

EIT cannot measure the absolute lung volumes. However, it can measure the
changes in impedance, which represent changes of lung volumes in the entire lungs
and a given region of interest (ROI), and generate functional EIT images propor-
tional to the local tidal volume (V) [77-79]. There is a linear relationship between
Aimpedance and Avolume.

After the EIT signals are properly filtered, the electrical impedances at the end of
inspiration and the end of expiration can be measured. Tidal impedance variation
(TIV) represents impedance change generated by inspired gas during a tidal breath,
and can be calculated as follows:

TIV = Impedance , —Impedance

TIV is a basic parameter, and other various EIT measures are derived from it.
Global TIV is the sum of impedance changes of all pixels across the whole images
and represents the changes in the amount of air in both lungs during breathing.
Global TIV closely correlates with tidal volume estimated by CT [80-83].

Lungs can be divided into several horizontal layers or quadrants. Regional venti-
lation of a ROI can be represented by regional TIV and can be calculated by sum-
ming the impedance changes in the pixels within the selected ROI.

4.5.3 Measuring Lung Recruitment by EIT

EIT can be used to evaluate PEEP-induced pulmonary dysplasia. First, the end-
expiratory electrical impedance at higher PEEP conditions and the electrical imped-
ance at lower PEEP conditions can be measured. The difference between the two is
the electrical impedance change caused by high PEEP, which represents its end-
respiratory lung volume Changes [84—86]. Using the same method, PEEP-induced
lung dilatation with different ROIs can also be calculated.

EIT can be used to evaluate PEEP-induced lung recruitment. The electrical
impedance of the chest at the end of expiration with a higher PEEP can be mea-
sured, as well as that with ZEEP. The difference in electrical impedance with the
higher PEEP and ZEEP can be measured by EIT (AEELVgy). The difference in
electrical impedance with the lower PEEP and ZEEP can also be measured in the
same way. Then lung recruitment (RECRgy) caused by the higher PEEP can be
calculated using the following equation:

RECR,,, = AEELYV,

EIT

EIT Low

—AEELV,,, = AEELV,, —(PEEP, Crsx APEEP)
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(AEELV is the change in end-expiratory lung inflation predicted from the
respiratory system compliance measured at PEEP, )

The AEELVy; of different regions can also be measured by the same method
using regional end-expiratory impedance changes, tidal volumes, and tidal imped-
ance variations, especially the ECRgr of non-dependent and dependent lung regions.

4.5.4 Overdistension and Atelectasis/Collapse (ODCL)

During PEEP titration, the regional lung area that might have overdistension and/or
collapse (ODCL) can be assessed by monitoring regional compliance at the pixel
level. Keeping the driving pressure constant, with the decrease of PEEP, the pixel
level compliance in a given region might peak at a certain PEEP level, and the PEEP
is the best one for this region. Both increasing and decreasing PEEP will lead to
reduction of regional compliance, and result in hyperventilation and alveolar col-
lapse, respectively. Taking the collapsed area as an example, the compliance change
of each pixel at a given PEEP level compared with its best PEEP can be calculated
according to the following formula:

(Best Compliance ; , —Current Compliance ; ) x100

pixel

COllpasepiXel (%) = Best Compliance

pixel

Thereafter, the accumulated collapse for the entire lung at each PEEP step is
calculated as a weighted average summed up for all collapsed pixels, where the
weighting factor is the best pixel compliance estimated by applying the formula [84]:

Valid pixels .
4 (Collapse ; , (% )x Best Compliance
Cumulated Collpase(%) = 2o Zva“ ) pixels; ! C) ;
est Compliance
i=1

pixel

pixel

(valid pixels, numbers of pixels included for analysis)

The cumulated overdistension can be calculated in the same way. Regional val-
ues of tidal hyperinflation can also be obtained by the same formulas considering
only the pixels included in RO, 4ep and ROLy,.

The compliance of different regions might not be the same at a certain PEEP
level. Some lung areas might be normally aerated and some areas might have
ODCL. At each PEEP level, by labeling those affected pixels showing reduced
compliance in the EIT image at each PEEP level, it is possible to display the images
of areas with possible ODCL on the screen. EIT users can identify the inconsis-
tency of spatial distribution and asynchrony in time of ventilation among different
lung regions by watching the screen at the patient’s bedside. In addition, quantita-
tive evaluation is possible by calculating and accumulating the reduction in pixel
compliance from the highest value. The theoretical PEEP level with the least



4 Lung Volume Measurement 199

ODCL, that is, the ideal PEEP level, can be identified by performing a PEEP titra-
tion trial.

4.5.5 Measurement of Global Inhomogeneity Index (GI
index) by EIT

EIT can be used to evaluate the heterogeneity of ventilation distribution, and two
EIT measures are used to quantify the ventilation heterogeneity, which are intratidal
ventilation heterogeneity (ITVy,) and global inhomogeneity (GI) index. Lungs can
be divided into eight equal-volume parts, and ITVy,, is the average value of Vi, 4ep/
Vtye, ratios during inspiration [84], where Vt,, 4, is the tidal volume in non-gravity-
dependent areas and Vt,, is the tidal volume in gravity-dependent areas.

The GI index reflects the spatial distribution and dispersion of tidal breath and
can be used to evaluate the heterogeneity of ventilation distribution. It is calculated
as the sum of the differences in impedance changes between each pixel and the
median value of all pixels within predefined lung regions, divided by the sum of the
impedance values of each pixel:

D e DL~ Median (DI, )|

S D
x,yelung Xy

(DI = value of the impedance variation, x, y = the pixel in the identified lung area,
DI, = DI of all pixels in the predefined lung)

It can be seen that the GI index refers to variance in impedance of each pixel as
compared with the entire EIT image. The distribution of gas in the lung is affected
by many factors, such as inflammatory response, changes in lung function, or
adjustment of ventilator parameters. Therefore, the GI index will also change with
the physiological status of the lungs. A smaller GI index indicates more homoge-
neous ventilation, while a larger GI index indicates more inhomogeneity among
different lung regions. With the increase of PEEP, GI might change parabolically.
The smallest GI value would be obtained with the best dynamic compliance of the
whole lung at a certain PEEP level, which might be the optimal PEEP level.
Therefore, monitoring GI by EIT can be helpful to identify the optimal PEEP levels.

Gl =

4.5.6 EIT Measures for Analyzing Temporal Distribution
of Ventilation

Regional ventilation delay (RVD) is an indicator for assessing the homogeneity of
aeration of lung regions [85, 86]. When atelectasis is present, there may be a delay
in the distribution of inspired gas in the lungs. This temporal delay of certain ROIs
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can be detected by real-time EIT images at the bedside. RVD shows the temporal
heterogeneity occurring in inspiration by monitoring the relationship between
impedance change and the ventilation time course in each pixel. The delay time is
estimated between the beginning of the inspiration until the regional impedance
reaches a target impedance change value in comparison with the global image by
mathematical analysis of the regional impedance-time curves. The target impedance
change value is usually set to 40% of the maximum impedance value measured dur-
ing slow flow ventilation. Regional ventilation delay inhomogeneity (RVDI) is
defined as the standard deviation of RVD in all pixels and can be calculated by the
following formula:

RVD, = Ao 100%

Lnax ™ Tanin
where Atgyp is the time from the global start of inspiration until the regional imped-
ance change reaching a certain percentage of its maximum value, f,,x — fmi, 1S the
inflation time, and i refers to each pixel.

A smaller RVDI indicates a more homogeneous distribution. RVD usually occurs
in the dorsal regions and might change with decreased or increased PEEP levels.
Monitoring RVDI could be useful to estimate the amount of periodical recruitment
and collapse during breathing that should be minimized in injured lungs to avoid
ventilator-induced lung injury (VALI).

4.5.7 Clinical Application

EIT can monitor the ventilation status of lungs in real-time at the bedside without
radiation and is helpful for adjusting the ventilator parameters [87, 88]. For patients
with ARDS, EIT can evaluate end-expiratory lung inflation, alveolar collapse and
recruitment, entire and regional lung aeration and homogeneity of ventilation at the
bedside continuously, and can be used for PEEP titration to determine the optimal
PEEP setting with the best alveolar recruitment and minimal overdistention [79,
89, 90].

4.5.8 Limitations

1. EIT cannot measure the absolute value of lung volume.
2. Large chest wounds, multiple chest tubes, nonconductive bandages, or conduc-
tive wire sutures may preclude or affect the measurements.
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Chapter 5
Extravascular Lung Water Monitoring

Hong-Liang Li

5.1 Definition and a Brief History

Water contributes 80% of the lung components; however, most of them existed in
the blood vessels and distributed in a gradient of increasing density from nondepen-
dent to dependent regions. By definition, extravascular lung water (EVLW) is the
amount of water that is contained in the lungs outside the pulmonary vasculature,
composed of the sum of interstitial, intracellular, alveolar, and lymphatic fluid; how-
ever, pleural effusions did not include [1]. The EVLW monitoring and evaluation
play an essential role in pulmonary edema assessment.

5.2 Physiology of Lung Water

In human beings, about 700 million alveoli are contained in both lungs, with an
overall surface area of approximately 100 m2. The alveoli consist of an epithelial
layer, interstitium, and capillaries. The lungs work in a unique engineering fashion
since air circulates in the alveoli, while blood circulates in capillary surrounded
outside. The extravasation of fluid and solutes from the pulmonary microvessels
into the pulmonary interstitial tissue is a physiological phenomenon, which is usu-
ally constrained in the interstitium, with little possibility to reach the alveoli due to
the intact junctions of the alveolar epithelium. The process of fluid movement across
the barrier between pulmonary capillaries and interstitial spaces is determined with
the gradient of hydrostatic and oncotic pressure, as well as the filtration coefficient
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Fig. 5.1 The basic principle of the Starling’s law, EVLW is the result of balance between the
hydrostatic and oncotic pressure across the capillary and alveolus, and is influenced by drainage of
the lymph

of the alveolocapillary barrier, all of which bundled together and known as the
Starling’s law (Fig. 5.1), which is proposed by Ernest Starling as early as 1896 [2].
The doctrine status of the Starling model has been challenged for a long time.
Danielli found there was an endothelial surface layer lining the luminal side of the
capillary endothelium in 1940 [3]. Recent studies found a nonlinear relationship
between hydrostatic pressure and vascular permeability [4, 5]. Endothelial glycocalyx
(EG), which composed of glycosaminoglycans and proteins and coating the surface
of endothelial-like a gel, is believed to play a crucial role in extravasation prevention
[6]. Acting as a molecular sieve, EG can limit water and solute efflux across the inter-
cellular junction. Furthermore, EG provides scaffolding on which serum plasma pro-
teins accumulate and a layer of ultrafiltrate formed, which pulls fluid to the
intravascular compartment with the powerful oncotic force. Additionally, EG trans-
mitting the shear stress from blood flow to the endothelium cytoskeleton and initiating
intracellular signaling as a mechanosensor, increasing capillary permeability [7].
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The understanding of the pathophysiology of pulmonary edema goes further
based on the emerging role of EG. It is well acknowledged now that excessive fluid
extravasation could be induced by either a significant increase of capillary hydro-
static pressure or the damage of the EG layer, which is frequently seen in trauma
and ischemia/reperfusion injuries.

The pulmonary lymphatics serve as a drainage system, which presents along the
peribronchovascular, interlobular septa, and the pleural spaces are responsible for
EVLW clearance by actively removing fluid and solutes from the interstitial tissue
and poured into the superior vena cava through the thoracic duct continuously.
Zarins demonstrated that the lymph flow is about 20 mL/h normally and could
increase 5—-10 times to compensate for the increase of interstitial pressure [8]. Gee
reported that when transpulmonary pressure was increased to 20 cmH,O, water con-
tent contained by the peribronchovascular cuffs increased by 70% [9]. Further
extravasation of interstitial fluid is limited due to the progressive decrease of the
interstitial compartment compliance. This protection could be destroyed due to the
breakdown of interstitial proteoglycans, which caused loss of matrix integrity.

The dynamic equilibrium between the fluid leakage and lymphatic drainage is
essential to maintain the dryness of the lungs, and hence preserve the normal func-
tion of oxygenation.

In terms of the movement of extravasated fluid into the alveoli from the interstitium,
the process is quite faster. The mechanisms of alveolar fluid clearance (AFC) is respon-
sible for the removal of excess fluid from the alveoli to the interstitial tissue across the
alveolar epithelial barrier, in which the active ion transport plays a key role. The sodium
permeant ion channels expressed in the distal lung epithelium are responsible for
actively transport sodium back into the interstitial space, with chlorine and water fol-
lowing. Other molecular transporters including but not limiting the cystic fibrosis trans-
membrane conductance regulator, Na*-K*-ATPase, and several aquaporin water
channels. The process of isosmolar fluid transport across the distal lung epithelium is
upregulated by both catecholamine-dependent and -independent mechanisms [10].

The AFC rate depends on the species difference. In human beings, roughly on
the order of 25% per hour [11], whereas in mice may be as high as 50% per hour [12].

Regulated with the mechanisms described above, EVLW seldom exceeds 500 ml
in normal lungs; however, it may be 75-100% higher in the condition of alveolar
flooding. Typically, increased interstitial EVLW is caused by increased hydrostatic
pressure in the pulmonary capillaries (as occurs in congestive heart failure),
decreased oncotic pressure (such as hypoalbuminemia), or the increased permeabil-
ity of the alveolocapillary barrier (as in the ARDS) [13]. The accumulation of
EVLW in interstitial spaces will thicken the blood-air barrier (0.5-2 pm in the nor-
mal range), impede the gas exchange under the same alveolar-arterial difference of
oxygen, and reduce lung compliance.

It is well known that one of the major pathophysiological characteristics of
ARDS is the increase of pulmonary permeability and the increase of hydrostatic
pressure also prevalent due to fluid resuscitation. In the early phase of ARDS, the
increase in interstitial EVLW could be compensated by the enhancement of lym-
phatic drainage. Once the speed of drainage is overwhelmed by high filtration rate
and fluid enters the alveoli, the impaired active ion transport and lymphatic drainage
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network may not clear excess fluid effectively, leading to the accumulation of
EVLW, and what is worse is the flood of alveoli. Apart from ARDS, an increase of
EVLW is also seen in septic shock [14] and other critically ill patients.

Indexed to the body weight (mL/kg), instead of absolute value (ml), EVLWI is
better correlated with the oxygenation and the lung injury score, provide more accu-
rate information in predicting the mortality of patients with ARDS. After screening
a series of autopsies in Japan from more than 800 hospitals between 2004 and 2009,
Tagami and colleagues compared the postmortem lung weights, and converted to
EVLW with the following equation [15]:

EVLW (mL) =[0.56 x lung weight (g) |- 58.0.

Their results showed the mean value of EVLWI was 7.3 + 2.8 mL/kg in 534
normal lungs, and 13.7 = 4.5 mL/kg in 1688 lungs with diffuse alveolar damage
(DAD), respectively. The cut-off value higher than 10 mL/kg could establish the
diagnosis of DAD with a sensitivity of 81.3% and a specificity of 81.2%, therefore
lower than 10 mL/kg is regarded as the normal values of EVLWI.

It will be a great value to detect and quantify the EVLW in monitoring the pro-
gression of the illness, evaluating the severity, and accessing treatment response
accurately and timely. The histologic and gravimetric methods are good for experi-
mental study; however, they could not be used in the clinical scenario. Ideally, a
technique that fulfills the advantage of noninvasive, easy to implement, reproduc-
ible, and less expensive concomitantly is preferred by clinicians, which may pro-
vide enough information with sufficient sensitivity and specificity.

5.3 The Methods of EVLW Measuring

5.3.1 Gravimetry

Gravimetry remains as the golden standard in EVLW measuring. It is a precisely
laboratory postmortem technique, which measures the total lung water by weight-
ing the difference of lungs before and after desiccation. The amount of intravascular
lung water could be estimated by comparing the hematocrit in systemic blood and
lung specimen, assuming red blood cells do not cross the alveolar-capillary barrier,
although it is not always true. Subtracting intravascular lung water from total lung
water, we could know the EVLW.

5.3.2 Imaging Methods

The information provided by all imaging methods is spatially related, which means
that each pixel (picture) or voxel (volume) in a cross-sectional image of the lung
corresponding to a specific physical volume. Different from other solid organs, the
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lung is air-containing and the parenchyma in a specific region varies with the state
of lung inflation. The signal must be integrated over the entire lung to quantify
changes in images of EVLW.

It has to be pointed out that imaging methods (except for positron emission
tomography) just provide a rough estimation of total water content or concentration,
and could neither differentiate extravascular water from vascular water technically,
nor extracellular from intracellular water. If the blood volume varies with the hemo-
dynamic status, the data calculated from imaging methods may mislead the estima-
tion of EVLW.

5.3.3 Chest Radiography

Conventional chest roentgenogram is fast and easy to acquire method for detecting
the presence of pulmonary edema, describing the overall distribution with the lung,
and semi-quantifying the amount of exudate fluid. The typical signs such as pulmo-
nary “congestion,” vascular “redistribution,” peribronchial cuffing, perihilar “haze,”
septal (Kerley) lines, and “interstitial” pattern to the radiographic densities may
indicate the modest increases in EVLW (more than 35%) [16]. Further increase of
EVLW presents with acinar opacities, ground-glass opacities, and frank consolida-
tions. Initially, the distribution of increased radiographic density may be prominent
regionally, i.e., gravity-dependent lung regions, and even turned to be opacity with
the progression of fluid exudation.

In the clinical environment, the degree of interobserver variability and the lack of
sensitivity raised concerns about the accuracy of chest radiography monitoring. For
example, the interobserver variability ranged from 36% to 71% in diagnosing
ARDS based on the American-European Consensus Conference definition, after
reviewing 28 chest radiographs by 21 radiology experts [17]. Compared with CT,
the accuracy of chest radiography was only 72% in alveolar-interstitial pulmonary
edema assessment [18].

Apart from the limitations mentioned above, sometimes the X-rays are difficult
to interpret, which is often the case in supine ICU patients, influenced by the heart
and relaxed diaphragm. Besides, repeated radiation exposure brings safety risks to
chest X-ray photography, all of which require the use of more sensitive and accurate
techniques when evaluating EVLW.

5.3.4 Computed Tomography

Computed tomography (CT) enables the visualization of lung lesions from the apex
to the bottom, from the anterior to the posterior regions, and quantify the infiltrate
density of the lungs. In transverse sections of CT display, the arbitrary Hounsfield
units (HU) calibrated against substances of known density, could easily define the
spatial distribution of edema. Normally the value of 0 HU characterizes a voxel with
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a density equal to that of water and the value of —1000 HU characterizes a voxel
with a density equal to that of air. In isolated canine lungs, CT densitometry can
detect modest increases in EVLW [19].

The disadvantages of CT include exposure to large doses of ionizing radiation
(i.e., pregnant women or preterm infants), time-consuming, unrepeatable, and fac-
ing the risk of critically ill patient’s transportation. Different from the previous
studies, the most recent study questioned the diagnostic value of quantitative CT
analysis for the assessment of pulmonary fluid status in unselected critically ill
patients, mainly contribute to the real clinical routine other than a standardized
protocol, i.e., without an end-expiratory pause while receiving mechanical ventila-
tion [20].

5.3.5 Lung Ultrasonography

Although echocardiography is widely used in the ICU, the lung was not consid-
ered suitable for this imaging technology for a long time. Clinicians started the
exploration of lung ultrasound since 1989 and gradually turned it to be a valuable
point-of-care (POC) tool in the assessment of acute pulmonary diseases [21].
Healthy lung tissue is poorly penetrated by ultrasound due to the high acoustic
impedance of air, which is usually defined as “black” lung. However, in the con-
dition of increased EVLW, the air-fluid interface between collapsed, fluid-filled,
and aerated alveoli will result in the acoustic reverberation artifacts, which pro-
vide the possibility of transmission of ultrasound deep into the diseased lung
tissues.

With multimodal scanning of the anterior and lateral lung at different locations
with 5-13 MHz linear array or 1-6 MHz phased array ultrasound probes, a pan-
oramic impression of the complete lung and pleura could be achieved. B-lines
(also named lung rockets) are well-defined, hyperechoic artifacts arising from the
pleural line fanning down into the far-field of the screen without fading will dis-
play more than three in the condition of increased EVLW. In severe pulmonary
edema, more B-lines are seen in narrow distance apart, and merge to display
ground-glass rockets, also called “white lung.” The linear correlation between the
quantity of B-lines and the amount of EVLW is well acknowledged and make it
possible to a semi-quantitative estimation of EVLW by counting the number of
B-lines (Fig. 5.2).

Lung ultrasonography has high sensitivities and specificities in detecting EVLW
when compared with other methodologies such as chest radiology, CT, or transpul-
monary thermodilution. Combined with advantages of economic, fast, immediate,
and dynamic feedback, free of radiation exposure, lung ultrasonography is very
useful in daily clinical fluid management. Of course, standardized training is essen-
tial to limit the variation of the practitioner.
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Fig. 5.2 The illustration of the semi-quantitative estimation of EVLW by counting the number of
B-lines. In Severe cases, the B-lines almost merged

5.3.6 Nuclear Magnetic Resonance Imaging (MRI)

The principles of using MRI in evaluating EVLW are based on the fact that the
signal of any MR image is related to the number of protons present. Under the exter-
nal magnetic field, the hydrogen nuclei (protons) of water will align and keep in the
same direction. Resonance comes from absorption and subsequent release of energy
when the subject is irradiated with electromagnetic radiation in the form of a certain
radiofrequency pulse, which is applied and discontinued regularly.

Although the lung is difficult to image since the overall density is low and sub-
sequently MR signal is weak, early studies in excised animal lungs have demon-
strated excellent correlations between gravimetric and MRI water content [22, 23].
However, it is impractical to use in the human examination due to long imaging
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times of T2-decay (>6 min per slice) [24], since it should be completed within a
single breath-hold.

The development of rapid imaging techniques such as submillisecond echo time
(TE) gradient echo (GRE) imaging makes it possible to measure the proton density of
the lung in a single breath-hold [25]. Theilmann et al. adapted GRE sequence to col-
lect 12 images alternating between two closely spaced echoes in a single 9-s breath-
hold, and the resulting data were fit with a single exponential decay function to
determine T2* and lung water by back-extrapolating signal to an echo time of zero
[26]. Albeit absolute values may be overestimated a little bit (errors are systematic and
less than 10%, ~10 g), this technique has been proved reliable and valid compared
with the ex vivo gravimetric method, regardless of lung volume or density, which
enables the assessment of lung water content in a single breath-hold, and thus may
offer significant advantages in the study of human lung disease and physiology [27].

5.3.7 Indicator Dilution Methods
5.3.7.1 Transpulmonary Thermo-Dye Dilution

When injected via central venous, freely diffusible (heat/cold) and a non-diffusible
(indocyanine green dye which binds to albumin) indicator each have the same flow
but through different volumes of distribution. The difference in the mean transit
times of the two indicators is, therefore, extravascular thermal volume (ETV). Since
compared with the extravascular water content of the lung, the extravascular water
content of myocardium and non-pulmonary blood vessels is small, ETV and EVLW
are usually considered to be equivalent.

Lewis introduced the thermos-green dye dilution technique in the early 1980
[28] and validated against gravimetry in human beings [29]. In detail, 10 mL of cold
(0 "C) indocyanine green dye (4 mg) is injected rapidly into superior vena cava
through a central catheter, then withdrawn by syringe pump through a densitometer
cuvette attached to the femoral catheter with the speed of 30 mL/min, and recorded
the curves of both the thermodilution and dye concentration versus time. The col-
lected data is processed by the computer and EVLW is derived from the difference
between the volume of distribution of the indicator diffusing into the extravascular
space (cold) and of the green dye remaining in the circulation. As the double indica-
tor dilution technique, thermos-dye dilution has been replaced by the single indica-
tor thermodilution technique and is not available in the market anymore.

5.3.7.2 Transpulmonary Thermodilution (TPTD)

TPTD uses a cold indicator delivered into a central vein and detected by a thermis-
tor tipped catheter in the aorta (either in the femoral or axillary artery), resulting in
the recording of a thermodilution curve. During pulmonary transit, the presence of
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pulmonary edema will result in the indicator loss by warming the fluid bolus, and
this loss of indicator is used to quantify EVLW. The application of TPTD is based
on the assumption that the pulmonary blood volume represents 20% of the intra-
thoracic blood volume (ITBV), or 25% of the global end-diastolic volume (GEDV),
which comes from the observations reported by Sakka et al. in 2000 [30]. Due to
the individual variability between pulmonary blood volume and ITBV, TPTD is
only the best estimation, instead of a precise measure of EVLW [31].

Compelling evidence showed the power of TPTD in early and accurate measuring
EVLW. In a porcine model of hydrostatic pulmonary edema conducted by Bongard,
a strong linear association exist between ELVW and increase in perivascular cuff
width to vessel diameter ratio, interalveolar septal width, and alveolar flooding, and
100% increase of EVLW is required before the onset of hypoxemia or histologic
changes [32]. In another porcine study, researchers demonstrated that TPTD could
detect a modest increase of EVLW, even only 50 mL of saline is instilled into the
trachea [33]. In terms of reliability, the coefficient of variation of EVLW ranging
from 4.8 to 8% suggests it is highly reliable [34]. In the case report of ARDS induced
by 2009 pandemic influenza A (HIN1) virus, the maximum of EVLWI once reached
33 mL/kg, coincidence with poor respiratory compliance and low PaO,/FiO, ratio,
and decreased with the improvement of clinical symptoms and respiratory parame-
ters, showing its high value of monitoring EVLW dynamically [35].

Since the central venous and arterial cannulation are common in ICU, TPTD
monitoring is easy to perform. By measuring the cardiac preload concomitantly, it
is possible to differentiate increased capillary permeability from the increased
hydrostatic pressure, which is typically seen in ARDS and cardiac failure, respec-
tively. It must be pointed out that the TPTD only measures lung water in perfused
areas of lung and therefore rely on the homogenous distribution of pulmonary per-
fusion. Mismatch of ventilation-perfusion will lead to errors in the estimation of
EVLW, e.g., pulmonary embolism, lung resection, and high level of positive end-
expiratory pressure.

Until now, TPTD is the only methodology available at the bedside to evaluate the
amount of EVLW, with the advantage of nonoperator dependent, nurse-performed,
and helpful in differentiating the etiology of pulmonary edema. However, the rela-
tively high cost and invasive nature limit its widespread use.

5.4 Conclusion

Assessment of lung water is crucial in pulmonary edema diagnosis and manage-
ment. Several methodologies are available to quantify lung water, depending not
only on the understanding of the unique advantages and limitations of these
approaches but also the availability of expertise in each modality’s application and
interpretation. Currently, gravimetry is deemed as the experimental reference
method and transpulmonary thermodilution as the clinical reference method, while
lung ultrasonography stands for the promising tool.



216 H.-L.Li

References

1. Jozwiak M, Teboul JL, Monnet X. Extravascular lung water in critical care: recent advances
and clinical applications. Ann Intensive Care. 2015;5(1):38.

2. Starling EH. On the absorption of fluids from the connective tissue spaces. J Physiol.
1896;19(4):312-26.

3. Danielli JF. Capillary permeability and oedema in the perfused frog. J Physiol.
1940;98(1):109-29.

4. Tarbell JM, Demaio L, Zaw MM. Effect of pressure on hydraulic conductivity of endothe-
lial monolayers: role of endothelial cleft shear stress. J Appl Physiol (Bethesda MD 1985).
1999;87(1):261-8.

5. Collins SR, Blank RS, Deatherage LS, Dull RO. Special article: the endothelial gly-
cocalyx: emerging concepts in pulmonary edema and acute lung injury. Anesth Analg.
2013;117(3):664-74.

6. Rehm M, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, Chappell D, Stoeckelhuber M,
Welsch U, Reichart B, et al. Shedding of the endothelial glycocalyx in patients undergoing major
vascular surgery with global and regional ischemia. Circulation. 2007;116(17):1896-906.

7. Weinbaum S, Tarbell JM, Damiano ER. The structure and function of the endothelial glycoca-
lyx layer. Annu Rev Biomed Eng. 2007;9:121-67.

8. Zarins CK, Rice CL, Peters RM, Virgilio RW. Lymph and pulmonary response to isobaric
reduction in plasma oncotic pressure in baboons. Circ Res. 1978;43(6):925-30.

9. Gee MH, Williams DO. Effect of lung inflation on perivascular cuff fluid volume in isolated
dog lung lobes. Microvasc Res. 1979;17(2):192-201.

10. Matthay MA, Folkesson HG, Clerici C. Lung epithelial fluid transport and the resolution of
pulmonary edema. Physiol Rev. 2002;82(3):569-600.

11. Verghese GM, Ware LB, Matthay BA, Matthay MA. Alveolar epithelial fluid transport and the
resolution of clinically severe hydrostatic pulmonary edema. J Appl Physiol (Bethesda MD
1985). 1999;87(4):1301-12.

12. Fukuda N, Folkesson HG, Matthay MA. Relationship of interstitial fluid volume to alveolar
fluid clearance in mice: ventilated vs. in situ studies. J Appl Physiol (Bethesda MD 1985).
2000;89(2):672-9.

13. Kushimoto S, Taira Y, Kitazawa Y, Okuchi K, Sakamoto T, Ishikura H, Endo T, Yamanouchi S,
Tagami T, Yamaguchi J, et al. The clinical usefulness of extravascular lung water and pulmo-
nary vascular permeability index to diagnose and characterize pulmonary edema: a prospective
multicenter study on the quantitative differential diagnostic definition for acute lung injury/
acute respiratory distress syndrome. Crit Care. 2012;16(6):R232.

14. Martin GS, Eaton S, Mealer M, Moss M. Extravascular lung water in patients with severe
sepsis: a prospective cohort study. Crit Care. 2005;9(2):R74-82.

15. Tagami T, Sawabe M, Kushimoto S, Marik PE, Mieno MN, Kawaguchi T, Kusakabe T, Tosa
R, Yokota H, Fukuda Y. Quantitative diagnosis of diffuse alveolar damage using extravascular
lung water. Crit Care Med. 2013;41(9):2144-50.

16. Snashall PD, Keyes SJ, Morgan BM, McAnulty RJ, Mitchell-Heggs PF, McLvor JM, Howlett
KA. The radiographic detection of acute pulmonary oedema. A comparison of radiographic
appearances, densitometry and lung water in dogs. Br J Radiol. 1981;54(640):277-88.

17. Rubenfeld GD, Caldwell E, Granton J, Hudson LD, Matthay MA. Interobserver variability in
applying a radiographic definition for ARDS. Chest. 1999;116(5):1347-53.

18. Lichtenstein D, Goldstein I, Mourgeon E, Cluzel P, Grenier P, Rouby JJ. Comparative diagnos-
tic performances of auscultation, chest radiography, and lung ultrasonography in acute respira-
tory distress syndrome. Anesthesiology. 2004;100(1):9-15.

19. Forster BB, Muller NL, Mayo JR, Okazawa M, Wiggs BJ, Pare PD. High-resolution computed
tomography of experimental hydrostatic pulmonary edema. Chest. 1992;101(5):1434-7.

20. Saugel B, Wildgruber M, Staudt A, Dieckmeyer M, Holzapfel K, Kaissis G, Kirov MY,
Kuzkov VV, Schmid RM, Huber W. Quantitative computed tomography in comparison with



21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Extravascular Lung Water Monitoring 217

transpulmonary thermodilution for the estimation of pulmonary fluid status: a clinical study in
critically ill patients. J Clin Monit Comput. 2019;33(1):5-12.

Lichtenstein DA. BLUE-protocol and FALLS-protocol: two applications of lung ultrasound in
the critically ill. Chest. 2015;147(6):1659-70.

Hayes CE, Case TA, Ailion DC, Morris AH, Cutillo A, Blackburn CW, Durney CH,
Johnson SA. Lung water quantitation by nuclear magnetic resonance imaging. Science.
1982;216(4552):1313-5.

Cutillo AG, Morris AH, Blatter DD, Case TA, Ailion DC, Durney CH, Johnson
SA. Determination of lung water content and distribution by nuclear magnetic resonance. J
Appl Physiol Respir Environ Exerc Physiol. 1984;57(2):583-8.

Estilaei M, MacKay A, Whittall K, Mayo J. In vitro measurements of water content and T2 relax-
ation times in lung using a clinical MRI scanner. J] Magn Reson Imaging. 1999;9(5):699-703.
Hatabu H, Alsop DC, Listerud J, Bonnet M, Gefter WB. T2* and proton density measurement
of normal human lung parenchyma using submillisecond echo time gradient echo magnetic
resonance imaging. Eur J Radiol. 1999;29(3):245-52.

Theilmann RJ, Arai TJ, Samiee A, Dubowitz DJ, Hopkins SR, Buxton RB, Prisk
GK. Quantitative MRI measurement of lung density must account for the change in T(2) (¥)
with lung inflation. J Magn Reson Imaging. 2009;30(3):527-34.

Holverda S, Theilmann RJ, Sa RC, Arai TJ, Hall ET, Dubowitz DJ, Prisk GK, Hopkins
SR. Measuring lung water: ex vivo validation of multi-image gradient echo MRI. J Magn
Reson Imaging. 2011;34(1):220-4.

Lewis FR, Elings VB, Hill SL, Christensen JM. The measurement of extravascular lung water
by thermal-green dye indicator dilution. Ann N'Y Acad Sci. 1982;384:394-410.

Mihm FG, Feeley TW, Jamieson SW. Thermal dye double indicator dilution measurement of
lung water in man: comparison with gravimetric measurements. Thorax. 1987;42(1):72-6.
Sakka SG, Ruhl CC, Pfeiffer UJ, Beale R, McLuckie A, Reinhart K, Meier-Hellmann
A. Assessment of cardiac preload and extravascular lung water by single transpulmonary ther-
modilution. Intensive Care Med. 2000;26(2):180-7.

Michard F. Bedside assessment of extravascular lung water by dilution methods: temptations
and pitfalls. Crit Care Med. 2007;35(4):1186-92.

Bongard FS, Matthay M, Mackersie RC, Lewis FR. Morphologic and physiologic correlates of
increased extravascular lung water. Surgery. 1984;96(2):395-403.

Fernandez-Mondejar E, Rivera-Fernandez R, Garcia-Delgado M, Touma A, Machado J,
Chavero J. Small increases in extravascular lung water are accurately detected by transpulmo-
nary thermodilution. J Trauma. 2005;59(6):1420-3; discussion 1424.

Allison RC, Carlile PV Jr, Gray BA. Thermodilution measurement of lung water. Clin Chest
Med. 1985;6(3):439-57.

Li HL, Wang ZY, Yao GQ, Zhu X. Monitoring extravascular lung water in acute respiratory
distress syndrome induced by probable 2009 pandemic influenza a (HIN1) virus: report of two
cases. Chin Med J. 2010;123(9):1225-7.



Part I1
Applications of Respiratory Monitoring



®

Check for
updates

Chapter 6
Acute Respiratory Distress Syndrome

Yu-Mei Wang and Guang-Qiang Chen

Acute respiratory distress syndrome (ARDS) can be caused by several diseases. The
symptoms are characterized as impaired gas exchange, decreased lung compliance,
increased lung weight, and widespread involvement of the lung parenchyma. No
matter what causes ARDS, the treatment of symptoms is mandatory to save time for
the resolution of the underlying process [1]. ARDS patients need mechanical venti-
lation [2]. The mortality of mechanically ventilated patients remains as high as
30—40% [3]. Despite being life-saving, mechanical ventilation also can be harmful
for the lungs as well as the diaphragm [4]. During mechanical ventilation, especially
passive ventilation, inappropriate ventilator settings can worsen lung injury, which
is called ventilation-induced lung injury (VILI). In the transition to assisted ventila-
tion, harmful patient—ventilator interactions might occur. Understanding the physi-
ology of ARDS and better respiratory monitoring will help clinicians adapt the best
available evidence with the ultimate goal of improving morbidity and mortality.
This chapter summarizes respiratory monitoring in ARDS to provide more protec-
tive ventilation. Most of the physiological concepts are mentioned above.

6.1 Physiology of ARDS

The concept of ARDS was born more than 50 years ago. Ashbaugh and colleagues
reported 12 cases of young patients with severe acute respiratory failure with bilat-
eral pulmonary infiltrates, decreased compliance, poor oxygenation refractory to
supplemental oxygen, and in some cases impaired carbon dioxide clearance [5].
The current Berlin definition characterizes ARDS by bilateral lung infiltrates on
chest imaging due to pulmonary edema [2]. Three main physiological consequences
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are included in ARDS: a defect in oxygenation, a high dead space, and a dramatic
reduction in lung volumes as illustrated by a functional residual capacity of around
40% predicted and this reduction is inhomogeneous [6]. In addition, the study of
chest computed tomography (CT) reported that the lung was heterogeneous and a
small amount of air remained in aerated areas [7]. This led to the popular concept of
“baby lung” proposed by Gattinoni and Pesenti, which refers to the small amount of
normally aerated lung units [8]. The first CT scan images obtained in ARDS patients,
show that densities were preferentially distributed in the dependent lung regions, but
relatively less in the independent lung area. This view is in contrast to the commonly
accepted lung heterogeneity in ARDS patients. CRS has decreased accordingly not
because of stiffer lungs, but due to a small number of aerated lung units with normal
compliance. Therefore, with mechanical ventilation, the insufficiency of a given VT
in a small aerated lung will generate higher pressures in ARDS than in normal lungs.

These characteristics may have clinical consequences, which is defined as VILI,
(1) barotrauma (alveolar air leaks such as pneumothorax, pneumomediastinum, or
subcutaneous emphysema) [9]; (2) volutrauma (overdistension of aerated lung
regions) [10]; (3) atelectrauma (repeated opening and closing of some lung regions)
[11]; (4) decreased cardiac output by means of a decrease in the left ventricular
preload [12]; and an increase in right ventricular afterload up [13]. All these conse-
quences are harmful to the patients.

Imbalance of lung ventilation and perfusion is also an important characteristic of
ARDS [14]. Because of lung heterogeneity, some lung regions are better ventilated
than perfused (such as dead space), whereas others are less ventilated than perfused
or nonventilated at all (i.e., intrapulmonary shunt) [15]. Dead space is related to lung
microcirculatory occlusion, to a certain extent to shunt and potentially to distension,
and is an independent predictor of mortality in ARDS [16]. Impaired CO, clearance
is the main clinical consequence of dead space and it can be corrected by increasing
alveolar ventilation. And the main clinical consequence of intrapulmonary shunt is
hypoxemia without significant improvement by an increase of FiO, [15].

6.2 Monitoring Gas Exchange

In general, FiO, can be monitored by the ventilator to ensure that sufficient concen-
tration of O, is delivered to the patient, and then pulse oximetry or by blood gas
analyses can be used to monitor the patient’s oxygenation status.

The O,_hemoglobin saturation can quite well be estimated by continuous mea-
surement of pulse oxymetric saturation (SpO,), which can be easily obtained. But
the disadvantage is that there may be an important discrepancy between the blood
O, saturation (Sa0O,) and SpO, and that the measurement accuracy is much lower at
lower SaO2. In addition, a precondition is that the patient has to have an adequate
peripheral perfusion, or it is not so accurate.

PaO, might be continuously monitored by blood gas analysis or an arterial cath-
eter. However, continuous PaO, required transducers which have to be inserted in an
artery and are difficult to maintain if clotting around the catheter tip as well as
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measurement drift. Therefore, it is seldom used in the ICU. Henceforth, frequent
arterial blood samples and PaO, measurement via a blood gas analyzer are required.
This is the most common oxygenation monitoring. It is important to consider that
PaO, is different from tissue oxygenation in interpreting blood gas results.
Furthermore, oxygenation, perfusion, and metabolism in different organs and tis-
sues are very different. Thus, mixing different parameters and techniques to esti-
mate the condition of ARDS patients is the key to monitor oxygenation. There are
no studies to investigate the level of the lowest acceptable PaO,. In the ARDSNet
trials, they enrolled a large number of patients with the target oxygenation range of
55-80 mmHg. On the contrary, in one study cognitive impairment was found asso-
ciated with PaO, levels <60 mmHg [17]. Thus, PaO, >60 mmHg may be adequate
for the patients, but some other values need to be assessed including the patient’s
cardiac output (CO), hemoglobin level as well as metabolic demand. Maybe the
oxygen transport (Da0,) to the tissues is more comprehensive which include CO
and hemoglobin level.

In addition, in most cases, mixed venous oxygen partial pressure (PvO,) may be
more important than PaO,. Because it is primarily related to the oxygen tension in
the tissues (but it should be noted that it reflects the mixing of oxygen tension in all
organs and tissues).

As the physiologies of ARDS are dead space and intrapulmonary shunt, dead
space can be assessed using volumetric capnography [15], while intrapulmonary
shunt is related to alveolar flooding or lung atelectasis and can be assessed using the
shunt equation requiring a pulmonary artery catheter (Details see above). The
amount of CO, elimination in the lung is directly proportional to the alveolar venti-
lation. The elimination of pulmonary CO, can be monitored by volumetric exhaled
CO, measurement (the CO, signal is integrated with the expired flow) for in-line or
side stream infrared CO, analysis [18].

CO, elimination is dependent not only on the pulmonary circulation but also on
the pulmonary ventilation as well as CO, production (i.e., metabolism). Thus, if
CO, excretion has a sudden decrease at stable ventilation, this may lead to pulmo-
nary perfusion to a sudden decrease, for example, pulmonary emboli or a reduction
in cardiac output. Similarly, the reduction in CO, excretion without any change in
circulation is due to deteriorated ventilation, e.g., at PCV reduced compliance
(secretions edema or lung collapse) or increased airway obstruction by secretion.

6.3 Monitoring Respiratory Mechanics

The mechanics of the respiratory system correlate with the airway pressure, the
pleural pressure, the flow rate, the lung volume, the tidal volume, and the condition
of the lungs and chest wall. As a result, in a very heterogeneous lung in ARDS
patients, the local strain (lung tissue deformation or volume change) and the trans-
pulmonary pressure (airway pressure-pleural pressure) are different in different
locations [19, 20]. It is important to pay attention that the outcome depends on the
condition of the respiratory system and the patient position.



224 Y.-M. Wang and G.-Q. Chen

In short, the lung mechanics is the forces (i.e., pressures) required to inflate a
certain amount of gas into the lung including two different parts: one is the force
needed to overcome the resistance to airflow in the endotracheal tube and in the
airways (flow-resistive pressure); the other one is the force requiring to overcome
the elastic properties of the lungs and the chest wall (elastic recoil pressure).

6.3.1 Flow Resistance

One important thing is to monitor flow resistance. Although some methods can be
used to estimate flow resistance, some principles are important and need to keep in
mind. First, resistance is dependent on the flow rate. Secondly, inspiratory resis-
tance is different from expiratory resistance, and resistance depends on the patient’s
airways and a variable extent on the endotracheal tube resistance. There are two
easy monitoring methods to monitor flow resistance: one is a computation of inspi-
ratory resistance under a constant inspiratory flow:

. (Peak pressure — Plateau pressure)
Flow resistance =

Inspiratory flow rate

the other is an assessment of whether the flow has ceased at end-inspiration (during
pressure-controlled ventilation) or at end-expiration. If not, this is because a time
constant (resistance x compliance) of the system is too long for inspiratory and
expiratory time according to the ventilator settings, respectively. In ARDS patients,
this is due to either high resistance or too short expiratory time. Too short expiratory
time has been used to induce auto-PEEP in order to keep the lungs open (inverse
ratio ventilation) (Auto-PEEP is mentioned above).

6.3.2 Monitoring the Condition of Lung and Chest Wall

Monitoring the condition of the lung and chest wall is the other important thing,
such as plateau pressure, elastance, compliance, driving pressure, and so on. Lung
and chest wall compliance, elastance can be obtained by all the parameters men-
tioned above, including VT, plateau pressure, PEEP, and so on (Details are below).

6.3.2.1 Plateau Pressure

Assuming that all alveoli are opened, plateau pressure (Pplat) reflects end-inspiratory
alveolar pressure [21]. A short end-inspiratory occlusion (0.3 s) is sufficient to esti-
mate injurious pressure applied to the alveoli, especially in passive breathing.
During spontaneous breathing, measuring Pplat might be possible also using an
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end-inspiratory occlusion if no effort is detected, but this requires validation [22].
Pplat is strongly correlated with the risk of pneumothorax and other consequences
of overdistension [23]. Boussarsar et al. found an increasing risk of pneumothorax
when Pplat was greater than 35 cmH,O [23], and a safety limit of 30 cmH,0O was
deemed protective in a large randomized controlled trial [24]. However, Terragni
and colleagues found with a Pplat greater than 28 cmH,O had a higher risk of over-
distension on CT scan and higher proinflammatory cytokine levels in bronchoalveo-
lar lavage than those with a lower Pplat [25] at patients in a cohort of patients with
ARDS ventilated with a Pplat below 30 cmH,0O. Nowadays, maintaining Pplat at or
below 28 cmH,0 as used in a large trial seems to be a reasonable and safe threshold.

6.3.2.2 Elastance and Compliance

Suter and colleagues first used the beat oxygen delivery to titrate the PEEP level
[26]. They found that the best oxygen delivery was associated with the best compli-
ance of respiratory system (Cgs), suggesting that compliance could be used to set
the level of optimal PEEP. Grasso and colleagues reported different effects of high
PEEP levels on Cgg according to the lung recruitability [27]. The Cgs depends on the
lung recruitability. However, one major caveat of Cgs is that it may be artificially
increased by intratidal recruitment. Therefore, repeated lung and airway opening
and closing need to be avoided, or setting PEEP according to the best Cgg could be
very misleading.

6.3.2.3 Driving Pressure (AP)

Ventilation with a AP value below 20 cmH,O was associated with a lower risk of
pneumothorax as compared with conventional ventilation with large tidal volumes
[28]. In a post hoc analysis of large randomized trials, Amato and colleagues found
that a AP value greater than 14-15 cmH,O was independently associated with
higher mortality [29]. Moreover, beneficial effects of VT reduction or high PEEP
levels on mortality were mediated by a decrease in AP. However, whether a ventila-
tion strategy according to AP would result in better outcomes is still unknown.

6.3.2.4 Transpulmonary Pressure (PL) and Esophageal Pressure

At end-inspiration, PL is a more reliable measurement of the distending pressure of
the lung than Pplat. Because Pplat depends not only on PL, but also on pleural pres-
sure (Ppl). Indeed, in some patients, Ecw is responsible for almost 50% of the Egg,
while in other cases is approximately 15-20% [30]. Grasso and colleagues [31]
enrolled 14 patients with refractory ARDS referred for consideration of extracorpo-
real membrane oxygenation (ECMO). They were all ventilated with a Pplat greater
than 30 cmH,0. Half of them had PL at end-inspiration (PL,ei) below 25 cmH,O0,
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suggesting a significant contribution of the chest wall to the increase Pplat.
Increasing PEEP up to a PL,ei of 25 improved oxygenations without the need for
ECMO. PL.ei might also be assessed in spontaneous breathing patients with an
esophageal balloon catheter doing an end-inspiratory occlusion [32].

PL at end-expiration (PL,ee) is the pressure distending the lungs at end-
expiration. Negative PL,ee values are common in ARDS, potentially favoring cyclic
reopening and closing of alveoli during ventilation and atelectrauma [33]. In ARDS,
setting PEEP to a positive PL,ee was associated with improved physiological
parameters and was well tolerated compared with setting PEEP according to an
oxygenation Table [34]. However, the absolute value of esophageal pressure reflects
the pleural pressure at mid-chest [35]. Different part of the chest has different Ppl,
which can be monitored by esophageal pressure (Details are above). In addition, it
does not specifically indicate whether the lung is recruitable or not.

Recently, Yoshida and coworkers carried out a study to confirm the validity of
the esophageal pressure to assess regional pleural pressure in pigs and human
cadavers embalmed to preserve tissue elasticity [35]. The Ppl gradient between the
nondependent and the dependent part of the chest was higher in pigs with injured
lungs than healthy lungs, which may indicate higher in human cadavers (around
10 cmH,0) confirm Ppl heterogeneity. PL calculated using esophageal pressure
was reliable; however, it was not reliable in calculating the Ppl in the nondepen-
dent and the dependent part of the chest cavity [35]. Moreover, the elastance-
derived method was a good surrogate to calculate PL,ei for the actual PL in the
nondependent part of the chest cavity. Therefore, the use of PL using the elas-
tance-derived method may be used to estimate the risk of overdistension in the
nondependent part of the lung, while the use of absolute values reflects pleural
pressure at mid-chest.

6.3.2.5 Work of Breathing and Esophageal Pressure-Time Product

Work of breathing (WOB) is the energy expenditure of respiratory muscles to gen-
erate a volume. And Campbell diagram can be used to calculate WOB as the area
enclosed by the product of the change in Pmus and change in volume. WOB per
minute can be calculated (in joules per minute [J/min]) and normalized to the tidal
volume (effort per unit of volume displaced, in joules per liter [J/L]). In healthy
subjects at rest, WOB ranges from 2.4 to 7.5 J/min and from 0.2 to 0.9 J/L [36].

6.3.2.6 End-Expiratory Lung Volume

It is recommended that end-expiratory lung volume (EELV) can be measured to
evaluate whether the lung is collapsed or overinflated and to set or assess the effect
of PEEP. EELV could be assessed by CT scan and CT is the golden tool to measure
EELV. But CT is cumbersome and has radiation risk at frequent repeated exposure.
Therefore, CT cannot be used as a monitoring routine tool at bedside, and especially
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for monitoring EELV or its changes, such as recruitment and overdistention by dif-
ferent interventions.

Another way is gas dilution techniques. However, the limitation of the tracer gas
dilution techniques is the closed-circuit method, which requires patient disconnect-
ing from the ventilator. This disadvantage makes this technology hardly as a moni-
tor technique. Because of this disadvantage, an improved method, open-circuit
multi breathing nitrogen well flushing technology, is proposed. In contrast, it is now
incorporated in one ventilator brand is quite easy to handle and gives acceptable
estimates of EELV [37]. However, one thing should be considered that the obtained
EELYV is only the volume in lungs. If EELV increases with PEEP, it is important to
determine whether the increase in EELV is due to overinflation of open units,
increased in normal lung volume, or recruiting previously collapsed lung units or a
combination of all.

6.3.2.7 Mechanical Power

Mechanical power is the combination of pressure, volume, flow, and respiratory
rate, which may be a more reliable predictor of VILI. 12 J/min may be a meaningful
threshold of VILI, and may be a predictor of mortality and survival. What is more,
mechanical power may be a predictor of mortality (For details refer to Chap. 2).

The aim of mechanical ventilation is to provide adequate gas exchange without
further injuries to the lungs and other organs. Lung mechanics (such as pressures,
volumes, and flow) and lung imaging enable the clinician to ensure they provide as
much lung-protective ventilation as possible. Lung mechanics monitoring is very
important to avoid VILI.

6.4 Monitoring by Lung Imaging

ARDS lungs are very heterogeneous and it is not possible to assess the regional dif-
ferences in lung mechanical properties with conventional lung mechanics.
Physiological respiratory parameters cannot provide regional information. For this
reason, the other choices are chest CT or electrical impedance tomography (EIT).
CT is a golden method to provide regional ventilation information. However, CT is
an excellent method for diagnosis and understanding of the underlying deterioration
in lung morphology, but too demanding for monitoring [38]. It is impossible using
CT for monitoring at bedside. On the other hand, EIT is more useful for monitoring
and evaluating the regional effects of PEEP, recruitment maneuvers, and ventilation
[39]. EIT is no-radiation, dynamic, and simple way for monitoring. And EIT can
provide different regional information, including ventilation distribution, the per-
centage of overdistention and collapse, center of ventilation, and so on.

Another useful method is lung and diaphragm ultrasound, which is suitable to
diagnose lung consolidation and pleural conditions [40]. Lung ultrasound is a
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bedside method, which is developing rapidly in the recent years. Lung ultrasound is
ideal for both diagnosing and intermittent monitoring. What is more, the ultrasound
is easy to get and can be used at bedside. Diaphragm ultrasound allows the nonin-
vasive quantification of inspiratory efforts during assisted ventilation using a linear
probe (>10 MHz) positioned on the zone of apposition of the diaphragm. The mea-
surement of diaphragm ultrasound has been validated in critically ill patients [41].

6.5 Monitoring of Adequate PEEP by Lung
Mechanics Monitoring

PEEP setting is a difficult ventilation element to choose. There are lots of methods
for selecting optimal PEEP. An optimal PEEP is a pressure at end-expiratory, which
should be set at an end-expiratory pressure that prevents: expiratory collapse, intra-
tidal collapse, and re-expansion (recruitment-derecruitment); and end-expiratory
and end-inspiratory overdistension. It is essential to ARDS patient; however, still
not set using suitable methods. Also, since in ARDS the lung is very heterogeneous,
in other words, lung regions close to each other have extremely different specific
lung volumes and compliances [20], the general methods setting PEEP are always a
compromise and could never be completely “optimal.”

Based on lung mechanics, there are many approaches to select PEEP. Exclued
lung imaging methods, the most common methods for PEEP setting all use respira-
tory mechanics. Static pressure-volume curve is the classical way to set PEEP. PEEP
is set at the pressure where inspiratory compliance increases, which can be revealed
by the “lower inflection point” (LIP). Ventilation operates on the steep part of P-V
curve, between LIP and the pressure at the “upper inflection point” (UIP), when
compliance suddenly decreases, indicating excessive expansion. However, the most
important pressure is the pressure at which a large number of lung regions begin to
collapse, and this pressure occurs on the expiratory limb of the loop, where compli-
ance is maximal.

Another method is based on the oxygenation goal (ARDS network PEEP/FIO,
table) proposed by ARDSNet. PEEP according to the PEEP/FIO, table of the
National Institutes of Health ARDS network trial [42] (PEEP/FIO, table), PEEP and
FIO, were titrated to maintain PaO, between 55 and 80 mmHg or SpO, between
88% and 95%. This is the most common way to select PEEP. However, this method
just considers the oxygenation but ignores lung and chest wall condition.

As P-V curve has some limitations, there are some other technologies to select
PEEP. A PEEP trial can estimate similar pressure as reducing or increasing PEEP
slowly after a maximum recruitment is performed [43]. The pressure with best or
highest Cgg (or lowest AP) is found and the “optimal” PEEP is 2 cmH,O above the
pressure, which is CRS-related method or AP-related method. However, this kind
of maneuver is only useful if the lungs can be recruited, mainly in early ARDS. Non-
recruitment patients may have no highest Cyg or lowest AP.

Another selection may be stress index (SI). Since time shows a linear volume
increase at a constant flow, SI can be considered as a tidal volume/pressure curve,
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that is, the instant slope of the curve equaling to the Ers if the resistance is constant.
Therefore, the slope (SI > 1) and volume increasing over time indicate that Ers
increases, i.e., overinflation. In contrast, a decrease in slope (SI < 1) indicates a
decrease in Ers, such as tidal volume recruitment, while a straight line (SI = 1) indi-
cates that Ers is constant. Although physiologically reasonable, it is not clear
whether PEEP can reduce VILI or improve outcome.

Except all these methods, there are still some methods according to lung mechan-
ics, such as the ExPress trial [44]: PEEP was adjusted to reach a Pplat between 28
and 30 cmH,0, transpulmonary pressure, and esophageal pressure. They all have
their advantages and disadvantages.

With the development of technology, EIT can be used to select optimal PEEP. And
it may be the simplest way at bedside. There are many EIT parameters to select
PEEP. The simplest way is to use the center of ventilation (COV) representing the
distribution of ventilation across the chest from the ventral to dorsal [45-47]. If
most ventilation moves in the ventral region and PEEP increases, a shift of COV
from ventral to dorsal regions indicates that PEEP has a positive response. During
the decremental PEEP maneuver, another way to assess the risk of atelectasis is to
observe the change in end-expiratory lung impedance (AEELI) over time [48], or
regional ventilation delay (RVD) [49]. When PEEP is reduced, there is always an
associated decrease in EELV (and in EELI) which will be much greater if associated
with derecruitment. Setting PEEP above the level associated with a decrease in
AEELI of 10% during a decremental PEEP trial resulted in improved oxygenation
and lower AP compared with PEEP setting according to the low PEEP/FIO, table in
16 patients with a baseline PaO,/FIO, below 300 mmHg [48]. RVD is a measure of
tidal recruitment in passively breathing patients. Areas of repetitive opening and
closing of alveolar units would likely have delays, the higher the value the greater
degree of tidal recruitment. Monitoring ventilation distribution now is available to
quantify the degree of regional compliance changes when PEEP is titrated.
Compliance changes relative to each PEEP is graphically computed to demonstrate
compliance loss related to high PEEP (i.e., overdistension) and low PEEP (i.e., col-
lapse), which is so-called Costa’s method to calculate the percentage of overdisten-
tion and collapse [50]. The lowest sum of collapse and overdistension will be the
optimal PEEP, which will lead to less lung injury. This point of intersection may
represent the balance of risk versus benefit. Recently, some researches carried out
trials using this method selecting optimal PEEP.

6.6 Monitoring Airway Closure

Small airway injury was found in experimental and autopsy studies in ARDS [51].
This can be interpreted as the results of repeated airway opening and closing during
tidal breaths at low PEEP levels. Chen and colleagues [52] conducted a study based
on the analysis of low-flow inflation P-V curves in ARDS. The study gave attention
to that in about 1/3 of patients, the initial part of the slope can be superimposed to
the P-V curve of a blocked circuit indicating complete closure of the airways.
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However, the esophageal pressure is unchanged during that period whereas airway
pressure increases dramatically [52]. Therefore, this may indicate complete airway
closure while the “baby lung” remains aerated on the chest CT scan. Respiratory
monitoring can help clinicians discover airway closure as early as possible to avoid
lung injury.

6.7 Monitoring Dyssynchrony

Dyssynchrony will occur as an appropriate ventilation setting. It is essential to
distinguish all kinds of dyssynchrony. Clinical assessment by visual observation
will provide many important information on patient’s synchrony. The ventilator’s
screen displays flow, Paw, and tidal volume waveforms which can be sufficient to
diagnose some dyssynchronies [53]. Nevertheless, more precise detection can be
obtained using additional monitoring tools such as esophageal balloon or electrical
activity of the diaphragm (EAdi). Esophageal pressure is directly dependent on
respiratory muscle activity with granting dyssynchrony assessment. EAdi can be
displayed on a ventilator screen along with the other waveforms providing useful
information on patient’s neural respiratory times and its synchrony with ventilator
delivery. This is a minimally invasive way to monitor patient—ventilator dyssyn-
chrony as most of the ventilated ICU patients require a feeding tube (details
see above).

6.8 Conclusion

Mechanical ventilation is life-saving for ARDS patients and provides a unique win-
dow on the lung pathophysiology on which management should be guided.
Additional tools such as esophageal pressure monitoring, electrical activity of the
diaphragm, or bedside lung imaging by EIT add a lot to our understanding and for
delivering a personalized approach to mechanical ventilation. It is possible to pre-
vent VILI and maintain acceptable gas exchange according to the obtained informa-
tion from respiratory system monitoring, such as gas exchange, lung mechanics,
and imaging monitoring. With respiratory monitoring, precise mechanical ventila-
tion will come soon. It can provide an individual ventilation setting in order to avoid
unnecessary lung injury.
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Chapter 7
Obstructive Pulmonary Disease

Jian-Xin Zhou and Hong-Liang Li

Patients with obstructive pulmonary diseases, mainly including chronic obstructive
pulmonary disease (COPD) and asthma, compromise a considerable proportion of
mechanically ventilated patients in the intensive care unit (ICU) [1]. Mechanically
ventilated patients with comorbidity of COPD might have a longer duration of ven-
tilation with difficult weaning. Nowadays, modern ventilators can display pressure-,
flow-, and volume-time tracings, as well as pressure-volume and flow-volume
curves at the bedside. Additionally, advanced respiratory mechanics monitoring
modalities, such as esophageal pressure and electrical activity of the diaphragm, are
available to provide sophisticated analysis of breathing efforts and diaphragm func-
tion. This information facilitates early identification of abnormalities, detection of
patient-ventilator asynchrony, and optimization of mechanical ventilation settings.
In this chapter, based on the introduction of the main pathophysiologic alterations
in patients with obstructive pulmonary diseases undergoing mechanical ventilation,
we will discuss respiratory mechanics monitoring, specifically on the measurement
of dynamic hyperinflation and air trapping. In the end, we will briefly introduce the
principle for ventilation management in this population.

7.1 Dynamic Hyperinflation and Intrinsic Positive
End-Expiratory Pressure

The central pathophysiologic change in patients with obstructive pulmonary disease
is the airflow obstruction induced increase in airway resistance, which results in
dynamic hyperinflation and intrinsic positive end-expiratory pressure (PEEP).
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Airflow obstruction occurs as distal airway diameter is constricted by broncho-
spasm, mucosal and interstitial edema, and dynamic airway collapse during expira-
tion [2, 3]. The cause of airway obstruction during exacerbating COPD is different
from that during asthma, with increased airway collapsibility resulted from lung
parenchyma devastation and decreased lung elastance in the former, and with
increased thickness of airway wall resulted from inflammation and decreased col-
lapsibility in the latter [4, 5].

Normally, lung volume returns to the relaxed volume at the end of passive expi-
ration. This relaxed lung volume is defined as a functional residual capacity (FRC)
during spontaneous breathing. In patients with increased expiratory resistance due
to airflow obstruction, the end-expiratory lung volume (EELV) may increase above
the predicted FRC. This phenomenon is defined as lung hyperinflation, which can
be further classified as static hyperinflation induced by the destruction of pulmonary
parenchyma and loss of alveolar elastic recoil, and dynamic hyperinflation induced
by a slowed lung emptying. Along with the increase in EELV, end-expiratory alveo-
lar pressure increases, which is also called intrinsic PEEP [6].

The mechanical causes of dynamic hyperinflation include:

—_—

. Increased expiratory resistance resulting in longer time constant;

2. Reduced lung elastance resulting in decreased expiratory driving pressure;

3. Expiratory flow limitation defined as the inability of augmentation of expiratory
flow regardless of an increased expiratory driving pressure [7];

4. High respiratory rate with short expiratory time impairing complete exhalation
to relaxed lung volume;

5. A high tidal volume may occur during mechanical ventilation.

The consequences of hyperinflation and intrinsic PEEP include:

1. The increased inspiratory load threshold
During assist mechanical ventilation, the patients with intrinsic PEEP have to
generate an additional pleural pressure to counterbalance the intrinsic PEEP to
trigger the ventilator. This can be considered as a wasted energy cost of breathing
because inspiratory muscle contraction to counterbalance intrinsic PEEP does
not generate inspiratory flow. The increased inspiratory muscle load tends to
result in muscle fatigue and patient-ventilator asynchrony such as ineffective
triggering [8, 9].
2. Increased elastic load
Because of the increase in EELYV, inspiratory muscles generate tidal breathing
at a higher lung volume, which represents the flattened part of the pressure-
volume curve. A greater effort is needed to produce a given tidal volume.
3. Decreased capacity of pressure generated by inspiratory muscles
The elevated EELV and intrinsic PEEP push diaphragm downward, resulting
in shortened muscular fibers and decreased diaphragm moving amplitude [10].
The rib cage expanding action is also reduced due to the hyperinflation induced
rib cage distortion. Additionally, respiratory muscle blood flow is worsened by
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intrinsic PEEP and dynamic hyperinflation. Consequently, the capacity of inspi-
ratory muscles to generate inspiratory pressure decreases.
4. Impaired gas exchange
Several factors contribute to gas exchange impairment [11]. Airway obstruc-
tion produces regional hypoventilation. Emphysema results in loss of the capil-
lary bed and hyperinflated alveoli compresses the pulmonary capillaries. These
factors tend to increase dead space. Besides, concomitant pneumonia and conges-
tive heart failure also contribute to ventilation-perfusion mismatch and hypoxemia.
5. Cardiovascular dysfunction
Positive intrathoracic pressure due to intrinsic PEEP reduces venous return
and thereafter cardiac output [12]. Dynamic hyperinflation compresses alveolar
capillaries increasing pulmonary vascular resistance and right ventricular after-
load, ultimately inducing right heart failure. The initiation of mechanical ventila-
tion and the use of sedatives during endotracheal intubation produce hypotension.

7.2 Respiratory Mechanics Monitoring in Passive Patients
Without Spontaneous Breathing

In relaxed patients undergoing passive ventilation, the observation of flow-time
tracing can reliably identify dynamic hyperinflation by a far from zero end-
expiratory flow, which indicates an end-expiratory alveolar pressure higher than the
atmospheric pressure or the applied PEEP (Fig. 7.1). The flow-volume loop can also

Airway pressure
(cm H,0)

Flow
(Ls)

Fig. 7.1 The expiratory flow does not return to the baseline at the beginning of the next initiation
of inspiratory effort observed from the flow-time curve
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Fig. 7.2 The measuring of intrinsic PEEP by performing an end-expiratory occlusion

provide similar information (Please refer to Fig. 2.14b) (for detail please see Chap.
2, Sect. 2.8: flow-volume loop). By conducting end-expiratory occlusion, static
intrinsic PEEP can be measured (Fig. 7.2). In combination with end-inspiratory
occlusion, the static compliance of the respiratory system can be obtained. In
patients with dynamic hyperinflation and intrinsic PEEP, the calculation of static
compliance should be calibrated by intrinsic PEEP, otherwise, the true compliance
will be underestimated [13]. However, it has to be noted that, in patients with severe
asthma, measured intrinsic PEEP may underestimate end-expiratory alveolar pres-
sure because of prevalent airway closure [14].

Tidal airway closure represents the cyclic opening and closing of peripheral air-
ways, which is commonly observed in COPD and asthma [15]. Low-flow pressure-
volume curves can be used to detect airway closure [16]. The initial portion of the
pressure—volume curve presents an extremely low slope, corresponding to the com-
pliance of the ventilator circuit. Later, the slope abruptly changes above a given
level of airway opening pressure (Please refer to Fig. 2.11). Simultaneous use of
electrical impedance tomography with a pressure-volume curve maneuver can be
used to support the diagnosis of airway closure [17]. Electrical impedance tomogra-
phy images show that almost no gas enters the lung during the initial period of infla-
tion even in the non-dependent lung region [17]. Additionally, electrical impedance
tomography can also provide information about regional airway closure.

Expiratory flow limitation can be evaluated in passive patients by externally
applying augmentation of driving pressure, including abdominal compression and
negative expiratory pressure technique [7]. During a tested breath, a negative
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pressure is applied during expiration to create an increase in driving pressure. The
obtained flow-volume loop is compared with the breath without negative expiratory
pressure. For a detailed description, please see Chap. 2, Sect. 2.8.

Dynamic hyperinflation-induced elevation of EELV can be measured at the bed-
side using release and prolonged expiration maneuver [18]. Pneumotachograph is
used to perform flow rate measurement and volume integration. During end-
expiratory occlusion, a release maneuver can be conducted by disconnecting the
patient from the ventilator with the pneumotachograph remaining on the artificial
airway, until the flow tracing reaches zero, which indicates a completed expiration
to the relaxed volume (Fig. 7.3). The volume passively exhales during the release
maneuver is defined as the lung volume change induced by external and intrinsic
PEEP. The measurement performed without the application of PEEP corresponds to
the increase in EELV due to dynamic hyperinflation.
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Fig. 7.3 At the end-expiratory occlusion, a release maneuver by disconnect the patient from the
ventilator leading to further exhalation from end-expiratory lung volume to functional lung volume
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7.3 Respiratory Mechanics Monitoring in Patients
with Spontaneous Breathing

Intrinsic PEEP can be measured using esophageal pressure in spontaneously breath-
ing patients undergoing assist ventilation [13]. The detailed method of measurement
is presented in Chap. 2, Sect. 2.2.

Quasi compliance of the respiratory system can also be measured during pres-
sure support ventilation [19]. A brief inspiratory hold during inspiration results in a
satisfactory plateau pressure measurement, and thus provides driving pressure to
calculate compliance (Fig. 7.4).

In clinical settings, it is not easy to measure intrinsic PEEP at the bedside, since
the use of an end-expiratory occlusion is not always suitable due to incomplete
patient’s relaxation and Pes measurement is not frequently used. In this term, NAVA
has a great advantage since the ventilator is triggered by the electrical activity of the
diaphragm (Eadi) instead of airflow and pressure change, which avoid the delay of
flow delivering due to the existence of intrinsic PEEP. At the same time, the intrinsic
PEEP could be estimated correctly, by multiplying the value of Eadi at the onset of
inspiratory flow (auto-Eadi) and the occlusion Pmusc/Eadi index, a calculated value
which is named as the auto-PEEPg,; could provide a clinically acceptable estima-
tion of intrinsic PEEP derived from Pes monitoring. Since the Pmusc/Eadi index is
about 1.5-fold larger in occlusion than dynamic condition, usually a 1.5 should be
divided, which means the equation should be expressed as [20]:

Auto — PEEP,

et = auto — Eadix dynamic Pmusc / Eadi index /1.5

7.4 Principle for Ventilation Management

The initial objective of mechanical ventilation in patients with obstructive pulmo-
nary diseases is to preserve gas exchange. Studies have shown that the use of non-
invasive ventilation in exacerbated COPD patients decreases the intubation rate and
length of stay in hospitals [21]. However, some patients, especially those with
severe respiratory acidosis, will not succeed for noninvasive ventilation and will
need invasive ventilation via artificial airway. For noninvasive ventilation, please
see Chap. 9.

For asthmatic patients, the decision to intubate is based on the patient’s condition
and response to bronchodilators. Progressive exhaustion and fatigue in spite of max-
imal therapy, as well as consciousness alteration, are an indication for intubation.

The major principle of mechanical ventilation in obstructive pulmonary disease
should be avoiding or attenuating dynamic hyperinflation and intrinsic PEEP [22,
23]. Adequate expiratory time is essential for the settings of mechanical ventilation.
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Fig. 7.4 Plateau pressure could be measured by perform inspiratory occlusion during pressure
support ventilation. Panels a, b, ¢ demonstrated three possible conditions respectively
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Fig. 7.4 (continued)

For example, in a patient with exacerbation of COPD undergoing volume-controlled
ventilation with the constant inspiratory flow, the mean maximal expiratory flow is
250 mL/s. When respiratory rate and inspiratory to expiratory ratio are set as
20 breaths/min and 1:2, the patient has 2 s to exhale 500 mL. Thus, if tidal volume
is set higher than 500 mL, dynamic hyperinflation will occur iatrogenically. No mat-
ter what ventilation model is selected, monitoring of expiration should be performed
periodically to allow lung emptying. For severe asthmatic patients, a relatively
small tidal volume and a higher inspiratory flow have been recommended to pre-
serve expiratory time and minimize dynamic hyperinflation.

To counterbalance intrinsic PEEP during ventilator triggering, PEEP may be
applied in patients with COPD. The PEEP level is usually set as 80% of baseline
intrinsic PEEP, which has been explained by the waterfall analogy [6]. However, for
patients with severe asthma, applying PEEP may be dangerous because dynamic
hyperinflation is due to fixed airflow obstruction.

The Eadi signal is a promising tool for monitoring and calculating intrinsic
PEEP, and help to titrate the external PEEP level. During NAVA mode, the inspira-
tory effort necessary to overcome intrinsic PEEP is significantly lower than flow or
pressure triggered ventilatory mode and less affected by the decrease of external
PEEP. What’s more important, if used in noninvasive ventilation, NAVA improves
patient-ventilator interaction, both in terms of more accurate triggering, cycling-off,
and proportionality of assist to patient’s effort [24].
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Chapter 8
Patient-Ventilator Asynchrony

Xu-Ying Luo and Jian-Xin Zhou

8.1 Definition and Epidemiology

Mechanical ventilation is one of the most important life-supporting strategies for
patients with critical illnesses, which aims to improve gas exchange and decrease
the patient’s work of breathing and unload the respiratory muscles [1-3]. Optimal
patient-ventilator interaction is essential to achieve these goals. Therefore, neuro-
muscular blockade was always administrated to eliminate the patient’s respiratory
efforts and controlled ventilation was used in the old days. As assisted ventilatory
modalities are employed and new generation ventilators are developed, neuromus-
cular blockade prescription is decreasing and the interaction between the patient
and the ventilation attracts more attention.

Patient-ventilator asynchrony (PVA) is defined as a mismatch between the patient
and ventilator in terms of inspiratory and expiration times [4]. Although a variety of
new ventilator modalities such as assist controlled ventilation (ACV), pressure-
regulated volume control (PRVC), pressure support ventilation (PSV), and propor-
tional assist ventilation (PAV) were developed, and more ventilator settings could
also be adjusted for the needs of patients, including triggering sensitivity, rise time
of ventilator delivery and cycling criteria, asynchronies are still very common, espe-
cially in critically ill patients.

PVA has been evaluated in some studies, with incidence varied from 16% to 80%,
due to the differences in the detection methods used, evaluation periods, and popula-
tion studied [5-7]. It occurs in all kinds of mechanical ventilation modes and all
stages of mechanical ventilation, including the trigger phase, breath delivery phase,
termination of inspiration, and expiratory phase, which is influenced by the condition
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of the patient (patient’s inspiratory drive, disease process), ventilator settings (trigger,
sensitivity, flow delivery, and cycling criteria), and sedation levels [3, 8, 9]. PVA
could be evaluated by an asynchrony index, defined as the number of asynchrony
events divided by the total respiratory rate, which is the sum of ventilator cycles and
wasted efforts and expressed as a percentage [10]. And a high prevalence of asyn-
chrony (AI >10%) may be associated with adverse outcomes, such as prolonged
duration of mechanical ventilation and hospital stay and increased mortality [9, 10].

Asynchrony Index = number of asynchrony events / total respiratory
rate (Ventilator cycles + wasted efforts) x100%

8.2 Detection Methods

There have been a lot of studies that evaluated the prevalence of patient-ventilator
asynchrony, and airway pressure and flow signals were the most frequently used,
which has been proved to be reliable [10]. However, there are still some limitations.
The interpretation of these waveforms depends on the experience of clinicians, type
of asynchronies [11], and the reliance on the internal measurements of the ventila-
tor. Some types of asynchronies may be missed or misread even by experienced
clinicians [11-13]. Esophageal pressure, respiratory muscle electromyograms,
transdiaphragmatic pressure measurement, and electrical activity of the diaphragm
(EAdi) have also been used to detect asynchronies, which are more accurate but
invasive and not routinely used during daily clinical practice.

8.2.1 Airway Pressure and Flow Waveforms

As a noninvasive method, interpretation of airway pressure and flow waveforms
could help clinicians to recognize patient-ventilator asynchronies, and its accuracy
and validity of detection of ineffective triggering and double triggering have been
demonstrated comparable with esophageal pressure signals [10]. Airway pressure
and flow signals could be obtained at the bedside, and the clinicians could make
proper adjustments in time. However, its validity of detection of auto-triggering,
reverse triggering, and cycling asynchrony remains uncertain [12, 14].

8.2.2 Esophageal Pressure

Esophageal pressure (Pes) has been used as a surrogate for pleural pressure to moni-
tor the patient’s respiratory drive and inspiratory effort, which could be obtained at
the bedside. Usually, a negative Pes swing indicates an inspiratory effort, which
triggers the ventilator to deliver one breath cycle. Asynchrony could be identified by
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comparing the time occurrence of the change in Pes with that of the airway pressure
and flow. As a negative Pes swing indicates an inspiratory effort, which could also
help to identify auto-triggering, reverse triggering, and cycling asynchronies accu-
rately [3, 15].

Pes could be obtained by a specific catheter with a balloon. To obtain accurate
Pes measurements, the esophageal balloon should be placed in the lower two-thirds
of the intrathoracic esophagus, which is determined by an occlusion test [16].
However, the results could also be influenced by mediastinal loading, variations of
esophageal elastance, and amplitude of the cardiac oscillations [17]. Despite Pes
monitoring is a minimally invasive procedure with accurate detection of asynchro-
nies, it is not routinely used in the clinical setting.

8.2.3 Electrical Activity of the Diaphragm

The electrical activity of the diaphragm (EAdi) represents the patient’s neural
respiratory drive, which could be used to monitor the onset of neural inspiration
and expiration. EAdi could be obtained easily through a nasogastric tube with
multiple electrodes and recorded by the software. Some studies have used EAdi to
detect patient-ventilator asynchronies, which is more accurate and sensitive than
airway pressure and flow waveforms only, especially in the detection of auto-trig-
gering, reverse triggering, premature and delayed termination [18, 19]. It could
also help to differentiate reverse triggering from double triggering, depending on
the first inspiration that is triggered by the patient or the ventilator [20]. However,
considering its invasiveness, cost, technical challenges, and contraindications,
such as severe coagulopathy, diagnosed or suspected esophageal varices, and his-
tory of esophageal or gastric surgery, EAdi is not routinely used to monitor asyn-
chronies in the clinical practice. Some authors have demonstrated the linear
relationship between EAdi and respiratory muscle surface electromyography
(EMG), which may also be used to detect the activity of inspiratory muscles in
patients under ventilation [21].

8.3 C(lassification

Patient-ventilator asynchrony could be classified based on the phases of the ventila-
tor breathing cycle, including triggering phase, flow delivery, cycling off phase, and
expiratory phase. Asynchrony can happen at every phase of breath [3, 8, 22]. Airway
pressure, flow, Pes, and EAdi signals can be used to detect and classify different
types of asynchronies (Table 8.1).
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Table 8.1 Definition of different types of patient-ventilator asynchronies was based on flow,
airway pressure, and esophageal pressure waveforms

Respiratory
phase Asynchrony | Definition
Triggering Ineffective Refers to a patient’s inspiratory effort but not followed by a
triggering ventilator cycle, indicated by a decrease in pressure drop
(=0.5 cm H,0) associated with a simultaneous increase in the
flow [10]
Double Refers to two cycles separated by a very short expiratory time,
triggering defined as less than one-half of the mean inspiratory time, and
the first cycle being patient-triggered [10]
Reverse Refers to inspiratory efforts triggered by the ventilator in a
triggering repetitive and consistent manner [16]
Auto- Refers to an assisted breath delivered by the ventilator that is not
triggering triggered by the patient (without a prior airway pressure
decrease) [10]
Flow Insufficient Refers to the ventilator’s flow setting is lower than patient’s
delivery flow demand, indicated by a dish-out of pressure waveform [23]
Excessive flow | Refers to the ventilator’s flow setting is higher than the patient’s
demand, indicated by a peaking of pressure waveform
(overshoot) at the beginning of the inspiration [23]
Cycling off | Premature Refers to the termination of the ventilator cycle despite the
termination patient’s effort continued, indicated by a sharp decrease in the
expiratory flow followed by an increase and then a decrease
gradually to the baseline [23]
Delayed Refers to a patient’s expiratory effort starting before the
termination ventilator switch to the expiratory phase, indicated by a spike in
the airway pressure waveform and a rapid decrease of the
inspiratory flow towards the end of mechanical inspiration [23]
Expiratory | Intrinsic PEEP | Refers to the magnitude of the end-expiratory pressure in excess

of the set extrinsic PEEP, indicated by a sudden onset of
inspiratory flow prior to the expiratory flow curve returning to
zero [34]

8.3.1 Triggering Asynchrony

Triggering asynchronies include ineffective triggering, double triggering, reverse
triggering, and auto-triggering.

1. Ineffective triggering refers to a patient’s inspiratory effort but not followed by a
ventilator cycle, defined as a decrease in pressure drop (>0.5 cm H,O) associated
with a simultaneous increase in the flow [10]. Ineffective triggering usually
occurred among patients with chronic obstructive pulmonary disease (COPD),
asthma, and those with intrinsic PEEP (PEEPi), as well as diminished respira-
tory drives, such as deep sedation and patients with brain stem injuries.
Additionally, improper triggering thresholds of the ventilator could also lead to
ineffective triggering. It can occur during both mechanical inspiratory phase and
expiratory phase, under both pressure support ventilation and mandatory ventila-
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tion (Fig. 8.1). Most of the ineffective triggering can be detected by airway pres-
sure and flow waveforms. Combined with pes or EAdi signals can improve the
accuracy and sensitivity of detecting ineffective triggering than airway pressure
and flow waveforms only [18, 19]. Ineffective triggering may be eliminated by
reducing pressure support or inspiratory duration to decrease tidal volume and
applying extrinsic PEEP to decrease the patient’s inspiratory effort to trigger the
ventilator [23, 24].

2. Double triggering was defined as two cycles separated by a very short expiratory
time, defined as less than one-half of the mean inspiratory time, the first cycle
being patient-triggered [10]. For most patients, there is a pressure drop and flow
change in the pre-inspiratory phase, which indicates an inspiratory effort of the
patient (Fig. 8.2). Some authors classified three types of DT according to the first
breath, including patient-triggered, auto-triggered, and ventilator-triggered [25].
Double triggering is usually caused by a greater inspiratory effort and an insuf-
ficient level of pressure support [10]. It may lead to hyperinflation, even
ventilator-induced lung injury [26]. Double triggering could be reduced by pro-
longing the inspiratory time, decreasing the expiratory flow-cycle threshold,
switching to PSV mode, and decreasing the patient’s respiratory effort through
sedation medication [25].

3. Reverse triggering refers to those inspiratory efforts triggered by the ventilator in
a repetitive and consistent manner [15]. Pes and EAdi, as an indicator of the
patient’s inspiratory effort, combined with the flow and airway pressure, can be
used to identify reverse triggering (Fig. 8.3). It has been observed in deeply
sedated patients, brain-dead patients, and those with ARDS [15, 20, 27]. Reverse
triggering may cause diaphragmatic muscle fiber damage, increase of work of
breathing and oxygen consumption, enlarged tidal volume, and increased trans-
pulmonary pressure [9]. There have been several hypotheses on pathophysiolog-
ical mechanisms, such as Hering-Breuer reflex, vagal nervous fibers, and cortical
and subcortical influences [20], which are still unclear. Similar to double trigger-
ing, reverse triggering may lead to hyperinflation, even ventilator-induced lung
injury, due to enlarged tidal volume and higher plateau pressure in volume-control
ventilation. Some authors reported that reverse triggering might be eliminated by
adjustment of the mechanical rate or tidal volume and neuromuscular blockers,
which need further study [15, 28].

4. Auto-triggering refers to an assisted breath delivered by the ventilator that is not
triggered by the patient (without a prior airway pressure decrease) [10]. It can be
caused by inappropriately triggering sensitivity, flow change produced by the
cardiac oscillations, and leaks of the ventilator circuit. Auto-triggering may lead
to hyperventilation, misjudgment of the patient’s spontaneous breath leading to
hypoventilation, even wrong clinical decisions [29]. Under pressure support ven-
tilation, auto-triggering could be detected by an absence of airway pressure
decrease before inspiration, and could also be distinguished by trigger sensitivity
adjustment. Therefore, careful evaluation of the patient and inspection of the
airway pressure and flow signals are important to detect auto-triggering. Besides,
Pes and EAdi monitoring could help in the detection of auto-triggering.
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Fig. 8.1 Flow, airway pressure, and esophageal pressure recordings showing ineffective triggering
occurring both during the expiratory phase (dotted line) and during the inspiratory phase (solid

line); during pressure support ventilation (PSV) (a) and during pressure assist-control ventilation
(PA/C) (b)
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Fig. 8.1 (continued)
8.3.2 Flow Asynchrony

Flow asynchrony refers to a mismatch between ventilator flow and patient’s inspira-
tory demand, including insufficient inspiratory flow (dish-out of pressure wave-
form) and excessive flow (overshoot of pressure waveform). It may occur during
either flow-targeted breaths or pressure-targeted breaths [22].
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Fig. 8.2 Flow, airway pressure, and esophageal pressure recordings showing double triggering
occurring during pressure support ventilation (PSV)

8.3.2.1 Insufficient Flow

When the ventilator’s flow setting is lower than the patient’s demand, a dish-out of
pressure waveform could be observed. Under flow-targeted breaths, such as volume-
control ventilation, the inspiratory flow or peak flow is usually set by the clinician.
When the patient’s inspiratory demand is higher than the peak flow of the ventilator,
a downward deflection of pressure-time waveform could be observed (Fig. 8.4). The
accessory respiratory muscle of the patient may be used. It could be resolved by
increasing the peak flow of the ventilator, changing to pressure mode, or decreasing
the patient’s inspiratory demand [22]. On pressure-targeted breaths, such as pres-
sure support and pressure control ventilation, the speed of flow delivery depends on
the rise time set by the clinician. When the patient’s respiratory demand is higher, a
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Fig. 8.3 Flow, airway pressure, and esophageal pressure recordings showing reverse triggering
occurring during pressure assist/control ventilation (PA/C)

drop of pressure-time waveform could be seen [22] (Fig. 8.5). It could be resolved
by shortening the rise time, increasing applied pressure, or decreasing the patient’s
respiratory demand.

8.3.

2.2 Excessive Flow

When the ventilator flow setting is higher than the patient’s demand, a peaking of
pressure waveform (overshoot) at the beginning of the inspiration could be observed
(Fig. 8.6). It could be resolved by reducing the inspiratory flow in the volume-
control ventilation, reducing the applied pressure or prolonging the rise time in the

pre

ssure mode [3, 22].
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Fig. 8.4 Flow, airway pressure, and esophageal pressure recordings showing insufficient flow
delivery occurring during volume assist/control ventilation (VA/C)

8.3.3 Cycling Asynchrony

As the inspiratory phase ceases, the exhalation valve opens and the expiration phase
begins. This process is termed as cycling. There are four cycle variables, including
pressure cycling, time cycling, volume cycling, and flow cycling [30]. Cycling
asynchrony is defined as a mismatch between the patient and the ventilator in terms
of expiratory times starting, including premature termination and delayed termina-
tion. Both can occur during pressure support ventilation and mandatory
ventilation.

1. Premature termination refers to the termination of the ventilator cycle despite the
patient’s effort continued [22]. The inspiratory muscles continue to contract after
the end of ventilator inspiration. A sharp decrease in the expiratory flow followed
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Fig. 8.5 Flow, airway pressure, and esophageal pressure recordings showing insufficient flow
delivery occurring during pressure assist/control ventilation (PA/C)

by an increase and then a decrease gradually to the baseline may be observed
[31] (Fig. 8.7). For some patients, the inspiratory muscle contraction may cause
the ventilator to deliver a second breath, which is identified as double triggering.

Sometimes, it is difficult to distinguish from ineffective triggering. While Pes
and EAdi signals may help to identify the deflection at the beginning of the expi-
ratory phase is caused by either the unfinished inspiratory effort or another new
inspiratory effort that fails to trigger the ventilator. Premature termination is usu-
ally caused by the patient’s high inspiratory demand, short ventilator inspiratory
time, and high flow-cycling percentage. It may cause decreased tidal volume;
while, if a second ventilator breath is triggered (double triggering), it may result
in a larger tidal volume and even lung injury [32]. Premature termination could
usually be eliminated by prolonging ventilator inspiratory time, increasing pres-
sure support, lowering flow-cycling percentage, and decreasing the patient’s
respiratory demand.
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8.6 Flow, airway pressure, and esophageal pressure recordings showing excessive flow deliv-
(overshoot) occurring during pressure support ventilation (PSV)

Delayed termination refers to a patient’s expiratory effort starting before the ven-
tilator switch to the expiratory phase, which is indicated by a spike in the airway
pressure waveform and a rapid decrease of the inspiratory flow towards the end
of mechanical inspiration [22] (Fig. 8.8). It may be difficult to detect depending
on the pressure and flow waveforms only when there is no patient’s expiratory
muscle contraction. We also need Pes and EAdi signals indicating the patient’s
neural expiratory starting. Usually, it could be caused by excessive support, long
inspiratory time, and large tidal volume, and lead to insufficient expiratory time,
large tidal volume, air-trapping, and PEEPi. Delayed termination could be
resolved by adjusting cycling off threshold, including reducing inspiratory time,
decreasing applied pressure, and increasing flow-cycling percentage, as well as
switching to pressure support mode. Additionally, the optimal cycling setting
may need to be adjusted according to the patient’s demand.
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Fig. 8.7 Flow, airway pressure, and esophageal pressure recordings showing premature termina-
tion occurring during pressure support ventilation (PSV)

8.3.4 Expiration

At the end of expiration, airway pressure should decrease to PEEP and flow gradually
decrease to zero in normal condition. For patients with PEEPi, a sudden onset of
inspiratory flow before the expiratory flow curve returning to zero can be observed
(Fig. 8.9). PEEPi is usually caused by dynamic hyperinflation and air-trapping, due to
large tidal volumes, rapid respiratory rates, and insufficient expiratory time. It could
be measured by a pause maneuver at end-expiration under mandatory ventilation
without a patient’s inspiratory effort. However, when there is significant airway clo-
sure, it may be difficult to detect through airway pressure and flow waveforms, which
is common in patients with COPD, asthma, and sometimes in those with ARDS [33].
PEEPi may lead to hemodynamic disorders, such as bradycardia, hypotension, and
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Fig. 8.8 Flow, airway pressure, and esophageal pressure recordings showing delayed termination
occurring during pressure assist/control ventilation (PA/C)

even cardiac arrest. Additionally, the patient has to overcome the PEEPi to trigger the
ventilator, which may cause triggering delay and ineffective triggering, and increase
work of breathing. In most situations, it could be reduced by several measures, includ-
ing decreasing the set respiratory rate to prolong the expiratory time, increasing the
set extrinsic PEEP to decrease the patient’s work to trigger the ventilator, and appro-
priate sedation to prevent the patient triggering the ventilator [34].

8.3.5 Automated Detection of Asynchrony

Airway pressure and flow waveforms, combined with Pes and EAdi monitoring
could detect most types of asynchronies. However, it is time-consuming, dependent
on experienced physicians, and cannot provide real-time information. Some authors
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occurring during pressure support ventilation (PSV)

reported the ability to recognize asynchrony through ventilator waveforms was
associated with clinicians’ experiences [11]. Therefore, automatic detecting meth-
ods have been developed, which make it possible to continuously monitor asyn-
chrony, detect asynchrony in a large population, analyze risk factors, and improve
patient-ventilator interaction. Mulqueeny et al. [35] developed an algorithm embed-
ded in a ventilator system that could accurately detect ineffective triggering and
double triggering in real-time. Sinderby et al. [36] introduced another automated
algorithm, by analyzing the ventilator pressure and EAdi waveforms and comparing
their timings, to detect asynchrony, and the efficiency and accuracy were compara-
ble with experienced clinicians. Blanch et al. [9] used the software (Better Care TM,
Barcelona, Spain) to detect asynchronies, including ineffective triggering during
expiration (IEE), double triggering, aborted inspirations, and short and prolonged
cycling. Sottile et al. developed a computerized algorithm, based on Python and the
SciPy scientific stack, which could accurately detect double triggered breaths,
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ineffective triggering, premature ventilator termination, and flow-limited breaths
[37]. However, they used only airway pressure, flow, and volume waveforms of the
ventilator, whose validity and accuracy remains uncertain [12, 14].

In brief, automated systems could detect some frequent types of asynchronies.
They could not detect all asynchronies unless combined with Pes or EAdi. However,
through these automated systems, it is feasible to detect some frequent types of
asynchronies continuously, including ineffective triggering, double triggering, and
premature termination at the bedside. It may also be able to alert clinicians in real-
time and make adjustments accordingly in the future.

8.4 Summary

Patient-ventilator asynchrony is very common in critically ill patients. Patients with
a high incidence of asynchrony were found to have a longer duration of mechanical
ventilation, longer ICU stays, and possibly higher hospital mortality. Most asyn-
chronies could be detected by airway pressure, flow, and volume waveforms. Pes
and EAdi monitoring as minimally invasive procedures that could help identify
asynchrony more accurately; however, they are not routinely used in the clinical
setting. As some automated systems have been developed, it is feasible to detect
some frequent types of asynchronies continuously in real-time. It could also be
embedded in a ventilator system that could accurately detect asynchronies and alert
clinicians to make appropriate adjustments to reduce patient-ventilator
asynchronies.
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Chapter 9
Noninvasive Ventilation

Hao-Ran Gao, Rui Su, and Hong-Liang Li

Noninvasive ventilation (NIV) refers to mechanical ventilation without invasive
artificial airways. There have been many noninvasive methods of assisted ventila-
tion in the past, including negative pressure ventilator, rocking bed, pneumobelt,
diaphragm pacing, and high-frequency oscillatory ventilation. However, in com-
parison to other noninvasive methods, noninvasive positive pressure ventilation
(NIPPV) has become the dominant positive pressure ventilation method in the
world due to its effectiveness and convenience, the use of a mask (or interface) to
transfer gas from a positive pressure ventilator to the nose or mouth.

9.1 Noninvasive Positive Pressure Ventilation (NIPPV)

Mechanical ventilation that delivers gas to the airway through a mask or “interface”
is called noninvasive positive pressure ventilation (NIPPV). It allows air leaks
through the mouth or around the mask. The optimization of patient comfort and
acceptance and effective management of air leaks are the keys to NIPPV’s suc-
cess [1].

Indications for noninvasive positive pressure ventilation [2]:

Strong evidence (Level A):

1. Acute exacerbations of COPD
2. To facilitate weaning in COPD
3. Acute cardiogenic pulmonary edema (use of CPAP)
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4. Immunocompromised patients
Reasonable evidence (Level B):

. Postoperative respiratory failure
. Asthma

. Not intubating patients

. Obstructive sleep apnea

. Obesity hypoventilation

W AW N =

Cohort series, case reports (Level C):

. During bronchoscopy

. Cystic fibrosis

. Restrictive lung diseases

. Upper airway obstruction

. Acute respiratory distress syndrome

W AW N =

The exclusion criteria for NIPPV:

. Cardiac arrest

. Hemodynamic shock

. Life-threatening myocardial ischemia
. Dangerous arrhythmias

. Patients who do not cooperate

. Airway surgery

AN AW =

9.2 Human-Ventilator Interface

Interfaces are devices that connect ventilator tubing to the face, facilitating the
pressurized gas into the lung through the entry of the airway. Appropriate inter-
faces can provide accurate target airway pressure, optimize patient comfort, and
achieve the best treatment results. In determining the optimal pressure level,
patients should be encouraged to try several different interfaces to determine the
one with the best overall comfort and effect, that is, the most comfortable mask
may not be the most suitable, and the most suitable mask may not be the most
comfortable.

Currently available interfaces include a nasal mask, nasal pillow, full face mask
(oronasal mask), and oral interface. An oronasal mask for acute and short-term dis-
eases, and in cases of chronic and prolonged cases, a nasal mask; and if the patient
does not cooperate well, full face masks are recommended. For some patients, an
oronasal mask usually requires higher pressure and poorer control than a nasal
mask, and in practice, the best choice of the interface varies from person-to-person.
Many experts agree that the best interface is “the one the patient is willing to
use” [3, 4].
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9.3 Complications

9.3.1 Mask Intolerance

Mask intolerance is the most common problem encountered by patients in adapting
to NIPPV. Trying different types of interfaces can help. Do not force patients to
wear a mask for longer than they can tolerate, and encourage patients to try at least
weeks or months to get used to noninvasive ventilation before considering giving up.

9.3.2 Nasal Congestion and Dry Nose

These symptoms are often seasonal. Increasing humidity and heat often improve the
comfort and acceptance of airflow through the airways. The application of saline or
nasal gel may also be effective for dry nose.

9.3.3 Redness or Ulcers on the Bridge of the Nose

When the mask puts too much pressure on the bridge of the nose causes the symp-
toms. Minimizing the tension of the straps or use another type of mask can often
alleviate this problem. Some patients experience a rash where the mask comes in
contact with the skin. It may be helpful to use glucocorticoid cream or to wash your
face with a mild cleansing soap before using the mask.

9.3.4 Bloating

The symptom is usually tolerable and transient without the need to adjust the
settings.

9.3.5 Oral Leak

Patients are usually well ventilated in the presence of air leaks, and no special mea-
sures are required. The pressure-limited ventilation can maintain mask pressure by
maintaining airflow to compensate for leaks. While volume-restricted ventilation,
tidal volume needs to be adjusted to up to the compensation for leaks.
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9.3.6 Failure to Improve Daytime Gas Exchange

If the gas exchange did not improve within a few weeks, considering the following
factors: application time, air leaks accidentally, obstructive pulmonary diseases,
human-ventilator asynchronization, and insufficient minute ventilation. By adjust-
ing the inspiratory pressure or tidal volume, the frequency and the application time,
or these parameters in combination, gas exchange may be improved. If there is
evidence that the patient cannot trigger the ventilator, adjusting the trigger sensitiv-
ity or increasing the backup rate may be helpful [5].

9.3.7 The Deterioration of Gas Exchange after
Initial Stabilization

In cases of progressive neuromuscular disease, the deterioration of gas exchange
after initial stabilization often occurs. Pulmonary function tests and arterial blood
gas analysis should be done periodically to assess the conditions. The frequency of
follow-up depends on whether the patient has just started the treatment (every few
weeks), or in a stable period of treatment (twice a year), or is experiencing clinical
deterioration (more frequent follow-up). To improve the worsening of the lung
function, it is often necessary to gradually increase inspiratory pressure, tidal vol-
ume, respiratory rates, or the application time of the ventilator.

9.4 Main Ventilation Techniques

9.4.1 CPAP (Continuous Positive Airway Pressure)

By delivering constant pressure during both inspiration and expiration, the variation
ranges within 1-2 cm H,O, CPAP can increase functional residual capacity and
prevent the alveoli from collapsing. CPAP can also decrease afterload and increase
cardiac output. This method does not provide additional pressure above the CPAP
level, the patients must trigger the ventilator spontaneously.

9.4.2 BiPAP (Bilevel Positive Airway Pressure)

BiPAP provides different levels of positive airway pressure during inspiration and
expiration. The pressure level during inspiration is called inspirational positive air-
way pressure (IPAP), and the pressure level during expiration is called expiratory
positive airway pressure (EPAP) [6].
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Recommendations for Conducting CPAP and BPAP Titrations.

1. The recommended minimum starting CPAP should be 4 cm H,O, and the recom-
mended minimum starting IPAP and EPAP should be 8§ cm H,O and 4 cm H,0,
respectively, for on BPAP.

2. The recommended maximum CPAP should be 15 cm H,O (or recommended
maximum IPAP of 20 cm H,O if on BPAP) for patients less than 12 years and
20 cm H,O (or recommended maximum IPAP of 30 cm H,O if on BPAP) for
patients older than 12 years.

3. The recommended minimum IPAP-EPAP difference is 4 cm H,O and the recom-
mended maximum IPAP-EPAP difference is 10 cm H,0.

4. EPAP is initially set on a lower level, it can be set on the maximum of 10-12 cm
H,0, the IPAP-EPAP difference is called PS [7, 8].

Procedure for noninvasive positive pressure ventilation (Fig. 9.1) [9]

9.5 Summary and Recommendations

Noninvasive positive pressure ventilation (NIPPV) has some difficulties in the
adapting process, but most patients can successfully adapt within a few weeks.
Solving the problems caused by NIPPV actively, continuing the use of NIPPV is the
key to the treatment.

9.6 Other Aspects

1. Negative Pressure Ventilation (NPV)
NPV has been shown to relax respiratory muscles in patients with COPD and
AREF, thereby improving gas exchange. NPV can be used for home mechanical
ventilation in patients with chronic respiratory failure who cannot tolerate mask
ventilation. Negative pressure ventilation can be used for all causes of respira-
tory failure in children, and can effectively reduce complications, with an effec-
tive rate of 70%. In addition, the use of both NPV and mask ventilation in most
patients can avoid endotracheal intubation and its complications thus expanding
the application of noninvasive ventilator technology [10].
2. The Rocking Bed and Pneumobelt
Both the rocking bed and pneumobelt rely on gravity to assist diaphragm
movement and are suitable for patients with severe diaphragm muscle weakness
or paralysis. However, it is less functional in patients who are obese, overly lean,
and severely kyphotic. Therefore, these two methods have great limitations and
are not suitable for the treatment of acute respiratory failure. They are now rarely
used [11].
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Fig. 9.1 Procedures for
noninvasive positive pressure
ventilation (NIPPV)
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3. Diaphragm Pacing

DP is primarily suitable for patients with high-level spinal cord injuries (SCI)
and central hypoventilation syndromes (CHS). There are two different
technologies, the first method is to place electrodes directly around the phrenic
nerve, called intrathoracic diaphragm pacing (IT-DP). and the second method
involves laparoscopic implantation of a nonconductive electrode, called intra-
peritoneal diaphragm pacing (IP-DP). DP has many benefits, including increased
mobility, reduced anxiety and embarrassment, improved comfort, assistance in
weaning, reduced incidence of respiratory infections, and reduced total cost. But
there are also phrenic nerve mechanical injuries, technical failure, infection, and
other complications [12, 13].

4. High-frequency Oscillatory Ventilation (HFOV)

High-frequency oscillatory ventilation (HFOV) is a new type of mechanical
ventilation developed in the 1980s, which can effectively improve oxygenation
without increasing barotrauma. In adult patients, HFOV may be used when
increased inhaled oxygen concentration and airway pressure do not improve gas
exchange. And in patients with severe acute respiratory distress syndrome,
HFOV can be used to prevent lung damage caused by ventilators. In neonates
and children, HFOV can improve oxygenation [14-16].

5. High-Flow Nasal Cannula Oxygen Therapy (HFNC)

High-flow nasal cannula oxygen therapy (HFNC) is an oxygen therapy
method that directly delivers a certain oxygen concentration of air-oxygen mixed
high-flow gas to a patient through a nasal obstruction catheter without sealing, as
noninvasive breathing The form of support, which can rapidly improve oxygen-
ation, can currently be applied to patients with acute hypoxic respiratory failure,
patients after surgery, patients with respiratory failure who have not undergone
intubation, immunosuppressed patients, and patients with heart failure [17].
High-flow nasal cannula oxygen therapy (HFNC) uses a flow rate of 60 liters per
minute and FIO2 = 21-100% [18]. Its main advantage is that it can increase
oxygenation without a ventilator. Its main disadvantage is the lack of ventilation
support [19].
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Chapter 10
Brain Injury with Increased Intracranial
Pressure

Han Chen and Linlin Zhang

10.1 Introduction

Mechanical ventilation is frequently applied in the daily management of brain
injury patients. The purposes of mechanical ventilation are to protect the airway
from the risk of aspiration and to prevent both hypoxemia and hypercapnia, which
are two probable causes of secondary brain damage. There are concerns about the
potential adverse effects of mechanical ventilation to the brain; for instance, an
elevated airway pressure (Paw) may impede the venous return of the brain, which
could increase cerebral blood volume (CBV) and intracranial pressure (ICP), espe-
cially in the case that a high positive end-expiratory pressure (PEEP) is applied to
improve oxygenation. However, recent data suggest that it is not always the case,
ICP can increase, unchanged, or even decreased [1-5]. The impact of PEEP on the
brain is complicated and there are several factors involved in the brain-lung interac-
tion including respiratory mechanics [2, 4, 5], lung recruitability and PaCO, [6],
baseline ICP or cerebral compliance [7, 8], etc.

In addition, although the impact of tidal volume setting in patients with lung
injury has been extensively investigated, showing that low tidal volume (e.g., the
lung-protective ventilation strategy) can reduce ventilator-induced lung injury
(VILI) and thus mortality [9, 10]. It is still unclear whether it should also be applied
in brain injury patients. Although some ventilation targets had been provided in the
recent guideline, it did not detail the setting of tidal volume or PEEP in brain injury
patients [11]. Moreover, impaired consciousness in brain injury patients makes the
decisions of both weaning from mechanical ventilation and extubation challenging
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issues. In recent years, some new tools to predict successful weaning have been
proposed [12—-16]; however, no clear recommendations are currently available
owing to the lack of robust evidence in the literature.

In this chapter, the (patho) physiology basis of brain-lung interaction will be
discussed, including the impact of positive pressure ventilation on hemodynamics,
PaCO, and its physiological effects on cerebral vessels, and the role of the intracra-
nial Starling resistor and its anatomic basis. The data available in the neurocritical
care field regarding respiratory management, from the early phase of mechanical
ventilation to the weaning and extubation will be reviewed.

10.2 Physiology and Pathophysiology

10.2.1 Monro-Kellie Doctrine

It was in the seventeenth century when Edinburgh physician Alexander Monro and
his student George Kellie first proposed the “science” of ICP, that the skull as a rigid
structure containing incompressible brain, and the volume of blood must remain
constant unless: “water or other matter is effused or secreted from the blood ves-
sels” in which case “a quantity of blood, equal in bulk to the effused matter will be
pressed out of the cranium” [17].

This doctrine is usually summarized in this way today: with an intact skull, the
sum of the volume of intracranial contents (i.e., brain tissue, blood, and cerebrospi-
nal fluid) is constant, an increase in one (e.g., edema, tumor, hematoma, hydro-
cephalus, etc.) causes a “shifting” in one or both of the remaining two (i.e., some
degree of compensation). In this compensated state, the increase in intracranial vol-
ume is offset by shifting venous blood out of the intracranial space and cerebrospi-
nal fluid into the spinal subarachnoid space. However, once the capacity to displace
cerebrospinal fluid and blood is exhausted, additional increases in any of the intra-
cranial contents are associated with precipitous increases in ICP.

Allied to the Monro-Kellie doctrine is the intracranial compliance that describes
the capacity of the intracranial contents to compensate for volume changes. Similar
to the calculation of respiratory compliance, it can be calculated as the ratio
between the change in ICP (AICP) to the change in intracranial volume (AV). A
high compliance represents a good reserve to increase in intracranial volume; in
the contrast, compromised intracranial compliance means the corresponding
change in ICP to a given increase in intracranial volume becomes greater. Hence,
when compliance is reduced, even minor changes in intracranial volume, which
can be caused by mechanical ventilation (e.g., increase PEEP, altered tidal volume
or respiratory rate that increases PaCO,, etc.; see below for detail), can lead to a
rapid increase in ICP.



10 Brain Injury with Increased Intracranial Pressure 273
10.2.2 Transmission of Pressure

Right atrial is the end of venous system and the right atrial pressure (Pra) is thus the
downstream pressure of the whole venous system. The driving force of venous
return is the pressure gradient between upstream venous pressure (which is the
mean systemic pressure of the circulation (Pms) for the whole body and the cranial
venous pressure for the brain) and Pra. In this point of view, venous return would
decrease for any cause which increases Pra (e.g., increasing PEEP) while the
upstream unchanged [18]. In the simplest analysis, the decreased venous return
from the brain would thus increase CBV and ICP. In other words, the increased
downstream pressure can somehow be “transmitted” into cranium and thus increase
ICP. An elevated Paw during positive pressure ventilation can increase pleural pres-
sure (Ppl) and thus Pra, and eventually ICP. It has been suggested by observational
data that neurological patients received lower PEEP levels than non-neurological
patients [19]. The concern of the potential impact of PEEP on cerebral venous return
and ICP might be the reason why physicians prefer lower PEEP levels.

However, the transmission of elevated Paw into cranium is not always fully effi-
cient: the effectiveness of the transmission of Paw to the pleural space and the intra-
thoracic veins is determined by the relative compliance of the lung and chest wall
[20]; while the transmission of pressure from the right atrial to the neck and cranial
veins can be impeded by the effect of an intracranial “Starling resistor.”

10.2.2.1 Compliance of the Lung and the Chest Wall

It has been reported that respiratory system compliance may help in predicting how
PEEP influences ICP [2, 4, 5, 21, 22]. The effects of PEEP may become evident
only in patients with both decreased intracranial compliance and normal lung com-
pliance [22]. In other words, lung disease per se could be a protective factor because
less compliant lungs poorly transmit the increased pressure to the pleural cavity.
Similarly, cerebral hemodynamics and ICP may be minimally influenced by the
application of PEEP in patients whose lung compliance is impaired [2].

In contrast, a large retrospective study reported a significant relationship between
PEEP and ICP only in patients with severe lung injury [21]; however, these data are
retrospective and, in some cases, “respiratory system compliance” is termed “lung
compliance.” Indeed, a given decrease in respiratory system compliance might
reflect impaired lung compliance (e.g., acute respiratory distress syndrome (ARDS),
pulmonary fibrosis), or decreased chest wall compliance (e.g., intra-abdominal
hypertension, pleural effusion). Studies differentiated compliance of the lung and
the chest wall using esophageal manometry demonstrated that the impact of PEEP
on ICP was greater in the subjects (patients or pigs) with lower chest wall compli-
ance [4, 5].
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10.2.2.2 Starling Resistor

A Starling resistor is a collapsible tube in which the pressure external to the tube
exceeds the outflow pressure. The external pressure determines the degree of col-
lapse of the tube, thereby providing a variable resistor. The anatomic basis for the
intracranial Starling resistor is the rigid cranium (sealed box that determines the
external pressure) and the rigid artery (upstream tube) and superior sagittal sinus
(downstream tube), and the intervening collapsible cerebral veins [23]. This phe-
nomenon is supported by both hemodynamic [7, 24, 25] and imaging studies [26,
27]. Luce and collages conducted a series of studies in dogs [7, 25] in which they
measured the pressure in cerebral vein and sagittal sinus with an intravascular cath-
eter. An abrupt drop in pressure was found when the catheter was advanced into the
sinus from the cerebral vein [25] suggested the presence of a Starling resistor
between the sagittal sinus and the cerebral veins.

In an imaging study using magnetic resonance venography in intracranial hyper-
tension patients, narrowing of the distal part of brain-bridging veins is clearly dis-
played [23]. This is exactly the behavior of a Starling resistor: the collapse always
begins at the distal end of the flexible tube, and thereby generates an increase in the
flow velocity at the level of the partially collapsed segment (so-called Venturi
effect), results in the loss of the magnetic resonance venography signal (termed
“void sign”).

Luce and collages suggested that this “resistor” regulates cerebral venous out-
flow when sagittal sinus pressure is increased by PEEP [25]. In this setting, an ele-
vated ICP would occlude the resistor, thereby preventing the transmission of Pra
into the cranium; thus, increases in airway pressure will not be transmitted and will
not increase ICP. However, steadily elevating the airway pressure will progressively
increase Pra and this will eventually open the resistor. In this way, when the resistor
is open, a direct (venous) communication exists between the thorax and the ICP, and
here, elevating airway pressure would effectively elevate the ICP.

10.2.3 Impact of Mechanical Ventilation on the Arterial Side
10.2.3.1 Cerebral Autoregulation

Cerebral autoregulation is the intrinsic ability of the cerebral vascular to maintain
cerebral blood flow (CBF) constant to a fluctuation of blood pressure [28, 29].
Vasoconstriction or dilation of the cerebral vascular in response to elevated or
decreased blood pressure helps to maintain a constant CBF across a wide range of
systemic arterial pressures (50—160 mmHg) in healthy individuals [29]. However, in
a variety of acute neurologic disorders, cerebral autoregulation is impaired or
absent. In this case, CBF may simply change parallelly to cerebral perfusion pres-
sure (CPP, defined as the difference between mean arterial pressure and ICP), and
results in either inadequate tissue perfusion (in hypotension) or hyperemia (in
hypertension). In a recent review, a conceptual framework of the integrated
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regulation of brain perfusion has been proposed, suggesting that multiple factors
rather than blood pressure alone are involved in the regulation of CBF including
sympathetic activity, renin—angiotensin action, cardiac output, blood pressure, met-
abolic products, nitric oxide, etc. [30].

Elevated Ppl induced by positive pressure ventilation would not only (to some
extend) impede the venous return of the brain, but also the global venous return,
which determines preload and thus cardiac output. If a high Ppl reduces systemic
arterial pressure, CPP decreases. In the case that cerebral autoregulation is intact,
CBF may be maintained despite a lower CPP; but if impaired, decreased CPP may
lower CBF and CBY, and thereby decrease ICP. In a recent experimental study, the
authors reported that ICP is reduced by gradual increases of PEEP, probably due to
the lowered CPP [5]. It is worth pointing out that although ICP can be decreased by
elevated Paw, it is actually in the price of decreased CBF. If hypoperfusion/isch-
emia is sustained, secondary brain injury is inevitable, and the outcome would
be poor.

10.2.3.2 Impact of CO, and pH

PaCO, is a powerful physiological modulator of ICP via intracranial vasodilation.
The relationship between PaCO, and CBF is an asymmetric sigmoid curve that is
approximately linear within a physiological range of PaCO, [31]. Hypercapnia
increases CBF and CBYV, leading to an increase in ICP, whereas hypocapnia results
in vasoconstriction and decrease ICP. While deliberate hyperventilation is applied
to reduce elevated intracranial hypertension, the vasoconstrictive effects of hypo-
capnia may result in cerebral hypoxia and ischemia. Adaptation can occur and the
vasoconstrictive effects dissipate within hours [32, 33], but it seems clear that the
effects of hypocapnia on intracranial blood volume are even more short-lived than
its effects on CBF (possibly due to differential effects of hypocapnia on intracranial
resistance and capacitance vessels) [34]. In addition, rebound elevation of ICP may
occur once hyperventilation is discontinued [33]. Standard guidelines on the man-
agement of traumatic brain injury recommend hyperventilation as a temporizing
measure only for the emergency reduction of acute neurologic deterioration (e.g.,
herniation, sudden ICP elevation, etc) only; in addition, prolonged “prophylactic”
hyperventilation is no longer recommended [11].

A contrasting concern is that hypercapnia may increase ICP, especially in those
who are receiving lung-protective ventilation involving permissive hypercapnia.
Petridis et al. reported despite hypercapnia (PaCO, 50-60 mmHg) there was no
increase in ICP in patients with subarachnoid hemorrhage who were ventilated with
lung-protective ventilation [35]. However, the dominant cause of intracranial hyper-
tension in many patients with subarachnoid hemorrhage is hydrocephalus, and once
this is treated with CSF diversion, the intracranial compliance may be much less of
a problem; indeed, in the series from Petridis et al., the ICP was 10-18 mmHg fol-
lowing CSF drainage [35]. Consequently, these results cannot be safely extrapo-
lated to patients in whom the primary cause of intracranial hypertension is cerebral
edema or a space-occupying lesion. Another study suggested that ICP increased
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significantly only in patients with non-recruitable lung where PEEP was associated
with increased PaCO, due to alveolar overdistension [6].

Collectively, the impact of positive pressure ventilation on CBV and ICP is
determined by multiple factors [23]. In brief, an increment in Paw will transmit to
pleural cavity and intrathoracic major vessels, elevating both Ppl and Pra, where the
effectiveness of the transmission is determined by the relative compliance of the
lung and the chest wall. The elevated Pra impedes the venous return from both cere-
bral veins, which decreases cerebral venous outflow and results in an increase in
CBV (Starling resistor involved here) and the whole body, which reduces cardiac
preload and output. Reduced cardiac output (and blood pressure) may result in a
decrease in CBV due to decreased cerebral artery inflow, and this is regulated by
cerebral autoregulation. An increment in Paw may also result in hypocapnia, which
can cause cerebral vasoconstriction and reduce CBV. Consequently, the net impact
on ICP reflects the balance of changes in CBV caused by altered (venous) outflow
and (arterial) inflow, and here, the intracranial compliance is another key determinant.

10.3 Management of Mechanical Ventilation

In the early phase following brain injury, hypoxemia and hyper/hypocapnia lead to
secondary brain insults, which alter the outcome [36]. Traditional ventilation strat-
egy in brain injury patients, especially those with intracranial hypertension, includes
airway protection (intubation), optimization of brain oxygen delivery, strict control
of PaCO,, and minimizing the postulated adverse effects of positive pressure venti-
lation on ICP. Such a brain-centered ventilation strategy lead to the use of larger
tidal volumes, high inspired O,, and low or zero PEEP [19].

Treatment of hypoxemia can be modulated via increasing the inspired oxygen
fraction (FiO,) to ensure a PaO, >60 mmHg [11]. Moreover, PaO, could be further
modulated if brain hypoxia is diagnosed with low tissue oxygen tension (PtiO,) and
jugular venous oxygen saturation (SvjO,) [37]. However, it has also been shown that
a supranormal PaO, level may aggravate secondary brain damage after both severe
traumatic brain injury [38] and cardiac arrest [39]. In addition, the optimal setting
of tidal volume and PEEP is still controversial, and the recent guideline did not
provide any recommendation on this [11]. Nonetheless, no consensus is available to
set the tidal volume and PEEP, and in daily practice, one should always assess the
risk/benefit relationship before altering any mechanical ventilation setting.

10.3.1 Tidal Volume

The effectiveness of lung-protective ventilation strategy, including lower tidal vol-
ume to attenuate VILI, limiting plateau pressure, and using PEEP to limit atelectasis
[9, 40], has been well-established in the treatment of ARDS patients. Such
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ventilation strategy even also has shown benefits in patients without lung injury (but
non-brain injury) [41].

Recently, the safety and efficacy of lung-protective ventilation in brain injury
patients were tested in two studies [42, 43]. One study included 499 patients with
TBI, SAH, and stroke, and tidal volume was set to 6—8 mL/kg predicted body weight
combined with a PEEP level of >3 cmH,0 [42]. A significant increase in the number
of ventilatory-free days was observed [42]. In the other study that included 749
brain injury patients, tidal volume was set to <7 mL/kg of predicted body weight
and PEEP was set between 6 and 8 cmH,O. No differences in ventilatory-free days
were observed [43]. Nonetheless, in both studies [42, 43] lung-protective ventila-
tion did not lead to clinically relevant effects on ICP. It also should be noted that the
level of PaCO, was carefully monitored and manipulated within normal ranges in
both studies. These data highly suggest that protective ventilation with a moderate
tidal volume (6-8 mL/kg predicted body weight) could be safely applied in brain
injury patients, with the careful monitoring and manipulation of PaCO, within nor-
mal range by adjusting the respiratory rate.

10.3.2 PEEP

Another issue regarding the ventilatory settings is the level of PEEP. Clinical studies
investigating the effects of PEEP (or other patterns that mimic the effect of PEEP)
are summarized in Table 10.1. Disparate reports exist on the responses of ICP to
increases in PEEP. Some studies report that increased PEEP may have no impact on
ICP if not initially elevated, but may have an impact if initially elevated [44].
However, the opposite has also been reported: raised PEEP had no impact on already
elevated ICP, but increased it if initially normal [8]. Finally, increased PEEP may
decrease ICP [3, 5].

In attempting to interpret these disparate reports, several issues should be noted.
First, individual intracranial compliance may vary even with the same ICP numbers.
However, the ability to perform interventional testing in patients with intracranial
hypertension is limited, as such patients are vulnerable. Second, assessment is con-
founded by concomitant medical management such as analgesics, sedatives, and anti-
convulsants, as well as deliberate control of blood pressure, blood gases, and
temperature [11, 59-61]. Third, intracranial veins can behave as either veins in series
without threshold flow characteristics [62], or as a “Starling Resistor” [7, 25]. Finally,
because PEEP affects the respiratory and cardiovascular systems simultaneously, there
is “interdependence” among the involved parameters and no single parameter can be
considered in isolation. Therefore, the net impact of PEEP may be difficult to predict.

Consequently, due to its multifactor-determining nature, PEEP can either
increase ICP or conversely have no significant effects. The impact is generally
unpredictable, and thus individualized monitoring and titration are key. In addition,
in the case of brain injury with concomitant ARDS, which is a clinical situation that
a high PEEP is required in a brain injury patient, current studies suggest that PEEP
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Table 10.1 Impacts of positive end-expiratory pressure on intracranial pressure in patients with

brain injury

Author (#) ‘ Year ‘ Subjects ‘ Interventions Measurements | Main results
PEEP increases ICP
Apuzzo 1977 | Neurosurgery |0 vs. 10 PEEP CPP Increase in ICP was only
[44] (n=25) SjO, observed in the patients
who manifested
decreased cerebral
compliance.
Burchiel 1981 | TBI (n = 16), | Individualized ICP PEEP increased ICP and
[22] SAH (n=2) |PEEP CPP decreased CPP in
patients with abnormal
cerebral compliance and
normal lung compliance.
No impact in patients
with normal cerebral
compliance or those who
with both decreased
cerebral and lung
compliance.
Chen [4] 2018 | Neurosurgery | 5 vs 15 PEEP ICP Patients with greater
(n=30) increment in ICP had
lower chest wall
compliance.
Cooper 1985 | TBI (n=33) | Baseline vs. ICP PEEP increases ICP, but
[45] additional 5-15 patients with elevated
PEEP baseline ICP experienced
no significant increase.
Cunitz 1979 | Neurosurgery | Between ICP PEEP increased ICP.
[46] (n=24) different PEEP
levels
Lima [47] |2011 |ICH (n=25) | Between ICp PEEP increased ICP. No
different PEEP | CPP impact on CPP.
levels (from O to
14 cm H20)
Lodrini 1989 | Neurosurgery | 0/5/10/15 PEEP | ICP PEEP increased ICP but
[48] (n=10) without intracranial
hypertension. In patients
with increased ICP, the
combination of head
flexion and rotation with
institution of PEEP
caused a dangerous
increase in ICP.
Ludwig 2000 | TBI (n=10) | Between ICP Elevated Paw increased
[49] different Paw CPP ICP; increasing peak
levels VmMCA Paw increased variability

of ICP, CPP and
VmMCA
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Author (#) | Year | Subjects Interventions Measurements | Main results
Mascia [6] | 2005 | TBI & ARDS | 0/5/10 PEEP ICP ICP, VmMCA, and SjO,
(n=20) VmMCA remained constant in
SjO, recruiters but increased
in non-recruiters.
McGuire | 1997 | Neurosurgery | 5/10/15 PEEP ICP In patients with normal
[8] (n=18) CPP ICP, PEEP increased
ICP. In patients with
increased baseline ICP,
PEEP did not change
ICP or CPP.
Muench 2005 | SAH (n=10) | Baseline to 20 ICp Stepwise elevation of
[50] PEEP rCBF PEEP increased ICP;
PtiO, decreased rCBF and
PtiO.,.
Shapiro 1978 |'TBI (n=12) | 0vs.4-8 PEEP |ICP In six patients PEEP
[51] CPP increased ICP. CPP was
less than 50 mmHg in six
patients given PEEP.
Videtta 2002 | Neurosurgery | 5/10/15 PEEP ICP PEEP increased ICP. No
[52] (n=20) CPP impact on CPP.
No impact on ICP
Caricato 2005 | TBI, SAH 0/4/8/12 PEEP | ICP PEEP reduces CPP and
[2] (n=21) CPP VmMCA only in patients
VmMCA with normal respiratory
SjO, system compliance. No
impact on ICP or SjO,.
Frost [53] | 1977 |Coma (n="7) |0 toup to 40 ICP PEEP did not increase
PEEP ICP in patients with
either normal or low
intracranial compliance
and did not increase ICP
in the absence of
pulmonary disease.
Martinez- | 2004 | TBI & ARDS | Standard CPP No changes in
Perez [54] (n=17) ventilation vs. SjO, hemodynamic or cerebral
mid to end parameters
expiratory
tracheal gas
insufflation
Nemer 2015 | TBI & ARDS | 5/10/15 PEEP PtiO, PEEP increases PtiO,, no
[55] (n=20) ICP impact on ICP or CPP
CPP
Pulitano 2013 | Pedeatric 0/4/8 PEEP ICP No change in ICP, CPP
[56] brain tumor CPP or VmMCA
(n=21) VmMCA

(continued)
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Author (#) | Year | Subjects Interventions Measurements | Main results
Solodov 2016 | ICH (n =39) |Baseline vs. 15 | ICP PEEP had no adverse
[57] PEEP CPP effect on CPP and led
only to clinical
insignificant increase in
ICP.
Zhang [1] 2011 | TBI & ARDS | RMs using ICP No impact on ICP and
(n=9) different PEEP | CPP CPP 5 min after RMs
levels
Other effects
Georgiadis | 2001 | Neurosurgery | 4/8/12/4 PEEP | ICP CPP significantly
[58] (n=20) CPP changed depending on
VmMCA the various PEEP levels.
Three distinct reaction
patterns of ICP and other
parameters observed

Abbreviations: ARDS Acute respiratory distress syndrome, CPP Cerebral perfusion pressure, /CH
Intracranial hemorrhage, /CP Intracranial pressure, Paw Airway pressure, PEEP Positive end-
expiratory pressure, PtiO, Brain tissue oxygenation, *CBF Regional cerebral blood flow, RMs
Recruitment maneuvers, SAH Subarachnoid hemorrhage, SjO, Jugular saturation of oxygen, 7B/
Traumatic brain injury, VmMCA Mean blood flow velocity, middle cerebral artery

has basically no or mild impact on ICP [1, 54, 55]. The transmission of PEEP is
lessened if lung compliance is low; however, it could become “efficient” in the case
of coexisting decreased chest wall compliance (e.g., intra-abdominal hypertension).
Monitoring and individualization are definitely necessary in such cases.

Unlike the impact on ICP which is extensively explored, there are few reports of
the effects of increased PEEP on cerebral perfusion or oxygenation, likely in part,
because of the lack of available equipment at bedside. Experimental studies using
intracranial flow probes [50], radioactive microspheres [63, 64], or arterial flow
probes [65] for direct measurement of CBF suggest decreased [65] or unchanged
[50, 63, 64] CBF following increases in PEEP. In patients with subarachnoid hem-
orrhage, increased PEEP decreases mean arterial pressure, regional CBF, and brain
tissue oxygenation [50]. In contrast, Nemer et al. reported that increased PEEP
improves brain tissue oxygenation in severe traumatic brain injury patients with
ARDS [55]. Moreover, it should be noted that an increase in PEEP may change
cerebral perfusion or oxygenation before any change in ICP can be observed. In
summary, such effects have not been extensively investigated and, at the bedside,
are likely under-recognized.

10.4 Weaning from Mechanical Ventilation in Brain Injury

It is important to recognize at what point mechanical ventilation can be reduced and
discontinued from a brain injury patient since timely weaning from mechanical ven-
tilation and extubation reduce the risk of VILI, ventilator-associated pneumonia and
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the length of ICU stay [14, 15, 66]. The level of conscious status is the major con-
cern for physicians to decide when to safely perform extubation. One study using
algorithm-based extubation protocol including a Glasgow coma scale (GCS) >8
significantly reduces the rate of reintubation [67]. Namen et al. showed that the odds
of successful extubation rose by 39% for every 1-point increase in GCS, and a GCS
>8 had the highest area under the receiver operating curve for predicting successful
extubation [68]. Surprisingly, however, there are also studies showing that higher
GCS was not associated with extubation success [15, 16]. A possible explanation is
that GCS is never validated in intubated patients. One should keep in mind that it is
impossible to quantify the verbal component of GCS in intubated patients and it is
therefore often arbitrarily scored [14]. This could explain why using GCS in isola-
tion has been inconsistently identified as a predictor of successful extubation.

In attempting to improve the accuracy of the screening tool for extubation in
brain injury patients, specific neurologic features associated with safe extubation
have been identified. In a recent multicenter study, age <40 years old, visual pursuit,
attempts to swallow, and a GCS >10 were independent markers of successful extu-
bation; thereby, a screening tool termed VISAGE score was built [14]. When three
items out of the four are present, the score predicts more than 90% of extubation
success [14]. Similar clinical signs are also identified in other studies (visual pursuit
[15], younger age [16]). In addition, negative fluid balance preserved upper airway
reflexes and the presence of cough are also predictors of successful extubation
(Table 10.2) [13, 15, 16, 69].

In the case of a complicated weaning process, tracheostomy appears as an inter-
esting therapeutic alternative. The potential advantages of tracheostomy include
decreased risk for sinusitis, reduced airway resistance and dead space resulting in
decreased work of breathing, better subjective tolerance, less need for sedation,
and decreased duration of mechanical ventilation [70]. Debate remains over the
benefit of early versus late tracheostomy: a number of recent retrospective studies
favored early tracheostomy with less pneumonia, lower mechanical ventilation
duration, ICU length of stay, and medical cost [71-73]; however, in a randomized,
controlled study in stroke patients, early tracheostomy did not result in a reduction
in the ICU length of stay [74]. But early tracheostomy did improve survival in this
study [74]. To date, there is no guideline regarding the management of tracheos-
tomy in patients with brain injury. In clinical practice, early tracheostomy is not

Table 10.2 Predictive factors of successful extubation in patients with brain injury

Presence of cough

Positive gag reflex

Negative fluid balance
VISAGE score

- Age<40
— Glasgow coma score > 10

— Swallowing attempts

— Visual pursuit
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recommended to all patients but could be considered in situations with a high risk
of extubation failure, prolonged mechanical ventilation, or in patients with poor
neurological recovery.

10.5 Conclusion

The effect of positive pressure mechanical ventilation on ICP is determined by sev-
eral factors, and the net impact may be unpredictable, which calls for individualized
titration to optimize care, especially in patients with concomitant severe brain injury
and respiratory failure. Mechanical ventilation may change cerebral perfusion or
oxygenation before any change in ICP can be observed; such effects have not been
extensively investigated. Impaired conscious status and neurologic reflexes may
hinder the successful weaning; using protocolized weaning strategies integrating
assessments of respiratory ability, conscious status, and neurologic reflexes may
lead to expeditious and safe liberation from mechanical ventilation in brain injury
patients.
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Chapter 11 )
Ventilator-Induced Diaphragm
Dysfunction

Check for
updates

Hong-Liang Li

11.1 Definition and Brief History

It was Vassilakopoulos and Petrof who first proposed the concept of ventilator-
induced diaphragm dysfunction (VIDD) in 2004, which refers to the loss of dia-
phragmatic force-generating capacity that is specifically related to the use of
mechanical ventilation [1]. As early as 1988, it has been recognized that the phe-
nomenon of diaphragm atrophy or failure of normal growth in ventilated neonates,
which may contribute to difficulties in weaning [2]. In 1994, the loss of diaphragm
mass and a large reduction in maximal diaphragmatic-specific force production
induced by 48 h of controlled mechanical ventilation (MV) were documented in
rodent study [3] and supported by the following primate study, which also showed
the decrease of diaphragmatic endurance [4].

Although the numerous animal studies indicated that MV promotes VIDD
repeatedly, it was highlighted until 2008, Levine has first shown the evidence of
rapid disuse atrophy of diaphragm fibers in human beings with prolonged MV [5].
Great efforts have been put in to explore the mechanisms responsible for VIDD and
trying to identify the biological target for drug intervention, all of which promote
the birth of the strategy of diaphragm-protective mechanical ventilation.

11.2 Anatomy of Diaphragm

The diaphragm is the musculotendinous boundary between the thoracic cavity and
abdominal cavity, which is thin (2-3 mm in healthy adults), dome-shaped, and com-
posed of two parts: noncontractile central tendon that separates the right and left
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sides and extends to the dome of each hemidiaphragm, and the contracting muscle
fibers: the costal and crural muscle groups, distinguished with each other in compo-
sition and function too. The costal muscle group is thin and forms the diaphragmatic
leaflets, the contraction of fibers will lead to flattening of the diaphragm and lowers
the ribs. Although the crural muscle groups are thicker, it contributes little to the
displacement of the diaphragm. The continuation of the medial tendinous margins
of the crura forms the median arcuate ligament anterior to the aortic hiatus. The
aorta, inferior vena cava, thoracic duct, esophagus, vagus, and phrenic nerves, tra-
verse the diaphragm through aortic, caval, and esophageal apertures separately.

The left and right sides of the diaphragm are innervated by the ipsilateral phrenic
nerves, which originates from the anterior branches of the cervical spinal cord of
segments 3—5 and traverses the neck and mediastinum before inserting into the dia-
phragm centrally. Each nerve divides into four trunks that innervate the anterolat-
eral, posterolateral, sternal, and crural portions of the diaphragm on that side.

The outer rim of the diaphragmatic muscle is innervated laterally from the tho-
racic spinal cord of 7 through 12 and recently, the study found that the crural dia-
phragm also receives innervation from the vagus nerve [6]. In terms of blood supply,
it mainly comes from the phrenic artery below and the pericardiophrenic arteries
above the diaphragm.

About 55% of the diaphragm fibers are of the slow-twitch, oxidative type (highly
resistant to fatigue), 25% are of the fast-twitch, oxidative glycolytic type (relatively
resistant to fatigue), and the remaining 20% of the fibers are of the fast-twitch gly-
colytic variety (susceptible to fatigue) [7].

11.3 The Physiological Function of the Diaphragm

The respiratory system consists essentially of two vital parts: the gas exchanging organ
(lung) and the pump that drive the ventilation (respiratory muscles). The diaphragm plays
an important role in respiratory mechanics. As the most powerful of the respiratory mus-
cles, the diaphragm performs up to 75% of the work of breathing alone and assisted by
accessory inspiratory muscles (e.g., scalene, parasternal portions of the internal and exter-
nal intercostal muscles, and sternomastoids). The simultaneous contraction of inspiratory
muscles elevates and expands the upper ribcage, increasing negative intrapleural pres-
sure, and driving air into the lungs. Apart from the role of the respiratory pump, the dia-
phragm also serves as a mechanical barrier between the abdominal and thoracic cavities
and maintains the pressure gradient between the cavities.

11.4 Ventilator-Induced Diaphragm Dysfunction

Although mechanical ventilation is life-saving in respiratory failure supporting,
prolonged ventilator use associated with difficult weaning. Among the variety of
impact factors, diaphragm weakness is believed to be the leading cause [8].
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Compared with assist modes that allow the respiratory muscles to remain active,
controlled mechanical ventilation increases the risk of diaphragm dysfunction by
abolishing the effort of inspiration. We will discuss the two most important rea-
sons: ventilator-induced diaphragm atrophy and contractile dysfunction in the
following.

11.5 Ventilator-Induced Diaphragm Atrophy
and Responsible Mechanisms

Numerous animal and human experiments consistently demonstrate that prolonged
MYV promotes a reduction in diaphragm mass, a surrogate of diaphragm atrophy.
With high anatomy and fiber type composition similar to human beings, the rat is
selected as the most frequently used animal model to study VIDD. Studies showed
that 10—15% reduction in the cross-sectional area of rat diaphragm fiber types (spe-
cifically, type I, type Ila, and type IIx/b) happened, even as less as 12 h with fully
controlled ventilation mode [9, 10], and 30% reduction following 1824 h of pro-
longed ventilatory support [11, 12].

In human studies, Levine demonstrated that 18—-69 h of fully controlled MV
results in the magnitude of diaphragmatic atrophy (about 50% reduction in fiber
cross-sectional area) of both type I (slow) and type II (fast) muscle fibers in the
costal diaphragm. This finding was confirmed by the following studies, not only
limited in controlled ventilation [13] but also in partial support mode [14]. On
average, a rate of 6% loss of diaphragm thickness per ventilated day was
detected [14].

Keeping the balance of protein degradation and synthesis is the basis of main-
taining skeletal muscle fiber size. During controlled MV, increased proteolysis and
depressed protein synthesis developed rapidly in the diaphragm fibers, all of which
contribute to the net loss of protein and diaphragm fiber atrophy [15, 16].

11.6 Decrease of Protein Diaphragmatic Synthesis

In rat studies, controlled MV promotes a rapid decrease of diaphragmatic protein
synthesis, both mixed and myosin heavy chain [16, 17]. On the contrary, partial sup-
port ventilation does not promote a significant decrease in diaphragm protein syn-
thesis compared with spontaneous breathing [17]. We have known that keeping the
skeletal muscle contractile activity is essential to maintain protein synthesis. During
the controlled MV, the initial decrease of diaphragm protein synthesis was likely
caused by decreased protein translation, which enrolled the Akt/mammalian target
of rapamycin (mTOR) signaling pathway [18].
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11.7 Increase of Diaphragmatic Proteolysis

It is reasonable to speculate that increased proteolysis, other than decreased protein
synthesis, is responsible for the rapid diaphragm atrophy which occurs as early as
12 h after controlled MV. The increased activity of four major proteolytic systems
was well demonstrated, i.e., macroautophagy (autophagy), calpains, caspase-3, and
the ubiquitin-proteasome system [19]. In partial support MV, conflicting results in
limited studies may be originated from the differences in the levels of ventilatory
support [17, 20].

Compelling evidence confirmed that reactive oxygen species (ROS) induced by
MYV is responsible for the activation of the key protease, and the dominating site of
oxidant production is the mitochondrion [10, 21]. Oxidative stress could promote
the increase of gene expression of key proteins involved in both autophagy and the
ubiquitin-proteasome system, increase the activity of 20S proteasome, calpain, and
caspase-3 in the diaphragm. Oxidative modification of myofibrillar proteins further
increases their susceptibility to proteolytic degradation [22] (Fig. 11.1). However,
the theory of oxidative stress was seriously challenged with negative evidence from
biopsies [23].

Increased of
proteasome
activity

Activation of
autophagy and
the ubiquitin-
proteasome
system

Increased
susceptibility to
proteolytic
degradation

Proteolysis

Fig. 11.1 The mechanisms responsible for the increased proteolysis and diaphragm atrophy medi-
ated by reactive oxygen species (ROS)
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Pharmacological inhibition of calpain and caspase-3 activity in rats decreases
the rate of proteolysis and offers protection against MV-induced diaphragmatic
atrophy [24, 25], and there is a regulatory cross-talk between calpain and caspase-3
activity [25]. It is promising for medication therapy in diaphragm protection
during MV.

11.8 Ventilator-Induced Diaphragm Contractile Dysfunction
and Responsible Mechanisms

Not only the atrophy but also the contractile dysfunction is prevalent in diaphragm
with prolonged MV, which only occurs at the level of the peripheral muscle, inde-
pendent with the phrenic nerve conduction and neuromuscular transmission [26].
This reduction of maximal diaphragmatic-specific force production is rapid and
time-dependent, about 15-20% with 12 h, and 50% with 48 h of controlled MV [3,
27]. This could be alleviated by keeping spontaneous breathing during controlled
MYV [28], ventilated with assisted modes [29, 30], or short periods of bilateral
phrenic nerve stimulation (10 min/h) [31].

Aging, neuromuscular blockers, and/or glucocorticoids are independent risk fac-
tors of diaphragm dysfunction. Particularly in severe ARDS patients, nondepolar-
izing neuromuscular-blocking agents are commonly used to minimize patient
agitation, improve ventilator-patient asynchrony, and reduce oxygen consumption.
Both skeletal muscle and diaphragm weakness are anticipated and confirmed [32,
33]. Corticosteroids are useful in treating lung underlying disease or inflammation;
however, steroid-induced myopathy of both limb muscles and respiratory were well
documented [34, 35]. Conflicting results still exist in terms of VIDD, and it is
unclear whether the species or mode of MV selected were responsible for this dif-
ference [36, 37].

The basic functional element of diaphragm muscle fibers is the sarcomere, and
the fundamental unit to generate force production is the interaction between the
sarcomeric proteins (actin and myosin). The relationship between cytosolic free
calcium, cross-bridge attachment/cross-bridge cycling rate, and sarcomere length
determined the mechanical properties of diaphragm muscle fibers [38]. Although
the precise mechanisms responsible for diaphragm contractile dysfunction caused
by MV remains unclear, oxidative stress, by decreasing calcium sensitivity [39], or
promote calpain activation [21], combined with the loss of myosin heavy chain
protein [40], contribute to the damage of sarcomere structure. There is a linear rela-
tionship between the prevalence of the ultrastructure damage and the time on the
ventilator. Studies shown that the average magnitude of sarcomeric injury varied
from 10% of the total fiber area for patients ventilated 24 h, to 20% for ventilated
50 h, and 30-80% for ventilated 100-249 h [13].
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11.9 Other Mechanisms Responsible for VIDD

Although the disuse atrophy caused by the suppression of inspiratory effort is the
main culprit, other mechanisms may contribute to VIDD either. Concentric or
eccentric load-induced injury, which refers to the acute diaphragm injury, inflam-
mation, and weakness, occurs when the diaphragm contract against excessive load
during muscular shorting or lengthening [41-45] and heightened in the existence of
sepsis and systemic inflammation.

During the ventilation of patients with acute exacerbation of the chronic obstruc-
tive pulmonary disease, insufficient assist expose diaphragm to the high load and
induce a rapid rise in diaphragm thickness, which believed to be a unique form of
injury (i.e., inflammation and fiber swelling), instead of the reflection of hypertrophy.
In patients with decreased end-expiratory lung volume (EELV) and atelectasis, the
diaphragm contract during expiration trying to maintain lung volume, also known as
“expiratory braking” [46]. In the case of certain types of patient-ventilator asynchro-
nies, such as ineffective efforts, reverse triggering, and premature cycling, the dia-
phragm contracts even as lung volume decreases leading to eccentric myotrauma.
Additionally, the fiber length was reduced with the application of positive end-expi-
ratory pressure (PEEP). Decreased PEEP level abruptly such as withdrawn from ven-
tilator may lead to the diaphragm overstretched and impaired its performance [47, 48].

11.10 VIDD: Evidence for Impact on Patient Outcomes

Among the numerous etiologies, the depressed strength and endurance of dia-
phragm play a crucial role in difficult weaning. When critically ill patients were
ready to extubate, 63% of them had diaphragm dysfunction, almost twice as fre-
quently as limb muscle weakness [8]. Compared with the patients that are success-
fully weaned, the inspiratory muscle endurance, the maximal inspiratory pressure
generation, and diaphragmatic contractile function decreased in patients that experi-
ence prolonged weaning [49-51]. Diaphragm weakness at the time of extubation
increased the risk of ICU readmission and the risk of mortality within the year after
ICU discharge [52, 53]. Diaphragm dysfunction should be suspected in the setting
of difficult weaning or repeated episodes of respiratory failure. On the other hand,
inspiratory muscle training helped the patients who failed repeated weaning attempts
to remove from the ventilator successfully [54-56].

11.11 Diaphragm-Protective Mechanical Ventilation

The harmful effects of mechanical ventilation on the lungs are well recognized, and
ventilator-induced lung injury (VILI) directly lead to the development of lung-
protective ventilation strategies. After decades of research on ventilator-induced
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diaphragm dysfunction, and deep understanding of the various potential mecha-
nisms, Heunks proposed the concept of diaphragm-protective mechanical ventila-
tion in 2018, highlight the priority of this new approach to ventilatory
management [57].

Maintaining the appropriate level of inspiratory effort is paramount in the per-
formance of diaphragm-protective mechanical ventilation, by avoiding over- and
under-assist combined with titrating the dose of sedatives carefully. This should be
monitored and targeted as early as possible since the VIDD occurs within mere
hours of initiating ventilation. Partial support modes (e.g., pressure support, neu-
trally adjusted ventilatory assist, proportional assist), other than controlled modes,
may help to alleviate disuse atrophy; however, insufficient assist should be
avoided.

Unfortunately, the optimal effort level to prevent VIDD remains unclear. A rela-
tively low effort similar to the healthy breathing at rest is recommended since both
excessive and insufficient levels of effort lead diaphragm to fatigue and successful
weaning patients exhibit inspiratory effort levels in the resting range [58] (Fig. 11.2).
The study illustrated that the thickening fraction of 15-30% (similar to healthy sta-
tus at rest) during the first 3 days of ventilation had stable diaphragm thickness and
the shortest duration of ventilation [59].

Adverse outcomes

Respiratory muscle
injury

Higher ===

Sedation depth

Level of respiratory
support

=== |ower Higher =)
Intensity of respiratory effort

Fig. 11.2 The rationale to perform diaphragm-protective ventilation in clinical ventilator
management
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11.12 Monitoring Tools in the Diaphragm-Protective
Mechanical Ventilation

Until now, limited methodologies to monitor the diaphragm thickness, electric-
ity, and function are available, and a brief description of these techniques
follows.

Airway occlusion pressure, Py, or maximum negative inspiratory pressure, is
highly reliable to evaluate the respiratory drive and is easy to acquire by the perfor-
mance of expiratory hold on the ventilator. For technical details please refer
Chap. 2.

Esophageal manometry is the gold-standard method to measure esophageal or
transdiaphragmatic pressure, which offers continuous, less invasive, and direct mea-
surement of inspiratory effort. The accuracy and reliability rely on the correct place-
ment of the balloon catheter and expertise in data interpretation. Theoretical and
empirical considerations favor targeting the esophageal pressure of 5-10 cm H20
[58]. For technical details please refer Chap. 2.

Diaphragm ultrasound permits imaging of diaphragm thickness with a linear
high-frequency probe at the bedside. The thickening fraction is the percentage
increase in thickness during inspiration, which is a good noninvasive parameter to
evaluate diaphragm contractile effort [60], and around 40% should be achieved.
Intermittent instead of continuous monitoring is the drawback of this technique;
however, offset by the advantage of easy to manipulate and instruments widely
available. For technical details please refer Chap. 3.

The electrical activity of the diaphragm (Edi) is a surrogate parameter to monitor
the performance of diaphragm, by acquiring signals from the nasogastric catheter
mounted with surface electrodes [61]. The normal values have not been established
since there is a big variance of Edi values individually. 8% of maximum Edi may be
an appropriate target for the specific patients [62]. For technical details please refer
Chap. 2.

11.13 Summary

Mechanical ventilation results in diaphragm atrophy and contractile dysfunction,
with a rapid and time-dependent fashion. Damage of diaphragmatic fiber architec-
ture, impaired mitochondrial respiration, oxidative damage of diaphragmatic pro-
teins and lipids, decreased protein synthesis, and activation of the proteolytic system
are responsible for the occurrence of VIDD. It is a novel approach to initiate the
diaphragm-protective ventilation strategy, with the potential to substantially improve
patient outcomes. Meticulous titrate ventilator settings to avoid both excessive and
insufficient inspiratory effort with appropriate monitoring is encouraged in clinical
mechanical ventilation management.
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Chapter 12 )
Weaning from Ventilation

Check for
updates

Xu-Ying Luo and Guang-Qiang Chen

12.1 Introduction

Mechanical ventilation (MV) is a life-saving strategy for critically ill patients, while
unnecessarily prolonged ventilation is also associated with risks of ventilator-
associated pneumonia (VAP), respiratory muscle weakness, prolonged duration of
MYV, and increase of hospital mortality [1]. Therefore, weaning from the ventilator
should be at the earliest possible time. As an important part of MV, weaning accounts
for approximately 40% of the time patients spend on invasive ventilation [2]. It usu-
ally refers to discontinuation of MV and extubating of any artificial airway (coma
patients excluded), which has been a challenging problem faced by clinicians in the
intensive care unit (ICU). Both premature and delay of weaning is associated with
adverse outcome [3]. To identify the appropriate time for weaning, some procedures
have been proposed, including a screening test of the patient’s readiness to weaning
and an unassisted breathing trial [4]. Approximately two-thirds of patients could be
extubated after their first successful spontaneous breathing trial, and those who
failed may need other gradual approaches [5].

12.2 Readiness to Wean from Mechanical Ventilation

It is important to recognize the proper time when patients are ready to be weaned
from MV and weaning protocols are associated with a reduction in total time spent
on ventilators and ICU stay, compared with usual care [6]. And the weaning process
should be started as soon as the patient meets the following criteria [4]:
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* Recovery from the disease for which the patient was ventilated;

* Hemodynamic stability with no need or minimal vasopressors;

* No continuous sedation that may affect the patient’s ability to protect the airway;

* Adequate oxygenation defined as PaO,/FiO, >150 mmHg requiring positive
end-expiratory pressure (PEEP) <8 cmH,O0.

Daily screening is commonly recommended as standard care [7]. While, a study
conducted by Burns et al. found that more frequent screening was associated with a
nonsignificantly shorter time to successful extubation, more successful extubations,
and a trend toward shorter hospital stay [8].

Moreover, some parameters have been proposed to predict weaning outcomes,
such as rapid shallow breathing test (respiratory frequency/tidal volume, {/VT),
maximal inspiratory pressure (MIP), occlusion pressure at 100 ms (P 0.1), respira-
tory rate, tidal volume, minute volume, and so on. Rapid shallow breathing test is
the most commonly used, and a high ratio (f/VT >100-105 breaths/min/L) is associ-
ated with a weaning failure [9]. MIP is commonly used to assess the inspiratory
muscle strength, and a value of <—20 ~ —25 cmH,O could predict successful wean-
ing. However, the result may be affected by many factors, which may lead to under-
estimating patients’ strength [10, 11]. P 0.1 is related with inspiratory effort: P 0.1
value = 3.5 cmH,O corresponds to an inspiratory effort of approximately
0.75 J/L. Inspiratory effort values lower than 0.75 J/L could predict successful
weaning [12]. While, the accuracy of these predictors remains controversial, and
they are not recommended as routine clinical practice [13—15]. Decision-making
should be based on the evaluation of the patients.

12.3 Spontaneous Breathing Trials

Spontaneous breathing trials (SBT) are used to evaluate patients’ ability to breathe
with low-level or without an assist from ventilators. As physicians usually tend to
underestimate the possibility of successful weaning, weaning protocols could be
used to help to make a decision, which could reduce the time spent on mechanical
ventilation and ICU stay [16]. There are four SBT strategies commonly used in the
clinical practice, shown as following [17]:

e Synchronized intermittent mechanical ventilation (SIMV);
* Low-level pressure support ventilation (PSV <7 mmHg);
» Continuous positive airway pressure ventilation (CPAP);

e Unassisted breathing through a T-piece circuit.

The duration of SBT should be at least 30 min and can last up to 120 min to test
the patient’s tolerance to spontaneous breathing [1, 2]. Theoretically, the endotra-
cheal tube has a respiratory resistance which may increase the patient’s breathing
work. The use of low-level PSV or CPAP could compensate for the resistance to
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breathing through the endotracheal tube [18]. However, Straus et al. reported that a
120-min breathing trial through an endotracheal tube did not increase breathing
work [19]. The rate of successful extubation was similar between 30 and 120 min
with either T-piece or PSV [3, 20]. It has been recently reported that the success
rates of both SBT and extubation in patients with PSV mechanical ventilation mode
are higher than that in patients with T-piece ventilation, without increasing the risk
of reintubation. This proposes a shorter and less demanding strategy for SBT [18, 21].
For patients with chronic obstructive pulmonary disease (COPD) or heart failure,
applying PEEP could decrease both the effort and capillary pulmonary pressure,
suggesting that weaning trials without PEEP may expose underlying lung and car-
diac dysfunction [22]. So far, the optimal strategy of weaning patients from the
ventilator is controversial, which may depend on the condition of patients.

It is important to recognize a failed weaning trial, which may cause cardiopul-
monary distress and impairment of respiratory muscles, and ventilator support
should be promptly reestablished. The criteria for terminating SBT are shown as
following [4, 5, 23, 24]:

e Agitation or anxiety;

e Hypoxemia (PaO, < 50-60 mmHg and FiO, > 0.5, or SPO, < 90%);

* Hypercapnia (PaCO, > 50 mmHg or an increase in PaCO, > 8 mmHg);

e pH <7.32 or reduced by >0.07;

e Tachypnea (respiratory rate >35 breaths/min or increased by >20% for more
than 5 min);

e Tachycardia (heart rate >140 beats/min; or increased by >20%);

e Bradycardia (sustained heart rate decrease >20%);

e Hypertension (systolic BP >180 mmHg or increased by >20%);

* Hypotension (systolic BP <90 mmHg);

e Severe cardiac arrhythmias.

12.4 Failure of Weaning from the Ventilator

Weaning failure is identified as the failure of SBT or the need for reintubation within
48 h after extubation, occurring in 10-20% of patients [5, 25]. According to the
results of the first SBT and length of the weaning process, patients could be classi-
fied as following [4]:

Simple Weaning: patient successfully passes the first SBT and is extubated on
the first attempt (70% of weaning patients);

Difficult Weaning: patient fails the first SBT, and requires up to three SBT or not
more than 7 days from the first SBT to achieve successful weaning (15% of weaning
patients);

Prolonged Weaning: The patient requires more than three SBT or more than
7 days of weaning after the first SBT (15% of weaning patients).
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It has been proven that prolonged weaning was associated with increased mortal-
ity and morbidity in the ICU [26, 27]. Weaning failure is usually caused by the
imbalance between the respiratory load and the patient’s ability to cope with it
[28, 29].

Excess respiratory loads can be caused by an increase of respiratory resistance
due to the endotracheal tube and heat and moisture exchange devices in patients
undergoing a T-piece SBT, and which could be compensated by the use of low-level
PSV or CPAP strategy of SBT [18].

Diaphragmatic dysfunction leading to reduced inspiratory muscle strength is one
of the major causes of weaning failure [30, 31]. The diaphragm is the major inspira-
tory muscle, and its function can be assessed by diaphragm ultrasonography, includ-
ing diaphragmatic excursion (DE) and diaphragm thickening fraction (DTF). DE is
defined as the distance that diaphragm moves during the respiratory cycle [32, 33].
Values of DE ranged from 10 to 14 mm during normal spontaneous breathing and
25 mm for maximal inspiratory effort indicate diaphragmatic dysfunction [34]. DTF
reflects the magnitude of diaphragmatic effort and could predict successful wean-
ing. It can be calculated as (thickness at the end-inspiration—thickness at the end-
expiration)/thickness at the end of the expiration [35]. A cutoff of DTF more than
30-36% was associated with successful weaning [36, 37].

Cardiac dysfunction can cause a decrease of aeration of the pulmonary paren-
chyma and pulmonary compliance, and lead to weaning failure. Discontinuation
from a ventilator may cause a decrease of the intrathoracic pressure, an increase in
the systemic venous pressure gradient, preload and afterload, and result in cardiac
dysfunction [38]. An increase of B-type natriuretic peptides (BNP) after discontinu-
ing from the ventilator usually indicates cardiac dysfunction. The BNP-guided
weaning strategy could shorten the weaning process compared with the usual medi-
cal strategy, although it did not change ICU mortality [39]. Echocardiography could
help assess the cardiac function, and pulmonary echography could help assess the
status of aeration of the pulmonary parenchyma [40].

Considering the heterogeneity of patients, causes of weaning failure varied. The
clinician should comprehensively evaluate the patient and find out reasons. For
patients experiencing difficult or prolonged weaning, gradual reduction of ventila-
tory support could be attempted.

Noninvasive ventilation (NIV) is suggested as an alternative to invasive ventila-
tion for those with COPD, which may reduce the duration of invasive ventilation
and mortality [41, 42]. While among other patients the use of NIV remains contro-
versial [43]. Besides, NIV may cause aspiration, gastric distension, and facial skin
breakdown, and efficiency is dependent on patients’ cooperation. Therefore, NIV is
not generally recommended as prophylactic use after extubation [44].

The high-flow nasal cannula (HFNC) can deliver humidified and heated gas at a
maximum flow of 50-60 L/min (inspired oxygen fractions up to 95—-100%) thereby
generate a low level of PEEP, which may reduce breathing work and improve oxy-
genation compared with conventional oxygen therapy [45]. Patients with hypercap-
nic respiratory failure and heart dysfunction may benefit from HFNC therapy [46].
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However, the evidence supporting its use remains limited, and HFNC is not recom-
mended as a routine therapy.

12.5 Protocolized Weaning

Considering the variation of clinical practice in different ICUs, protocolized wean-
ing is proposed intending to facilitate and standardize the weaning process and
reduce MV duration and ICU mortality. Protocolized weaning refers to a written list
used to guide discontinuation from the ventilator, including the first two of the fol-
lowing criteria, with or without the third one [6].

A list of criteria for assessing the patient’s readiness to discontinue from the
ventilator, which should be screened daily.

Structured guidelines for reducing ventilatory support such as SBT or gradual
reduction in ventilator support to achieve weaning.

A list of criteria for assessing the patient’s readiness to be extubated.

Protocolized weaning could reduce the duration of mechanical ventilation and
the length of ICU stay, compared with usual weaning practice [6]. However, the
efficiency of weaning protocols may be influenced by the differences in weaning
protocols and different healthcare providers, including nurses, respiratory therapists
(RTs), and physicians. Considering the wide variety of patient populations, it is
necessary to make appropriate weaning protocols for specific types of patients.
Furthermore, optimized sedation strategies can also reduce the duration of
MV. Therefore, protocolized sedation, daily interruption of sedatives, and intermit-
tent use of sedatives have been recommended [47].

12.6 Extubation

Patients without brain injuries are usually extubated after a successful
SBT. Extubation failure is defined as a need for reintubation or ventilatory support
within 48 h after scheduled extubation [48]. It may be associated with age, chronic
comorbidities, altered consciousness, upper airway function, and lower airway pro-
tection [48, 49]. Approximately 10-25% of patients require reintubation or mechan-
ical ventilation after a successful SBT and reintubation is associated with prolonged
duration of mechanical ventilation and ICU stay, as well as higher mortality.

Upper airway obstruction after extubation, usually due to laryngeal edema, is
one of the main causes of reintubation, occurring in approximately 5-15% of
patients [50, 51]. A cuff-leak test (cuff-leak volume <130 mL or 12%) and the pres-
ence of risk factors could help identify high-risk patients [52]. Although a positive
cuff-leak test could screen for high-risk patients, a negative cuff-leak test cannot
rule out the occurrence of upper airway obstruction.
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