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Foreword

The study of mechanical ventilation, medicine in general, and
perhaps our whole society is struggling under an ominous
threat: explosive complexity in technology. It is a threat for
the simple reason that the resources spent on technological
complexity have increased exponentially over time, while
simultaneously, the resources spent on tools to understand
and effectively use this technology is holding a constant rate
(at best). If you can visualize the graph I have suggested, it
would indicate a growing knowledge gap on the part of clini-
cians and, in particular, physicians using mechanical ventila-
tors. I have been teaching mechanical ventilation for nearly
four decades, and I have yet to meet a physician who was
provided any substantial training about mechanical ventila-
tion in medical school. This seems astounding, given that life
support technologies (resuscitation, intubation, and mechani-
cal ventilation) are critical skills needed by most patients who
must endure a stay in an intensive care unit.

As with any advanced medical skill, the road to mastery of
mechanical ventilation can be viewed as a hierarchy of spe-
cific accomplishments. First, one needs to understand the
terminology and then how this terminology is used to
describe the technology in terms of both theoretical concepts
and a formal taxonomy. In this case, the taxonomy helps us
identify modes of ventilation, independent of the names
manufacturers coin to sell products. Next, we need to appre-
ciate the specific technological capabilities that different
ventilators offer and be able to sort them into advantages and
disadvantages. Finally, we need to be able to assess the goal
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of ventilation for a particular patient (safety, comfort, or lib-
eration) and then match the available technology to the
patient’s needs. This, of course, involves selecting the most
appropriate mode of ventilation. But perhaps the more chal-
lenging problem is to select the optimum settings. This is an
ongoing challenge because of the constantly changing nature
of a patient’s condition. Optimizing settings requires that the
clinician understand the intricacies of patient-ventilator
interactions, particularly in terms of the measured variables
as they are displayed by ventilator graphics. In my experi-
ence, this is the most difficult skill for clinicians to master. Not
only does it require a certain level of theoretical knowledge,
but it also requires experience at the bedside.

That brings us to the purpose of this handbook. Consistent,
accurate, and practical information regarding ventilator
waveform analysis is surprisingly difficult to obtain in book
form. To address the need, the author of this book has com-
bined his decades of experience in clinical practice, engineer-
ing, and medical education to provide a quick reference work
for clinicians at the bedside. The information is presented in
short summaries organized in a way that facilitates under-
standing, using actual ventilator displays and real problems
encountered in the daily practice of mechanical ventilation.
Each section has a set of self-study questions.

Understanding of the concepts in this resource is a key
step in the mastery of the art and science of mechanical ven-
tilation. But remember, knowledge is no substitute for
wisdom.

Health and Peace

May, 2017 R. L. Chatburn, MHHS, RRT-NPS, FAARC
Respiratory Institute, Cleveland Clinic
Cleveland, OH, USA

Lerner College of Medicine of Case
Western Reserve University
Cleveland, OH, USA



Preface

Waveforms are widely available on mechanical ventilator
screens and provide clinicians with both precise and impor-
tant information at the bedside. Ventilator waveforms are
produced from measurements of airway pressure and flow,
and combine curves and loops. The pressure and flow curves
should be interpreted together using different time scales.
They represent the interaction between the ventilator and
the patient’s respiratory mechanics described by the equation
of motion. This book is intended for bedside clinicians want-
ing to assess the effect of ventilator settings on their patients,
in order to protect the lung and optimize patient-ventilator
synchrony.

The first chapter introduces the basics of respiratory
mechanics and interpreting curves. The two main characteris-
tics of respiratory mechanics are compliance and resistance,
both of which can be calculated directly from the ventilator
waveforms using occlusion maneuvers. The product of com-
pliance and resistance is the time constant, which represents
the dynamic respiratory mechanics and is thus very useful at
the bedside. Chapters 2—4 detail curves in control modes, dur-
ing expiration, and in spontaneous modes. In control modes,
pressure and flow curves are used to assess respiratory
mechanics and measure plateau pressure as a substitute of
alveolar pressure. Monitoring of expiration is reliant mainly
on the flow curve, which in turn depends on the expiratory
time constant. Therefore, monitoring of the expiratory flow
provides us with information about the patient’s respiratory
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mechanics and enables detection of dynamic hyperinflation.
In pressure support modes, the flow curve informs us about
the patient effort and patient-ventilator synchrony, while
observation of both the flow and pressure curves helps us to
optimize the inspiratory trigger setting, the rise time, and the
expiratory trigger setting. Chapter 5 looks at curves in nonin-
vasive ventilation and two particularities of NIV, uninten-
tional leaks and upper airway obstruction, which can also be
detected on the flow curve. Chapter 6 covers quasi-static
pressure-volume loops used mainly in severe hypoxemic
patients to assess lung recruitability, while Chap. 7 describes
an esophageal pressure curve that can be added to the airway
pressure and flow for several useful applications, such as
assessing the risk of stress and atelectrauma. The esophageal
pressure can also be used to display a transpulmonary pres-
sure-volume curve and to assess the transpulmonary pressure
applied during a recruitment maneuver. In spontaneously
breathing patients, the esophageal pressure curve shows the
patient effort and patient-ventilator synchrony.

Each page contains a short explanation, a figure, and a
quiz question. In most instances, the figures are screenshots
taken from real patients with normal artifacts present. The
pressure curve is displayed in yellow, and the flow curve in
pink. For each question, there is only one correct answer and
you will find the answers and comments at the end of each
chapter.

I trust you will find the information contained in this book
both interesting and useful in your daily work. Should you
have comments or additional questions about any of the con-
tents, please don’t hesitate to contact me.

Toulon, France Jean-Michel Arnal
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Chapter 1

Basics

1.1 What Is a Curve?

Curves (also known as scalars) are real-time graphical repre-
sentations of a variable (pressure, flow, or volume) according
to time.

© Springer International Publishing AG 2018 1
J.-M. Arnal, Monitoring Mechanical Ventilation Using Ventilator
Waveforms, https://doi.org/10.1007/978-3-319-58655-7_1
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On a curve, the x-axis always represents:

Flow

. Pressure
. Volume

Time

. Points north
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1.2  Which Curves Are Relevant?

Ventilators measure airway pressure and airway flow. Volume
is derived from the flow measurement. Pressure and flow
provide all the information necessary to explain the physical
interaction between ventilator and patient.

Monitoring of mechanical ventilation relies on the analysis
of:

1. The pressure curve

2. The flow curve

3. The volume curve

4. The interactions among pressure and flow
5. The temperature curve
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1.3 What Is a Loop?

A loop is a real-time graphical representation of two variables
(pressure, flow, or volume) plotted against one another. One
loop displays the values for one breath.

Flow
I/min

In comparison to curves, loops show:

. The interaction between variables
. The same information

. More information about flow

. More information about time

. The dark side of the moon

DN~ W N
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1.4 Pressure Curve

The pressure curve is always positive during mechanical ven-
tilation. Baseline pressure above zero appears when PEEP is
applied and assisted inspiration (i.e., work done by the venti-
lator on the patient) is shown as an increase in pressure
above PEEP during volume delivery.

Inspiration Expiration

The pressure curve represents the pressure:

1. At the flow outlet of the ventilator
2. At the proximal airway

3. At the end of the endotracheal tube
4. In the alveoli

5. Atsealevel
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1.5 Flow Curve

Flow is displayed above the zero flow line, i.e., positive values,
during inspiration (when gas travels from the ventilator to
the patient), and below the zero flow line, i.e., negative values,
during expiration (when gas travels from the patient back to
the ventilator). If there is a pause at the end of inspiration, it
is considered as part of the inspiratory time. The inspiratory
time is therefore measured from the beginning of positive
flow to the beginning of negative flow.

Inspiration Expiration

Flow is:

. Always positive

. Always negative

. Positive or negative depending on mode of ventilation
. Positive or negative depending on the breath phase

. Dependent on the wind direction

N AW -
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1.6 Volume Curve

Volume is usually not measured directly (except for piston
ventilators), but is derived from the flow measurement as the
area under the flow-time curve. The upslope represents inspi-
ratory volume, while the downslope represents expiratory
volume. Any plateau between the two represents an end-
inspiratory pause (optional). Inspiratory and expiratory tidal
volumes may differ slightly due to the accuracy of the flow
measurement, as well as differences in the temperature or
humidity of gas. A large discrepancy between inspired and
expired tidal volumes may suggest gas leakage. However, the
volume display is usually reset to zero at the end of expira-
tion so that errors do not accumulate graphically.

Inspiration Expiration

On the volume curve:

1. A volume increase is always linear

2. A volume increase is always exponential

3. The shape of the inspiratory volume waveform is depen-
dent on the shape of the inspiratory flow waveform

4. A volume decrease is exponential if expiration is active

5. Inspiratory and expiratory volume are always the same
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1.7 Time Scale

The time scale is often set automatically at 10 s per epoch in
order to analyze 3 or 4 breaths. However, it may be useful to
manually zoom out to 30 s or more for repetitive events such
as obstructive apnea or Cheyne-Stokes respiration or to zoom
in for a detailed assessment of patient-ventilator synchrony.

By freezing the curve, it is possible to observe one single
event. Using the cursor, pressure or flow can be measured at
any point, and synchronization between pressure and flow
can be assessed.

60-second time scale
(eg. Cheynes-Stokes respiration)

10-second time scale by default

5-second time scale
to assess patient-ventilator synchrony

The time scale:

. Is not really important

. Is not the same for pressure, volume, and flow

. Can be manually adjusted depending on requirements
. Depends on the respiratory rate

. Depends on ventilation mode

N B~ W -
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1.8 Mandatory and Triggered Breaths

A spontaneous breath is one for which inspiration is both
triggered (started) and cycled (stopped) by the patient. A
mandatory breath is one for which inspiration is either venti-
lator triggered or ventilator cycled (or both). This is a key
concept in understanding the taxonomy for modes of ventila-
tion. A breath triggered by the patient shows a pressure
deflection below the baseline (or a flow deflection above
baseline) just before the rise in pressure indicating the start
of inspiratory flow from the ventilator. Here patient trigger-
ing is indicated by the small triangles below each breath.
Absence of these triangles indicates ventilator (i.e., time)
triggering.

Ventilator triggered Patient triggered

When the patient triggers the breath:

1. There is always a delay between patient effort and flow
delivery

2. A small increase in flow before triggering indicates a flow-
triggering system

3. A short period of flow at zero before triggering indicates a
pressure-triggering system

4. Pressure deflection is deeper if the patient has a high respi-
ratory drive

5. All are correct
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1.9 Static Respiratory Mechanics

The respiratory system can be simplified using a linear one-
compartment model, which comprises a fube representing the
airways and a balloon representing the alveoli and the chest
wall. To ventilate such a system, there are two main forces
that oppose inflation of the balloon:

1. The impedance to flow, which represents resistance of the
airways:

e Resistance = A pressure/flow

2. The impedance to volumetric expansion, which represents
compliance of the lung and chest wall:

e Compliance = A volume/A pressure
e Elastance = A pressure/A volume

Note that the linear one-compartment model does not
take into account the fact that resistance and compliance are
not constant in the case of lung and chest-wall disease;
instead they exhibit a flow and volume dependency. It also
does not include the effects of inertia, which are small for
normal respiratory frequencies. Most ventilators ignore these
details in their calculations for resistance and compliance.

w

Zid

-

P

n
<
&,
&

>

w
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Airways

17
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19
21
22
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Alveoli
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The two main characteristics of respiratory mechanics dur-
ing mechanical ventilation are:

. Lung heterogeneity

. Airway resistance

Inertia

Compliance of the lung and chest wall
Both 2 and 4

N
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1.10 Equation of Motion in Passive Patients

The graphical, single-compartment model shown above has a
mathematical correlate, called the equation of motion for the
respiratory system. It is essentially a force balance equation.
At any point in time during inspiration, airway pressure (P, )
is the sum of:

— The starting pressure: Total PEEP (PEEP, )

— The resistive pressure (P, ): Pressure to overcome the
inspiratory resistance. P, is the product of inspiratory
resistance and inspiratory flow.

— The elastic pressure (P, ): Pressure to overcome the lung
and chest-wall compliance. P, is the ratio of tidal volume
to respiratory-system compliance:

P,w =PEEP;,; + Py + Py

=PEEP,, +(tidal volume / compliance ) + (flow x resistance)
or

P,,, —PEEP,; =(tidal volume / compliance )+ (flow x resistance )

where PEEP,_ . is the pressure in the lungs at the end of the
expiratory time, which depends both on the PEEP set by the
ventilator and how completely the lungs have emptied before
the next inspiration. Note that the last form of the equation
shows that airway pressure (from the ventilator) must rise

above PEEP, before inspiratory flow can begin.
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Volume control

During mechanical ventilation, airway pressure depends on:

. Lung and chest-wall compliance
. The flow

. AutoPEEP

. The tidal volume

. All the above

N AW -
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1.11 Equation of Motion for Spontaneously
Breathing Patients

In spontaneously breathing patients, the pressure generated
by the patient’s muscle (P, ) is added to the pressure applied
by the ventilator:

P, +(Pyyus — PEEP,; ) =(tidal volume / compliance )
+(flow x resistance)

There are two implications of this equation:

— First is that for PC modes, increasing P, does not
affect P, (because this is preset), but it increases vol-
ume and flow (i.e., it deforms the volume and flow
curves). For VC modes, increasing P, . decreases P,
(i.e., it deforms the pressure curve), but it does not
affect volume or flow (because they are preset).

— Second, it follows that P, . must exceed PEEP,  in
order for P, to drop (or flow to increase) enough to
trigger inspiration. Otherwise a patient-ventilator asyn-

chrony occurs, known as an “ineffective trigger effort.”

When the patient makes an inspiratory effort:

1.

P, distorts the pressure waveform in PC modes and the

volume waveform in VC modes

. P, distorts the flow waveform in PC modes and the pres-
sure waveform in VC modes

. P, must be greater than PEEP. to trigger inspiration

. Both2and 3
5. None of the above

B~ W
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1.12 Independent and Dependent Variables

The equation of motion is the theoretical basis for classifying
modes as “pressure control” (PC) or “volume control” (VC).
Pressure control means that the left-hand side of the equa-
tion is predetermined (i.e., preset inspiratory pressure and
time or inspiratory pressure is adjusted by the ventilator to be
proportional to inspiratory effort) with volume and flow
delivery dependent on the patient’s respiratory mechanics.
Hence, pressure is considered the independent variable,
while volume and flow are dependent variables.

Volume control means that the right-hand side of the
equation is predetermined (preset tidal volume and flow)
making pressure delivery dependent on the patient’s respira-
tory mechanics. Thus, volume and flow are considered inde-
pendent variables in the equation of motion, and pressure is
the dependent variable.

Volume control Pressure control

Independent variables set by the user Independent variables set by the user

P, = PEEP.

ror + (Flow xR ) + (VT /Cg,) P,w=PEEP. _+ (Flow x R

)+ (VT/Cq.)

INS

Dependent variables: depends on settings and Dependent variables: depends on settings and
respiratory mechanics respiratory mechanics

P, aiway pressure; PEEP,_: total PEEP; R, : Inspiratory resistance; VT: tidal volume; G, ; static compliance

To identify the control variable:

. A constant inspiratory pressure indicates PC

. A constant inspiratory flow indicates VC

. If tidal volume and flow are both preset, this indicates VC
. If inspiratory pressure is preset, this indicates PC

. All of the above

DN~ W N =
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1.13  Which Curves Should Be Monitored
During Inspiration?

The independent-variable curve provides information on the
control variable of the ventilator. The dependent-variable
curve indicates the response of the respiratory system. Thus,
for monitoring the patient, the essential information is
obtained by looking at the dependent-variable curve.

Volume control Pressure control

The dependent variable is:

. The pressure curve in VC modes
. The pressure curve in PC modes
. The flow curve in PC modes

. Both 1 and 3

. The flow curve in VC modes

DN~ W=
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1.14 Compliance

Respiratory-system compliance is the ratio between a change
in volume and the associated change in pressure. Elastance is
the reciprocal of compliance (E., = 1/Cj). Respiratory-
system elastance is the sum of lung elastance and chest-wall
elastance.

Vital capacity (%)

Lung emphysema
100 4 Normal lung
75
50 | A AV X g A_V
Compllance.AP >3p>
AFAP
25
Pressure (cmH,0)

0 1 1 1 1
10 20 30 40

Compliance is expressed in:

. .cm H,O/L

. mL/cm H,O
hPa

. L/min

. .cm H O/L/s

Nk W=
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1.15 Static and Dynamic Compliance

Static compliance is the ratio of tidal volume to driving pres-
sure and represents the elasticity of the respiratory system. It
is calculated as the ratio of volume change to pressure change
(AV/AP) between two points in time when flow throughout
the respiratory system is zero (e.g., during an inspiratory
pause maneuver): C,, . =V./(P, .. —PEEP__ ).

Dynamic compliance is the estimation of C,. during
dynamic conditions (i.e., during active inspiration without the
use of an inspiratory hold). Thus, it is the ratio of volume
change to pressure change between two points in time when
flow at the airway opening is zero. This is accomplished by
fitting multiple data points (e.g., pressure, volume, and flow
measured every 20 ms) to the equation of motion and then
solving for compliance. For the single-compartment model of
the respiratory system, Cg,. = C, and is independent of
respiratory rate. For a multiple-compartment model of the
lungs, as the distribution of resistance and compliance
become less homogeneous, Cg ., becomes greater than C
because flow persists among lung units with different mechan-
ical properties (pendelluft) and this flow increases AP for the
same AV. In this case, C, decreases as respiratory rate
increases. Unfortunately, some authors have propagated an
old idea that dynamic compliance can be calculated using
peak inspiratory pressure (i.e., P rather than P

PEAK . prar)’
Cpyx = V/(P,. ., —PEEP). Because P is a function of both

PEAK o PEAK -
R and C, clearly this metric is not a form of “compliance.”
This outdated definition of C, is both clinically irrelevant

and theoretically misleading.
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98TAT= VT/ Ppat-PEEPTOT

PPLAT  Set PEEP

No gas trapping:
Set PEEP = PEEPtot

Static compliance is:

AV/AP
AP/AV

. Not affected by gas trapping
. Calculated using peak inspiratory pressure
. Increased when respiratory rate increases
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1.16 Resistance

Airway resistance is the ratio between the pressure driving a
given flow, i.e., transairway pressure, and the resulting flow rate.

In passive patients ventilated in VC modes with a square
flow waveform, airway resistance including the resistance of

the endotracheal tube can be calculated as (P, , . —P,, ,,)/flow.

Resistances = (P1 — P2) / Flow Resistances = (Ppgak — PppaT) / Flow

Inspiratory resistance depends on:

. Inspiratory flow

. The caliber of the endotracheal tube

. The density of the gas

. The use of HME or heated humidification
. All of the above

DA W



1.17 Dynamic Respiratory Mechanics: Time Constant 21

1.17 Dynamic Respiratory Mechanics:
Time Constant

When a step change in pressure is applied to the respiratory
system, the change in volume (and flow and alveolar pres-
sure) follows an exponential curve that is initially fast, but
slows down progressively as it reaches a new equilibrium. The
speed of the volume change is described by the time constant,
which has the dimension of time. Mathematically, one time
constant is equal to the product of resistance and compliance
and describes the time needed to increase or decrease vol-
ume by 63% of the total volume change.

The time constant can be calculated during inspiration or
expiration. Because the time constant represents the response
to a step change (i.e., a square pressure waveform), the inspi-
ratory time constant (RC ) will be inaccurate to the extent
that rise time is not zero (and it never is for a mechanical
system). The expiratory time constant (RC_,,) is almost com-
pletely dependent from the patient (assuming passive expira-
tion so that P, . = 0) and independent of settings, to the
extent that the pressure drops instantaneously to PEEP
(which is never quite true because of resistance in the ventila-
tor’s expiratory circuit). RC,,, is therefore the preferred
metric of the patient’s dynamic respiratory mechanics, pro-
vided there is no active expiratory effort.

The time constant is important because it determines the
amount of inspiratory time required for complete tidal
volume delivery during PC modes.
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L — 98.2%

/ 95%

86.5%

99.3%

99.8%

63.2%

Inspiratory
T~~~ -Volume
-Lung Pressure

Expiratory
~Flow

36.8%

Inspiratory
~Flow
Expiratory
-Volume

13.5% -Lung Pressure

5%
1.8%

0.2%

3 4
Time Constants

In terms of the time constant:

. The inspiratory and expiratory time constants are equal
. Three expiratory time constants equal the time required to

exhale 95% of the tidal volume

time

. The time constant depends primarily on compliance
. A short time constant means increased resistance
. The inspiratory time constant depends on the inspiratory



1.18 Expiratory Time Constant 23

1.18 Expiratory Time Constant

Some ventilators provide a measurement of the RC_,, in all
ventilation modes, including NIV. This measurement is accu-
rate if there is no active expiratory effort and no leakage.

For an intubated patient with normal lungs, the RC_,, is
usually between 0.5 and 0.7 s.

A decrease in the lung and/or the chest-wall compliance
(e.g., ARDS) is associated with a short RC_, , (< 0.5s).

An increase in airway and/or endotracheal tube resistance
(e.g., COPD) is associated with a long RC_, , (> 0.7 s).

The expiratory time constant determines the time required
for complete exhalation during any mode. Thus, if expiratory
time is set less than five time constants, gas trapping will occur
and PEEP,  increases above set PEEP (i.e., autoPEEP >0).

Normal lung ARDS COPD
Cqpr (ml/cm H,O) 45-65 <45 50-80
R, (cm H,O s/l) 10-15 10-15 16-33
RC_,, (s) 0.5-0.7 <05 > 0.7

The expiratory time constant:

. Is accurate only in passive patients

. Reflects the disease state of the respiratory system

. Is expressed in seconds

. Is slightly different in intubated patients and those receiv-
ing NIV

5. All of the above

AW N =
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1.19 Clinical Application of the Expiratory
Time Constant

A normal RC_,, (0.5-0.7 s) means a normal lung or a mixed
condition (COPD + ARDS).

A short RC_,, (< 0.5 s) means there is decreased compli-
ance due to the lung and/or the chest wall: ARDS, lung fibrosis,
atelectasis, kyphoscoliosis, increased abdominal pressure, etc.

A long RC_,, (> 0.7 s) means there are increased resis-
tances due to the patient and/or the endotracheal tube: COPD,
asthma, bronchospasm, endotracheal tube obstruction, etc.

Normal lung COPD Mixed condition

0.68SHCeXP 0.29§Cexp 1 -01 ?Cexp 0.64SRCexp

Rinsp Cstat Rinsp C Stat Rinsp C Stat R insp C Stat

12 65.3 10 194 29 50.6 22 36.8

c¢cmH,0/l/s  ml/cmH,0 cmH,0//s  ml/cmH,0 cmH,0/l/s  ml/cmH,0 cmH,0/l/s  ml/cmH,0

P VP X

The expiratory time constant:

. Is approximately 0.6 s in normal-lung patients

. Is approximately 0.3 s in the case of ARDS

. Islong in COPD and asthmatic patients

. Can be normal in the case of a mixed-disease condition
. All of the above

DA W=
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1.20 Rationale Behind Curve Analysis

Airway flow and pressure curves display the complex interac-
tion between the ventilator settings and the patient’s respira-
tory mechanics. In fact, pressure, volume, and flow curves
displayed by the ventilator are nothing more than graphical
representations of the equation of motion.

An analysis of the curves is used to:

Assess the patient’s respiratory mechanics
Optimize the ventilator settings

Both 1 and 2

Predict the gas exchange

Learn the geography

Nk LD =
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Responses

1.1 4

12 4

1.3 1

1.4 2:Some ventilators measure airway pressure directly at

1.5
1.6
1.7
1.8
1.9
1.10

1.11
1.12
1.13
1.14
1.15
1.16
1.17

1.18

1.19
1.20

proximal airways, between the Y piece and the endotracheal
tube. Others measure it remotely at the inspiratory
compartment (between the inspiratory valve and the
inspiratory gas outlet) and at the expiratory compartment
(between the expiratory gas inlet and the expiratory valve).
Then, proximal airway pressure is calculated taking into
account the breathing circuit resistances

L W WA

5: AutoPEEP if any is part of total PEEP. Total
PEEP = external PEEP + autoPEEP

~

— N B WD

5

2: Inspiratory and expiratory time constant are not equal
because airway resistances are usually lower during inspira-
tion as compared to expiration. Thus, inspiratory time
constant is shorter than expiratory time constant

Time constant Change in volume (% of total change)
1 63%

2 86.5%

3 95%

4 98%

5 99%

5:RC,,, is slightly different in intubated and NIV patients
because of the ET resistance
5

3
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Chapter 2
Controlled Modes

2.1 Volume-Controlled Modes

2.1.1 Shape of the Pressure Curve

During VC, flow and tidal volume are the independent
variables set by the user. In the simplest case, the flow wave-
form is square (constant flow) during inspiration. Pressure
is the dependent variable. Pressure increases during insuf-
flation to reach a maximum at the end of inspiration. If an
end-inspiratory pause is set by the user, the flow will be zero
and pressure will reach a plateau (Video 2.1).

Electronic Supplementary Material The online version of this chapter
(https://doi.org/10.1007/978-3-319-58655-7_2) contains supplementary
material, which is available to authorized users.

© Springer International Publishing AG 2018 29
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In VC modes with constant flow:

1. The flow curve provides information about respiratory
mechanics

2. Pressure is the independent variable

3. Pressure reaches its maximum at the end of the inspiratory
time

4. The pressure curve shows always a plateau

5. The pressure curve has a square shape
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2.1.2 Flow Pattern

Different flow waveforms can be set in during VC on some
ventilators:

— Square: Flow is constant throughout the inspiratory phase.
This pattern is associated with the highest peak pressure.

— Descending ramp: Flow is at its maximum at the beginning
of inspiration and decreases linearly during the inspiratory
phase.

— Sine: Flow gradually increases to a maximum at
mid-inspiratory time and then decreases back down to
zero (Video 2.2)

Square flow Descending ramp flow Sine flow
40 ! 401
30 ) s 30
20 _—
ol
o

50| Flow
Vmin

In VC, the preset flow waveform affects all these variables
except:

1. The tidal volume delivered

2. The inspiratory time

3. The peak pressure

4. The shape of the pressure curve

5. The gas distribution within the lung
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2.1.3  Resistive Component of the Pressure Curve

If only the resistive component of the linear one-compart-
ment model (namely the tube) is ventilated in VC with a
square flow pattern, the pressure curve will show a square
with constant pressure throughout the inspiratory phase. The
pressure will be higher if tube resistance or flow increase.
Therefore, the initial rapid increase in pressure in VC is due
to resistance and is reproduced at the end of inspiration by
the difference between peak and plateau pressure.

In VC, the initial increase in pressure depends on:

1. Airway resistance and flow

2. The inspiratory time

3. The size of the endotracheal tube
4. Both 1 and 3

5. Respiratory-system compliance



	Foreword
	Preface
	Acknowledgments
	Contents
	Abbreviations
	List of Videos
	Chapter 1: Basics
	1.1 What Is a Curve?
	1.2 Which Curves Are Relevant?
	1.3 What Is a Loop?
	1.4 Pressure Curve
	1.5 Flow Curve
	1.6 Volume Curve
	1.7 Time Scale
	1.8 Mandatory and Triggered Breaths
	1.9 Static Respiratory Mechanics
	1.10 Equation of Motion in Passive Patients
	1.11 Equation of Motion for Spontaneously Breathing Patients
	1.12 Independent and Dependent Variables
	1.13 Which Curves Should Be Monitored During Inspiration?
	1.14 Compliance
	1.15 Static and Dynamic Compliance
	1.16 Resistance
	1.17 Dynamic Respiratory Mechanics: Time Constant
	1.18 Expiratory Time Constant
	1.19 Clinical Application of the Expiratory Time Constant
	1.20 Rationale Behind Curve Analysis
	Suggested Readings

	Chapter 2: Controlled Modes
	2.1 Volume-Controlled Modes
	2.1.1 Shape of the Pressure Curve
	2.1.2 Flow Pattern
	2.1.3 Resistive Component of the Pressure Curve
	2.1.4 Elastic Component of the Pressure Curve
	2.1.5 The Pressure Curve for the RC Model
	2.1.6 Single-Breath Analysis of Overdistension and Recruitment
	2.1.7 Stress Index
	2.1.8 Peak Pressure
	2.1.9 Plateau Pressure
	2.1.10 End-Inspiratory Occlusion
	2.1.11 End-Inspiratory Occlusion with Leakage
	2.1.12 End-Inspiratory Occlusion with Active Effort
	2.1.13 Ascending Pressure During an End-Inspiratory Occlusion
	2.1.14 Additional Resistance
	2.1.15 Increased Peak Pressure
	2.1.16 Mean Airway Pressure
	2.1.17 Driving Pressure

	2.2 Pressure-Controlled Mode
	2.2.1 Flow Curve
	2.2.2 Peak Inspiratory Flow
	2.2.3 Peak Inspiratory Flow Overshoot
	2.2.4 Shape of Flow Curve
	2.2.5 Inspiratory Time
	2.2.6 Inspiratory Time Optimization
	2.2.7 Plateau Pressure
	2.2.8 Mean Airway Pressure
	2.2.9 Driving Pressure

	Suggested Reading

	Chapter 3: Monitoring During Expiration
	3.1 Which Curves Should Be Monitored During Expiration?
	3.2 Normal Shape of Expiration
	3.3 Peak Expiratory Flow
	3.4 Active Expiration
	3.5 Shape of Expiratory Flow: Normal
	3.6 Shape of Expiratory Flow: Decreased Compliance
	3.7 Shape of Expiratory Flow: Increased Resistance
	3.8 Shape of Expiratory Flow: Flow Limitation
	3.9 Secretions
	3.10 Bi-compartmental Expiration
	3.11 Tracheal Malacia
	3.12 End-Expiratory Flow
	3.13 End-Expiratory Occlusion
	3.14 AutoPEEP Without Dynamic Hyperinflation
	3.15 Effect of Bronchodilators
	3.16 Pressure Curve During Expiration
	�Suggested Readings

	Chapter 4: Assisted and Spontaneous Modes
	4.1 Pressure Support
	4.1.1 Normal Curves
	4.1.2 Inspiratory Trigger
	4.1.3 Trigger Effort
	4.1.4 Inspiratory Trigger Time
	4.1.5 Inspiratory Delay Time
	4.1.6 Ineffective Inspiratory Efforts
	4.1.7 Cardiac Oscillations
	4.1.8 Autotriggering
	4.1.9 Double Triggering
	4.1.10 Pressure Rise Time
	4.1.11 Peak Inspiratory Flow
	4.1.12 Pressure Overshoot
	4.1.13 Flow Overshoot
	4.1.14 Shape of Inspiratory Flow
	4.1.15 Inspiratory Effort
	4.1.16 Expiratory Trigger Sensitivity
	4.1.17 Optimal Expiratory Trigger Sensitivity Setting
	4.1.18 Early Cycling
	4.1.19 Delayed Cycling
	4.1.20 Delayed Cycling and Strong Inspiratory Effort

	4.2 Volume Assist Control
	4.2.1 Normal Pressure Curve
	4.2.2 Flow Starvation

	Suggested Readings

	Chapter 5: Noninvasive Ventilation
	5.1 NIV in Pressure Support Mode
	5.2 Unintentional Leaks
	5.3 Leak Rate
	5.4 Inspiratory Trigger Delay
	5.5 Autotriggering
	5.6 Double Triggering
	5.7 Ineffective Inspiratory Effort
	5.8 Flow Overshoot
	5.9 Patient Effort
	5.10 Leaks and Cycling
	5.11 Inspiratory Flow Distortion
	5.12 Early Cycling
	5.13 Delayed Cycling
	5.14 Delayed Cycling and Patient Inspiratory Effort
	5.15 Upper Airway Obstruction
	5.16 Cheyne-Stokes Respiration
	Suggested Readings

	Chapter 6: Pressure-Volume Loop
	6.1 Quasi-Static Pressure-Volume Loop
	6.2 Flow When Performing the PV Loop
	6.3 PV Loop in a Normal Lung
	6.4 PV Loop in ARDS
	6.5 Change in Slope During Inflation
	6.6 Linear Compliance
	6.7 Chest-Wall Effect
	6.8 Change in Slope During Deflation
	6.9 Hysteresis
	6.10 Hysteresis in COPD
	6.11 Assessing the Potential for Recruitment
	6.12 Recruitment Maneuvers
	Suggested Readings

	Chapter 7: Esophageal Pressure Curve
	7.1 The Esophageal Pressure Curve in Passive Patients
	7.1.1 Normal Curve
	7.1.2 Positioning
	7.1.3 Occlusion Test in Passive Patient
	7.1.4 Inflation of the Esophageal Balloon
	7.1.5 Transalveolar Pressure
	7.1.6 PTA at End Inspiration
	7.1.7 PTA at End Expiration
	7.1.8 Transpulmonary Driving Pressure
	7.1.9 Transpulmonary Pressure-Volume Loop
	7.1.10 Airway and Transpulmonary PV Loops
	7.1.11 Hysteresis
	7.1.12 Transpulmonary Pressure During Recruitment Maneuvers
	7.1.13 Increase in Volume During Recruitment Maneuvers
	7.1.14 Reverse Triggering

	7.2 Esophageal Pressure Curve in Spontaneously Breathing Patients
	7.2.1 Normal Curve
	7.2.2 Occlusion Test in Spontaneous Breathing Patient
	7.2.3 Transpulmonary Pressure
	7.2.4 Inspiratory Effort
	7.2.5 Shape of the Inspiratory Effort
	7.2.6 Inspiratory Trigger Synchronization
	7.2.7 Ineffective Inspiratory Efforts
	7.2.8 Autotriggering
	7.2.9 Relaxation of Inspiratory Muscles
	7.2.10 Expiratory Trigger Synchronization
	7.2.11 Passive Inflation and Active Expiratory Effort

	Suggested Readings


