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Preface

Mechanical ventilation is one important part of care for many critically ill patients,
especially for patients with respiratory failure. It is mostly provided inside the hos-
pital, especially inside the ICU, but it is also provided at sites outside the ICU and
even outside the hospital. A deep and thorough understanding of mechanical venti-
lation is a requirement for respiratory therapists and also critical care physicians.
Basic knowledge of the principles of mechanical ventilation is also required by
critical care nurses and other physicians (aside from critical care physicians) whose
patients occasionally need ventilatory support.

This book is focused on this subject, which is explained also with graphs and
tables concerning the mechanical ventilator. The contents are applicable to any
adult mechanical ventilator. This book does not cover issues related to pediatric and
neonatal mechanical ventilation; its topics are limited to the focus of this book,
adult mechanical ventilation.
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Introduction

This book can be your reference for reviewing a mechanical ventilation graph to
differentiate the changes of condition in a patient with respiratory failure and get-
ting breathing support from a ventilator. To make for easier understanding, almost
every page of this book has an illustration such as a picture or waveform, covering
such topics as:

— Gas particles, gas particle density, and gas (oxygen) concentration

— Relationship between resistance, pressure, flow, and volume

— Ilustration of respiratory anatomy from control system to alveoli

— Comparison of alveolar pressure, transpulmonary pressure, intrapleural pressure
and airway pressure in control breath and spontaneous breath

— Effect of increased liquid or accumulated air in pleural space

— Effect of airway resistance change and compliance change in inspiratory and
expiratory conditions, including intrinsic-PEEP, air-trapping and dynamic
hyperinflation

— Pressure, flow, and volume waveform in volume breath, pressure control breath
and pressure-supported breath

— Basic ventilation modes in volume and pressure — control, SIMV, and
spontaneous

— Advance ventilation modes — dual control, BiPAP, APRV and guaranteed min-
ute volume

— Graphical loops in controlled breath, triggered controlled breath and spontane-
ous breath, in airway resistance and lung compliance change and also leakage
indication

This is the only book which explains with so many illustrations, pictures, and
graphs.

Xvii



Basic Mathematics and Physics

1.1 Introduction

An important point to appreciate how ventilation occurs is the concept of gas flow
itself. Gas has its own characteristics, like when it is on sea level, it is different com-
pared when it is under sea level or even above sea level. This means even the gas or air
inside our lungs, e.g., oxygen and carbon dioxide, changes its characteristics on sea
level, under sea level, or above sea level. In this chapter, basic mathematics and physics
will be explained. They are related to gas characteristics in the lungs and also related to
the tables and graphs shown on ventilator. Mechanical ventilator also shows graphs of
flow, pressure, and volume. In the following chapter, all those variables which are often
encountered on mechanical ventilator will be discussed; the relationship of flow and
resistance to pressure, which is related to pressure from mechanical ventilator against
resistance in the lungs and even the ventilator tubings, will also be in this chapter.

In mechanical ventilator, there are various flow patterns, square, decelerating,
and sinus waveform, which will be explained and shown further in this chapter.

1.1.1 Multiplication and Division

Based on the equations in Table 1.1, it is concluded that:

A is inversely proportional to B:

For the same C value, when A, for example, increases three times, then B needs to

be decreased 1/3 time.
A is proportional to C:

Table 1.1 Simple equation of multiplication and division

AxB=C
A =B B_ A
C C
© Springer Nature Singapore Pte Ltd. 2018 1
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2 1 Basic Mathematics and Physics

For the same B value, when A, for example, increases three times, then C needs to
be increased three times as well.

B is proportional to C:

For the same A value, when B, for example, increases three times, then C needs to
be increased three times as well.

1.1.2 Electrical Equation
Electric Voltage (V") = Electric Current (7 )x Resistance (R)

The voltage difference between two electric poles

=V2-VI1=V = Electric Current (/) x Resistance (R)

Electric voltage represents ion density which is more positive.

Electric current will flow through a resistance of poles with higher voltage to a
lower voltage. So when the electric voltage of both two poles is the same, then
electric current will not flow.

When electric current is injected through a resistance, there will be differences in
the density of ions which produces electric voltage.

1.2  DataTables and Graphs

To understand the waveforms of volume and pressure, Fig. 1.1 shows those wave-
forms, and the table shows the number of volume and pressure according to time.

The waveforms (graphs) from Fig. 1.1 of volume and pressure are combined into
a loop in Fig. 1.2, which shows amount of pressure and volume at the same time as
they increase in table.

Time | Volume Volume-Time Graph and Pressure-Time Graph Time | Pressure
0.0 OomL| Volumey 0.0 5.0 cmH,0
0.1 30 mL b 0.1 11.5cmH,0
0.2 60 mL 200 mL 0.2 |13.0cmH,0
0.3 90 mL ke 0.3 |14.5cmH,0
0.4 120 mL ':: 0.4 |16.0cmH,0
0.5 150 mL | | . : y i 0.5 |17.5cmH,0
0.6 |180mL Pressure = 0.6 |19.0cmH,0
0.7 |[210mL E 0.7 |20.5cmH,0
0.8 | 240 mL i 0.8 |22.0cmH,0
0.9 |270mL 0.9 |23.5cmH,0
1.0 | 300 mL ) 1.0 |25.0cmH,0
1.1 | 300 mL - 1.1 | 20.0cmH,0
1.2 | 300 mL 1.2 | 20.0cmH,0
1.3 98 mL s 1.3 5.0 cmH,O
1.4 32 mL 1.4 5.0 cmH,0
1.5 0mL = ok T ke 1.5 5.0 cmH,0

Fig. 1.1 Tables and graphs of volume time and pressure time



1.3 Gas Law

Pressure | Volume

Volume-Pressure Graph (Loop)

5.0 cmH,O0 0 mL |Volume
300 mL

11.5cmH,0 30 mL

13.0 cmH,0 60 mL
14.5 cmH,0 gomL| o™
16.0 cmH,0O 120 mL

17.5 cmH,0 150 mL | 200mL
19.0 cmH,0 180 mL
20.5cmH,0 210 mL

150 mL

22.0cmH,0 240 mL

23.5cmH,0 270 mL
25.0 cmH,O 300 mL
20.0 cmH,O 300 mL
20.0cmH,0 | 300 mL Soml-

5.0 cmH,O 98 mL

100 mL

Pressure

5.0 cmH,O 32 mL
5.0 cmH,O 0mL

@

10
emHz0 cmHz0

20 25
emHz0 emHz0

Fig. 1.2 Table and graph combination of volume and pressure

1.3 Gas Law

1.3.1 Boyle’s Law of Gases

Look at Fig. 1.3 which explains a condition when a temperature which is considered

does not change; then:

P1-VI=P2-V2

P1 = Pressure on the condition 1

V1 = Volume on the condition 1

P2 = Pressure on the condition 2

V2 = Volume on the condition 2

1.3.2 Theldeal Gas Law

Ideal gas law is a combination of Boyle’s law of gases, Charles’ law of gases, and
Avogadro’s law of gases which is shown in Fig. 1.4.

The pressure (P) and volume (V) of a gas in a confined space are determined by
the amount of gas particles (n) and temperature (7) of a gas and multiplied to the
constant ideal gas 0.08205 L atm/mol K.

P = Pressure on condition 1

V = Volume on condition 1

n = Number of gas particles

R = Constant Ideal gas

T = Gas temperature
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Condition 1: At sea level
With ambient pressure of 760 mmHg (P1) at sea level, a sealed
bag containing a number of gas molecules, would form a

Physical Volume (V1).

Condition 2: Several thousand meters above sea level
Ambient pressure will go down, for example, would be 660
mmHg (P2), then the distance between the molecules of gas
will increase even with the same number of molecules, so that
the Physical Volume (V2) will be increased by a multiplication
factor of 760/660.

Conclusion / Notes :
1. Gas pressure represents the density of the particles /
molecules of the gas according to the distance between the

particles / molecules of the gas in the confined space.

2. The concentration of particles in gases, including oxygen,

were unchanged despite change in pressure.

Several thousand meters
above sea level

At sea level

Fig. 1.3 Illustration of gas molecules at sea level and several thousand meters above sea levels

Boyle’s Law of gases:

Volume is inversely
proportional to Pressure

P x V =k (constant)
(Pressure x Volume = k)

Charles law of gases:
Volume is proportional to
Temperature

V /T =k (constant)
(Volume / Temperature = k)

Avogadro’s law of gases:
Volume is proportional to
the number of molecules

V / n =k (constant)
(Vol./number of mol = k)

Ideal Gas Law :

AVERR T

Fig. 1.4 Illustration and summary of all the gas laws




1.3 Gas Law 5

Condition 1: At sea level
Several thousand meters above

With ambient pressure of 760 mmHg (P1) at sea level, sea level

humans inhale an amount of gas molecules (n1) thus

forming a Physical Volume (V1).

Condition 2: Several thousand meters above sea level
Ambient pressure will go down, for example, would be
660 mmHg (P2), then the distance between the

molecules of gas will increase. Humans inhale a same

LB BB B BB B O
LRI I B I R R B R
LI I I B A
L L I B B B B
0 8 0800000 eR
e 0 0 688 0 80088
8 0 8 0 0 8808080
@0 0 0 6 888080
& 8 0 8 8 88800

physical volume as the sea level(V2 = V1), resulting in
fewer amount of the molecules, which is a decrease of I

multiplication factor of 660/760.

Conclusion / Notes :

L] o o .
L] - L ] *
1. Rising higher than sea level, if human does not . . . 2 .ot p s . s
L L - L L - L]
inhale deeper then the number oxygen particles/ : . Sl 2 = Tl
molecules will be reduced due to the percentage is . s . . . . : . 5 . e .
L - L] L] L
fixed but the total number of gas particles is reduced . . . . : : . . . o < .
—5 Risk of Hypoxia. R RTATIR IS
L - L] . - L . L] . - . -
L ] L L L]
2. Inside the cabin of the aircraft, pressure is given which *o’ e e

almost equal to pressure at sea level. When the cabin

At sea level

pressure dropped, then an oxygen mask will come out

for immediate use.

Fig. 1.5 Illustration of gas molecules inside the lungs at sea level and several thousand meters
above sea level

Look at Fig. 1.5 which explains when a temperature (7)) which is considered does
not change and same constant (R); therefore:
P1+V1 P2.V2
nl n2
When humans inhale the air on the same physical volume (V2 = V1), therefore:

PL_P2
nl n2
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14 Pressure

Gas pressure (Fig. 1.6) represents the density of the particles/molecules of the gas
according to the distance between the particles/molecules of the gas in a confined space.
Looking at Fig. 1.6:

(a) Gas volume/content of 100 mL at ambient pressure

(b) Gas volume/content of 200 mL at ambient pressure

(c) Gas volume/content of 200 mL compressed into half of its original physical
volume = gas volume/content of 100 mL added 100 mL without changing the
physical volume

(d) Gas volume/content of 200 mL compressed into a quarter of its original physi-
cal volume = gas volume/content of 50 mL added 100 mL without changing the
physical volume

Note:

Ambient pressure at sea level is about 760 mmHg.

The pressure is called negative if less than the ambient pressure, such as
inhaling.

The pressure is called positive if greater than the ambient pressure, such as
exhaling.

a b c d
100mL @ Ambient Pressure 200mL @Ambient Pressure
LB BE B BN BN BN BN BN BN
RO I N
ses 0000000
* O 4 O 0 O O 0
es 00000000
se s 0000000
L B B BN BN BN BN B BN
* 9 O 0 0O 0 O 0
ees 0000000
DO N N
R TR R R R P
e eo e |ee e e e e e [%%%% % %
s e L ee s s 00000 [* 00 b N
* e se e sen v [P0 0% e e,
o ev oo |eec oo v oo e [%%%% % % "
.0 eoe| [eesssansenl [P0 % % % e e e e 2
e * e sossse e w e [P0 0.0 % e 4
* e e se s s v e [P0 0 0 0t 2
e v css v s (oo (*0.0. % %% % "
st seseness se 0000000 n ’o.-'o'o.o.o...o’o.g scec0cesecesececeses
Ambient Pressure Ambient Pressure Ambient Pressure +1Bar Imentlhssmd-ah

Fig. 1.6 Illustration of gas molecules with ambient pressure
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BOOOOOOOOSS XL
0..’0.0...0......‘. Y F L B B B B B B B B BN
076077 %% %% e e et il AR R R R N
RS SRR RS RE:
IO SCOOOOOC sessders e e
SOOOCOOO00C *

0.....0..........‘............... L BB B B BB B B
.:.:.:.:.:.:.:.:,:.:.:.' 209 % se0000000000
......0.0.0.0.C.Q.Q.Q L B B B B B B B B B
e e e e®e"e e " TR EEEEEEY

Fig. 1.7 Gas molecules flow under resistance

1.4.1 Pressure Due to Flow Resistance

Such as electricity equation:
Electrical Voltage(V2— V1) = Electric Current (i) x Resistance (R)
Therefore the relationship between flow and resistance to pressure would be:
Pressure difference (P2 — P1) = Flow ( F ) x Resistance (R)

Looking at Fig. 1.7, gas particles/molecule densities on the left side (P2) are
greater than the right side (P1). And because the pressure P2 > P1, then the gas
particles/molecules will move from P2 side to P1 side which will generate flow
through resistance. Those gas particle displacements will reduce the density of par-
ticles in P2, while the density of particles in P1 will be increased. The density dif-
ference between P2 and P1 will keep getting lower; therefore, the flow will continue
to decrease.

If the density of the particles in P2 side is already equal to the density of the
particles in P1, which means P2 = P1, then there is no flow that will be flowing
between P2 and P1 in any direction. Figure 1.8 will explain further how airflow
moves inside the lungs with the movement of the lungs.
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Inspiratory:

In Inspiratory, respiratory muscles (red) will pull the Lung
to inflate, therefore, the distance between the Particles/
Molecules of Gas in the alveoli will increase or pressure
in the Alveoli (P1 = Pavl) will be less than Ambient
Pressure (P2). With the ambient pressure of 760 mmHg
(P2) and for example the pressure in the Alveoli (P1 =
Pavl) of 560 mmHg then the difference of both, which is
200 mmHg will result in the inflow to the Alveoli pass

through Resistance in the Airway.

Expiratory:

In Expiratory, respiratory muscle (Red) will become relax
and return to its original state, therefore, the pressure in
the Alveoli (P1=Pavl) will be greater than the Ambient
Pressure (P2). With the ambient pressure of 760 mmHg
(P2) and for example the pressure in the Alveoli (P1=Pavl)
of 960 mmHg mmHg then the difference of both, which is
200 mmHg will flow out of the Alveoli pass through

Resistance in the Airway.

P2 = Ambient Pressure
Inflow

Flow Out

P1|P1

®

Fig. 1.8 Muscle and airflow movement during inspiratory and expiratory

1.5 Flow

The relationship between flow and resistance to pressure is:

Pressure difference (P2 — P1) = Flow ( F ) x Resistance (R)

Flow occurs from the side with the higher pressure/density (P2) to the side with
the lower pressure/density (Fig. 1.9). With the flowing out of the particle, the pres-
sure/density of particles on the P2 will decrease gradually, and simultaneously
pressure/density of particles on the P1 will increase gradually. Until equilibrium
occurs, where pressure P2 = P1, thus, there is no longer flow going to any

direction.
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The flow passing through the Resistance: The flow passing through higher Resistance:
2 2
1 r2-p1 { P21
1 P1
t t
Flow Flow
—®
Pressure P2 decrease concurrently with the Increased resistance would decrease Peak
increasing Pressure P1, therefore, flow is Flow (a), so it takes longer (b) for the particles
decelerating. to flow from P2 to P1, until equilibrium
occurs where P2 = P1.

Fig. 1.9 Illustration of flow passing through resistance

1.6  Various Inspiratory Flow Pattern

There are various flow patterns used in mechanical ventilator, and they are
used based on the mode that is being used. Flow patterns that are typically
used in volume-controlled breath delivery are shown in Fig. 1.10, and other
flow patterns typically used in other modes of breath delivery are shown in
Fig. 1.11.



10 1 Basic Mathematics and Physics

Square : Half Decelerating : Full Decelerating : Sinus waveform :
Flow

r.

[Tid [

~d =

This flow pattern is typically used in Volume Controlled breath delivery

Fig. 1.10 Various flow patterns typically used in volume-controlled breath delivery

Exponential like Decelerating : | Square with Pressure Limit: | Exp. Decelerating with Target
VT within breath :

Flow, Flow:

Flow,

s Y Tt & T T & T T

This flow pattern is typically | This flow pattern is typically | This flow pattern is typically
used in delivery of Pressure | usedin delivery of Volume | used in delivery of Pressure
Controlled breath or Pressure | Controlled breath with Square | Controlled breath or Pressure
Support breath. Flow and limitation of Peak Supported breath with

Pressure. Volume Target within a breath

Fig. 1.11 Other flow patterns typically used in other modes of breath delivery

1.7  Expiratory Flow

Expiratory flow direction is from the patient to the expiratory valve on ventilator
and then to the ambient air.

And on the graphical flow waveform, the direction is downward from the hori-
zontal line as shown in Fig. 1.12.



1.8 Volume 1

Flow 4
< Texp. >

Fig. 1.12 Graph of expiratory flow

1.8 Volume

The volume indicates the number of particles/molecules of gas at a certain pressure
unit.

The greater the volume at the same pressure indicates the increased number of
particles/molecules of gas.

In Fig. 1.13, physical volume of 100 mL in 1520 mmHg pressure = physical
volume of 200 mL at 760 mmHg pressure.

In order to facilitate the volume reading especially with pressure higher than
ambient pressure, volume measurement on ventilator is converted to ambient pres-
sure as standard BTPS (body temperature pressure saturated).

Volume is the result of flow delivered during a certain time:

Volume = Flow x time

For example, the flow of 150 mL/s flowing into the space for 2 s and then the
volume received in a space are 300 mL.
In other words, volume is the wide area of flow waveform.
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Fig. 1.13 Gas particles/molecules with different volumes because of pressure

There are different flow waveforms which result in also different inspiratory vol-
umes based on the area of these flow waveforms (Fig. 1.19).

Look at Fig. 1.14. It shows square flow waveform, and the table shows sample of
measurement with the showed waveform.

While Fig. 1.14 shows square flow waveform, Fig. 1.15 shows full decelerating
waveform, and the table shows sample of measurement with the showed
waveform.

Look at Fig. 1.16. It shows quite similar flow waveform with Fig. 1.15, but it is
half decelerating, and the table shows sample of measurement with the showed
waveform.

Look at Fig. 1.17. It shows quite different flow waveforms from the previous
waveforms. It shows sine waveform, and the table shows sample of measurement
with the showed waveform. Look at Fig. 1.18. It shows exponential-like flow wave-
form which is usually in pressure breath, and the table shows sample of measure-
ment with the showed waveform (Fig. 1.19).
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