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Equation of Motion for the Respiratory System
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Mechanical Ventilation
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Transpulmonary pressure = Alveolar pressure — Pleural pressure

A Normal spontaneously breathing
person, at end inspiration

Palv=0cm H,0

Ppl=-8 cm H,0

Ptp=0- (-8)=+8 cm H,0

B Normal anesthetized, paralyzed
patient on mechanical ventilation,
at end inspiration

Palv=9cm H,0

Ppl=1cm H,0

Ptp=9-1=+8cm H,0

C Patient with stiff chest wall, on
mechanical ventilation, at end
inspiration

Palv = 30 cm H,0

Ppl=25cm H,0

Ptp=30-25=+5cm H,0

D Trumpet player while playing a note

E Patient with marked respiratory distress, on noninvasive

Palv =150 cm H,0

Ppl =140 cm H,0

Ptp =150 - 140 = +10 cm H,0O

ventilation, at end inspiration

Palv =10 cm H,0

Ppl=-15cm H,0

Ptp = 10 — (~15) = +25 cm H,0

NEJM 2013; 369: 2126-2136



Physiologic effects of MV in hypovolemic conditions
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Physiologic effects of MV in hypervolemic conditions
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A. Postive Pressure Ventilation
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Potential p 0l0QIC effect O
ﬁ | Right ventricular (RV) venous return
"'é-' : . Hypoxia mediated pulmonary
@ 1 Pulmonary vascular resistance due to vascular compression l o
> e o vasoconstriction
£ 1 RV dilation — left shift in septum
-E.‘ 1 Compensatory increase in systemic vascular resistance

J Left ventricular (LV) afterload
J LV preload and LV dilatation

Q

= J Myocardial oxygen demand

€ ] Preload due to lower RV output

S } Stroke volume due to interventricular dependence 1 Pressure gradient from thorax to
e .

E periphery

1 Hydrostatic displacement of
alveolar edema



PEEP Effect
e Increases FRC

e Prevents progressive atelectasis and
intrapulmonary shunting

* Prevents repetitive opening/closing (injury)

* Recruits collapsed alveoli and improves V/Q
matching

e Resolves intrapulmonary shunting

B

Optimal PEEP

A0

e Improves compliance

Compliance
a0

*Enables maintenance of adequate P,O0,at  ~
a safe FiO, level
eDisadvantages

U-:J'll\.-"t"l",'
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e Decrease cardiac output
Oxygen delivery (DO,), not PaO,, should be used to assess optimal PEEP.

PEEF {cm Hz0)



Pulmonary Pitfalls of PEEP

of the Physiologic Effects of
itive Pressure Ventilation

Normal alveoli
overdistended

Hemodynamics (:\) Monitoring NI
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Classification of MV

Type Tracheal
intubation

Negative-pressure °* Iron lung -

ventilators * Chest cuirass
* Invasive positive pressure ventilator +
— (IPPV)
- PB 840
Positive-pressure - Servo-|
ventilators - Hamilton G5

* Non-invasive positive pressure ventilator -
> (NIPPV or BIPAP)
* Continue positive pressure ventilation
(CPAP)
e High-flow nasal cannula (HFNC)

positive-/negative-  * high-frequency oscillators (HFO) == ~_ |+
pressure ventilators

'L%’lf'%




Iron lung Cuirass

Fig. 1-1. Typical apuiprment avasiable for repiratory failure in 1952: an irm ing (k) and a Kifa agrass (right). (fmage of
child in srom lung reproduced courlesy of the WHO Global Polio Frudication Initsative. Image of adull repwoducal from Lassen
HCA (ad). Management of Life-threatening Polioweyelitis. Fdinburgh: E &5 S Livengstone, 1936.)
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Component of Ventilator

Expiratory
valve

Atmosphere « Q‘ D
Filter
Electrical Microprocessor lo— Monitors and Patient
power —‘| P alarms R
A — Filter
0, I mixer | E D I :]
Inspiratory

Humidifier
valve

Figure 5-1 A simplified generic block diagram ofthe ventilator system.
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Open-Loop Control

- - -
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< Clinicians
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Closed-Loop Control
servo control

-+ [Ventilator | patient| »
4 l
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Conditional variable

Pressure
Tidal volume
Inspiratory flow
Minute ventilation
Time
elc.

.

Control variable

v

Pressure

Volume

Flow

Rectangular Exponential
(rise)

Ikl

Ramp  Sinusoidal

Rectangular Sinusocidal Ramp Exponential
(ascending) (decending) (decay)

Il e A K &

Trigger vanable
(stant inspiration)

:

Limit variable
(sustain inspiration)

v

Cycle vanable
(end inspiration)

Y

Baseline vanable
(sustain FRC)

Scalar of Ventilator
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Four Phases of a Breath

G End of expiration and beginning of
inspiration (triggering) Ba%ET &
Q Delivery of inspiration (limiting)
6 End of inspiration and beginning of
expiration (cycling) U5 &5 &R,
@ Expiratory phase : PEEP

__volume, flow, time limit

Set pressure limit

met

=

[Jmpir-.uur) flow | |

I'I.'ll'l sct "(m'
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Initial Ventilator Setting: principle
Mode selection

FiO2 = 21-100% (<60%)

Vt= 8-10 ml/kg, (ARDS 6 ml/IBW kg or ultra-low )
R.R.=12-15 /min, I/E : 1/2

Flow= Vt/10 (40 - 80 L/min ) Ti x F=Vt

PEEP= 0-5 cmH20

Flow pattern (e.g. constant flow, ascending or
descending ramp) s oo o




How a Breath is triggered

Pressure Triggered

The patient’s inspiratory
effort causes a drop in
pressure within the
breathing circuit

Flow Triggered

The ventilator detects a
drop in flow through the
patient circuit during
exhalation

First breath Second breath
assisted control
Airway i /]
pressure A /|
’/ ’ ///// \
Patient-assisted / ; Machine-controlled breath
breath ;
Timge ——»
Copyright @ 2006, Mosby Inc.
Flow
Flow
trigger
Beginning of

patientBtfeste flow

lB las Pressure
Baseline

pressure




Ventilator Setting: limit for alarm

Limit

- high pressure alarm (PIP + 10 cmH,0)

- low pressure limit (10 cm H,0)

Low minute ventilation (RR x Vt, >3L/min)
PEEP

Tidal volume (6-10 ml/IBWkg acceptable)
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Standard Modes of Ventilation

Full Support
PCV
ACV
Partial Support
SIMV
PS
Spontaneous Breathing
CPAP

24



Ventilator Mode:
Assist-Control ventilation (ACV)

Pressure
limit

Control
breath

period =T

- Volume |
§ cycled
5 /
g
=
|
e Patient inspiratory effort or ve s,

limit and volume-cycled) .

* Indications :for Paralyzed patie
support, in patients need stable v

 Complications : (1) tachypnea with respiratory alkalosis .
(2)auto-PEEP. (3)high pressure ( must set high pressure limit) -



Ventilator Mode:
Pressure-Target Ventilation (PACV, PCV)

Timer cycled
Y Pressure

Timer
triggered

(AW E.

A Time

Timer triggered, timer cycled (Ti) and pressure limited .

Airway
©  pressure

Volume

Tidal breath

FRC

Indications: high PIP or barotrauma (e.g. PNX), post-op
thoracic surgical patient ,hypoxemia.

Complications: variable tidal volume and minute

ventilation, permissive hypercapnia.
26



Volume/Flow Control
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Pressure Paw —

Volume

0] et Time (s)

Pressure Conirol

20 7

Paw —
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Ventilator mode: PRVC
pressure regulated volume control

* Time or patient triggered, time cycled, use the set
_______ t__..___-_________-_______________-____________________[PressureLimit ]

Calculated Pressure required to
deliver the volume control target
(based on compliance calculated | St
from the first test breath)
Pres
------------------------------------------------------
Flow
s [ /\ /\

1stbreath 2" preath 3rd breath
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PRVC A/C WAIR
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%
FiO2

30 |

bpm
Rate
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cmH20

Ppeak
31 5 PIP increases PIP decreases
" to maintain VT with To maintain VT
Ve decreases in with increases
86 compliance In compliance
VTIE'}{ q
!
~ 30 300 1.10 .5 _1.0 21

’

Pressure adjusted to maintain Vt in the face of changing compliance

110 sec 0.90 zec

1.28
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Ventilator Mode : SIMV
Synchronized Intermittent mandatory ventilation

IMV Mandatory
g 1 - breath Spontaneous a
@+ / l.\ i \\ /_ breath /
2 - S R / h i X J K
& 0 - H\N/t,_\J_\ - /\ 1 S \;“/,/,/..X > g
R
k= Stacking No synchronization 1
<

SIMV /— Mandatory breath

Inspiratory effort
° \

A
. Timing orv effort
c Time —75 “window": Time when cycling mechanism ¥
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=
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@
a Exhalation Yy
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Inspiratory Cycle Off

100% of Patient’s
Peak Inspiratory Flow

p 3 t i —> 100% ) 5 %
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Muscle
Pressure

Ventilator

Pressure

Volume

Flow

A B C
Large
No Small inspiratory~_,
inspiratory inspiratory effort
effort effort

/
AN

Set pressure limit

.
[~ Pressure rise-time
increased
Patient(; Flow-cycled Flow-cycle threshold
triggere
\ /
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expiratory trigger
sensitivity, ETS

Chatburn RL Respir care 2007;52:301-23



PS mode cycling-off criteria (expiratory trigger sensitivity, ETS)

Infrasonics star
Adjust 1%-45% PF PB760

Adjust 1%-80% PF PB840, servo-i, servo-s
Adjust 5%-30% PF Vela

Adjust 5%-45% PF Avea

Adjust 5%-50% PF e500

Adjust 10%-40% PF Galileo, LTV1000, Elisee
Adjust 10%-45% PF Espirit

Adjust 10%-80% PF Inspiration

5%-30% PF T-bird

5%-70% PF Evita XL

5% PF Servo 300

25% PF Evita-2, Evita-4, Savina, Servo900c, Veolar, Bird8400 ,Bear100,

Bipap vision 38



TABLE 5 Advantages and Disadvantages of PS Mode

Pressure Supported Ventilation

Advantages Disadvantages

1. The patient can control the depth, length, e
and flow of each breath

2. Allows flexibility in ventilator support
3. Improves synchrony and diaphragmatic work

Excessive level of support can result in:
1. Respiratory alkalosis

2. Hyperinflation

3. Ineffective triggering

4. Apneic spells

e Suboptimal support can result in:
1. Diaphragmatic fatigue
2. Respiratory acidosis

J Am Coll Car3d?ol 2018;72:1532-53



Mode variables

Variables ‘ Common options ‘ Typical settings
Trigger Time triggered To provide RR of 12-20/min
Flow triggered 2-3 L/min

Pressure triggered  0.5-2 cmH,O

Control Flow controlled Indirectly set by V(6-10
ml/kg), RR, I:E

Pressured controlled To provide V; of 6-8 ml/kg
Cycling Flow cycled <25% peak flow
Volume cycled To provide V; of 6-10 ml/kg

Time cycled Ti, to provide RR of 12-20

40



Ventilator Mode:
Continuous Positive airway pressure (CPAP)

* By spontaneous effort, specified pressure (0-20cmH20)

Expiration

N

evel of CPAP Yo
Inspiration

Spontaneous
tidal volumes

\{W

Time




Single Modes

Mode Trigger Limited Cycled Variable Setting
: Volume
Patient Volume Volume R.R.
AC ) . Flow
Time Pressure Time PIP RR
Patient Flow Pressure
PCV . Pressure Time Ti
Time Volume
R.R.
Flow
PS patient Pressure Flow Volume Pressure
R.R.
Flow
CPAP patient Patient Volume Pressure
R.R.
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Trouble shooting(l)
» PaCO, X5
—PaCO2 rVe(Vr X F) & & it
« B 4V, (Pplat<30)

« i 4c f (<30 avoid PEI ~

) / ® oW peak sxpratry fow an
e PaCO 5 1=V e
~ —_—
v > /l‘
[ } 2 T
v > /l‘
[ } 2

» Add dead space

DNy of B next &
G apong Ras oocured



Factors increasing oxygenation
* FiO2 « oxygenation

lMean alveolar pressure= foxygenation

Pressure

PIP
PEEP{




|. New Modes for Ventilator Weaning

Mechanical ventilator

v

Single mode Dual mode Advanced closed loop
PSV VAPS ASV
IMV PA KBS (SmartCare®)
PAC Vol Supp PAV
VAC PRVC NAVA
APV Fuzzy logic
Autoflow

* Others: ATC 40



Otis Equation in ASV

* The patient will breathe at a tidal volume and
respiratory frequency that minimizes the elastic and

resistive loads Min WOB concept

\ 1+ 4n2RCe[(MV-FV )V, ] - 1
21°RCe

Adapted from Otis et al, JAP 2:592,1950

RC: time constant = Compliance x Resistance
Vd ~ 2.2ml x BW (lean body mass in KQ)

41



WOB (J/s)
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—+— WOB,el (J/s)
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(O Best Rate Point

20 30
Frequency (b/min)
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Dual'Control Breath to Breath:

Adaptive Support ventilation (ASY)

— (Conventional Ventilation

% Human intervention

- ASV

o

ASV changes from PCV to PSV without %
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STEP 2 ASV 3 test breath( F&I/® A

pA L1

=i} R, C, RCe)
STEP 3_ASV ERZZIEEFRERA

tm

Parameters

Minimum Limit

Maximum Limit

Inspiratory pressure
Tidal volume
Mandatory rate
Inspiratory time

Expiratory time

PEEP + 5 cmH,O
4.4 ml/kg BW (2*Vg)
5 /min

RCg,, or 0.5 sec

2*RC EXxp

Phigh * 10 cmH,0

22 ml/kg BW (10*Vpg)
60 /min

2*RC,, Or 3 sec

12 sec
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The Safety Window: low rate/volume limits

@ Target

4 Current

(Pmax-PEEP)*Cyy

j N MinVol 7.0 L/min  |[ESET eI

f
b/min

60
fControl Pinsp

11 b/min 18 cmH, 0




Step 4: BRI R-REY, MRESE ((FI&/)\, REFHR)
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Step 5_ A S VEBENFZE:Pinsp & fSIMVigirIEE (&
Step 6_ User s {&1ZiE % (MV)
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Safe frame and underlying lung diseases

2000
/ COPD, asthma,
emphysema
1500 -
i
2 ' '
% 1000 | ARDS, flbr0_3|s,
EE Jmonia
500 -
0 ' ' |
0 20 40 60

P R & (b/min)



( Patient ( Additions ( Modes
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ASV (Adaptive Support Ventilation)

Disadvantages and Risks

Inability to recognize and adjust to
changes in alveolar VD

Possible respiratory muscle atrophy
Varying mean airway pressure

In patients with COPD, a longer TE
may be required

A sudden increase in respiratory rate
and demand may result in a decrease
in ventilator support

Advantages

Guaranteed VT and VR
Minimal patient WOB
Ventilator adapts to the patient

Weaning is done automatically and
continuously

Variable Volume to meet patient
demand

Decelerating flow waveform for
improved gas distribution

Breath by breath analysis
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NAVA CONCEPT

Neural triggering
in NAVA

Picture adapted from
Nature 1999

Conventional
triggering




NAVA

Lower ~— Longitudinal muscle
esophageal Circular muscle
sphincter

Diaphragm
Costal part

Crural part

Phrenoesophagea

ligament Sling fibers

Squamocolumnar junction
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=+ Edi Catheter®& AJE A

Insertion distance Y for nasal insertion

Fricm Calculation of Y

16 Fr NEXcmx0.9+18=Y cm

12 Fr NEXcmx0.9+15=Y cm
8 Fr 125 cm NEXcmx09+18=Ycm
8 Fr 100 cm NEXcmx09+8=Ycm
6 Fr 50 cm NEXcmx09+3.5=Ycm

6 Fr 49 cm

NEXcmx09+25=Ycm




EDI CATHETER POSITIONING PROCEDURE

Connect the cable




Position and Edi signal

Copying screen completed 09-26 10:20
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Pmean
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% NNAVA Previewzg &

~“NAVA level

Admit
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Close {
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Potential benefit of NAVA

NAVA provides a lung protective mode of ventilation in
spontaneous breathing.

NAVA level titration can help determine adequate
respiratory unloading.

NAVA can facilitate physiological weaning.

NAVA can be used to ensure that sedation can be
maintained during spontaneous breathing.
Improve patient and ventilator synchrony, reduce
sedation.

May reduce diaphragm disuse atrophy.
Synchrony improves quality of sleep.
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Ventilator Setting in Clinical Practice

ARDS

Brain edema

Restrictive lung disease
(intrapulmonary)

Restrictive lung disease
(extrapulmonary)
- high pleural pressure

Cardiogenic pulmonary edema

Low tidal volume, high PEEP, lower
transpulmonary pressure

PaCO, 28-32 mmHg, careful use of
PEEP

V; 7-10 ml/kg, higher rate

V; 12-15ml/kg ( adequate Ptp)

Moderate PEEP (8-10 cmH,0)

61



Conclusions
To evaluate lung mechanics in every mechanically

ventilated patients: compliance, resistance, trans-
pulmonary pressure

To manage the interaction between MV and
Patients

To deliver disease-specified MV setting to reduce
ventilator-induced lung injury

To use new mode (dual mode, advanced close

loop) for specific purpose In MV-patients



