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Monitoring and Troubleshooting
for Patients with Mechanical Ventilation
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Part 1. Monitoring
during mechanical ventilation

A Accuracy of measurements

A Fidelity of recordings

A Other barriers to accurate data gathering
A Clinical applications

Major reference: Martin J. Tobin. Principle and Practice of Mechanical Ventilai@ulition



Part 2. Troubleshooting

A Patientrelated problems

A Ventilator-related problems
A PatientVentilator interactions
A Other situation (cases)

Scope: Conventional modes,
Common measurements

Major reference:
DanielGilstrapet al, PatientVentilator interactions. AJRCCM 2013, 188: 10888.ClinChest Med 2016, 27:66881.



Monitoring
Durin echanical Ventilation
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Accuracy of Measurements

A Fundamentals of measurement Theory

I Accuracy
A

I Precision 5

I Linearity

I Calibration
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Accuracy of Measurements

A Source of Measurement Error during Monitoring
I Systemic error (bias)
I Random error (variability; imprecision)
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Measured signal

Linearity

Measured signal

True pressure

True pressure

7
Source: Tobin M1: Principles and Practice of Mechanical Ventilalion,
Jrd Edition: www.accessanesthesiology.com



Calibration

To reduce systemic error

Output
(Measured value)

Offset error

Gain error
<>

Desired
response

Precalibration
response

= < I .

1

<«— Known values —»

Input (True value)

Source: Tobin MJ: Principles and Practice of Mechanical Vendilation,
3rd Edition: www.accessanesthesiology.com



Measurement Error during Monitoring
Sources of Systemic Error

A Zero offset error
I Calibration
I Drift error

A Range error
A Response time

A Frequency response

I The ability to accurately measure an oscillating
signal



Measurement Error during Monitoring
Sources of Systemic Error

A Alignment of Signals

I Phase lag between 2 signals
A Determine compliance and resistance (Flow and Pressure)
A PEERising an esophageal ballomatheter system

06~ |Onsetinspir effort _ |Onset inspir effort
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Source: Tobin M): Principles and Practice of Mechanical Ventilation,

3rd Edition: www.accessanesthesiology.com



Measurement Error during Monitoring
Sources of Systemic Error

A Variable Conditions between Calibration and Data
Collection

I Temperature

I Humidity

i Pneumatochography 1M 10
A Test tubing vs. s »

tF dASyGQa OSydAtl %M@Jﬁ}fﬁ,fﬂﬁzﬂ
(air turbulence and resistive element)
A Underestimate:
Flow ~10%
Volume ~15%

AJRCCNI996; 154:913817



Measurement Error during Monitoring

Sources of Random Error
A NoiseA CI £ &S |t NX¥X

i[2¢6 {Lhu FEFNXYY op FTNRY (GKS LI
I All ICU machine alarms: about 86% were false (2528/2942 events)

A Nonlinearity

TABLE 2. Relative error of the 9000 IV at different Fi0, values

Fio, Vo, (mean + SEM, ml/min) -Value Relalive‘Error“
Calculated Measured (% SEM)
0.22 (n = 36) 440.4 + 22.8 447.5 +22.9 p<.002 26 +0.3%
0.40 (n = 36) 446.8 + 26.2 461.6 = 27.2 p<.001 3.5 +0.4%
0.60 (n = 36) 438.2 + 24.] 462.0 = 24.5 p < .00l 59 +05%
0.80 (n = 36) 442.5 + 12.7 509.5 + 29.1 p< .00l 16.9 + 1.3%
Total (n = 144) 442.5 + 12.7 470.2 = 13.0 p < .00l T 72x06%

) Vo, — calculated V
*Relative error = measured Vo, — ca Fua ed Vo, x 100
calculated Vo,

CritCare Med1997;25'6%14619
CritCare Med1986; 14;L: 07811



E-COVX monitor evaluates Y@ critical patients with
mechanical ventilation

FIOQ, 0.4 vs. 0.6 FIQ 0.4 vs. 0.8
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Measurement Error during Monitoring
Sources of Random Error

A Human Error
I Timing of observation and record

I Patient cooperation
A PEEPicould be quantified in only 30% attempts
A Maximal inspiratory pressure: 28% increase after coaching
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Source: Tobin M): Principles and Practice of Mechanical Ventilation,
el EAdition: www arceccanacthacinlanv eoom



Fidelity of Recordings
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Source: Tobin M): Principles and Practice of Mechanical Ventilation,
3rd Edition: www.accessanesthesiology.com



Other Barriers to Accurate Data Gatherhg

A Physiologic variation

I Breathto-breath variability in Y(coefficient of variation):
A Healthy young adult: 33.0 14.9%
A Healthy older: 44.Q) 14.7%

nherent limitations of monitors

Different technigues for measuring the same
ohysiologic process
I Paradoxical change of Pa&hd SpQ(~25% of measurements)

A Therapeutic decision based on Suiiifered from decisions based
on PaQon 16% occasions

o I

Source: Tobin M): Principles and Practice of Mechanical Ventilation,

3rd Edition: www.accessanesthesiology.com



Other Barriers to Accurate Dataathering2

A Monitoring the right physiologic phenomenon
I Primary goal of ventilatoiRest the respiratory muscles.

Whatwe NEED whatwe CANmonitor

Activity of the . 5

-UVILY Arterial blood gas ;

respiratory muscles 0
Cardiac output, . : /;\ ’
Stroke Volume A-Ilne contour teChanue b\\\““ _____ -

Preload, LVED Centralvenous pressure

Portal hypertension SerumAscites Albumin Gradient




Clinical Applications

A Enhance understanding of pathophysiology
A Aid with diagnosis

A Guide management

A Avoid complications

A Provide alarms

A Assessment of trends



Enhance Understanding of Pathophysiolog

A Weaning trial

Measurements:

Esophageal pressure

Patient

effort

Resistive

Elastic

PEEPI

Source: Tobin M): Principles and Practice of Mechanical Ventilation,
3rd Edition: www.accessanesthesiology.com

Tidal volume, L

0.6+

0.5 -

0.4+

0.3 -

0.2 1

0.1 1

0.0-

PEEPI

— Start of trial
— End of trial

-14 12 -10 -8 -6 4 -2 0 2
Pes, cm H,O

AJRCCNI997;155:906015
AJRCCMO005;171:12541259



Aid with Diagnosis

To verify tracheal tube position To identifyPEEPI

Error rate, %
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Source: Tobin M): Principles and Practice of Mechanical Ventilation,
3rd Edition: www.accessanesthesiology.com



Aid with Diagnosis

Bronchomalaciand
excessive dynamic airway
collapse, withexpiratory
flow oscillationsand
notching.




Aid with Diagnosis

To identifybronchopleural fistula

L




Guide Management

A Assess the response of drugs

A Optimize ventilator setting

Flow, L/s

Paw, cm H,O

I Titrating FIQ: SpQ

I Adjusting Pressure Support; &hd RR

Setting PEEP

Assessing Patient Work of Breathing

N

0

T
1

2

T T
3 4
Time, seconds

5

6

1
7
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0
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Time, seconds

5

6

237



Assessing Patient Work of Breathing

Trigger failure

Flow L/s

PescmH,O Pawcm H,0O

Time, seconds

24

Source: Tobin M): Principles and Practice of Mechanical Ventilation,
3rd Edition: www.accessanesthesiology.com



Assessment of Trends

Minutes
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18

0.8 o
0} . )
E % 154 Failure
§ ool | | :
E 0.6 4 ©
9 20 12 A
3 \ 0 N
o || 7 T
o — 1V =
o 04 T —E
e T |lJd ¢ e P, swings TS g
= IS) Success
1] -
0 & /

0-2 -1 ﬂ 6 -

0.0 T T T T T T L 1 3 ! ! ! ! ! !

0 8 12 16 20 24 28 32 36 -2 0 2 4 6 8 10

Time, min

Change in Pes swings during weaning trials in wedaihge and weaning
success patients.
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e\ Assessment of Trends

Ventilation:
18 L/min

PEEP/CPQP

......................

Okygen
Alarms _i

Remove the infected PotA

26



Assessment of Trends

Acute onset of tachypnea and
nypoxemia after initiation of
parenteral nutrition:

Possible ceftriaxonealcium
crystallization, led to a
pulmonaryembolismiike
reaction.

@ CClinimixd mT Do p 9
Ceftriaxone

)2 Iérodn%ﬁa Za)y éVC




A case of ARDS
On call problem:
Sudden onset of BP drop

V;and MV were decreasing from 4 hours &




Part 2. Troubleshooting

A Patientrelated problems
A Ventilatorrelated problems

A PatientVentilator interactions
I Ventilatory muscle physiology
I PatientVentilator Dyssynchrony (PVD)

A Other situation (cases)

Major reference:
DanielGilstrapet al, PatientVentilator interactions. AJRCCM 2013, 188: 10688.ClinChest Med 2016, 27:66881
Susan FPilbeam et al. Mechanical Ventilation: physiological and clinical applicatiofsedition.



Underlying Lung
Function, the Acute
Process, and Effects

of Interventions

* Ventilatory Drive

* Muscle Function

* \Ventilatory Demand
* Airway Resistance

* Lung Volume

* Compliance

The
Patient-
Ventilator
Interface

Y

Patient-Ventilator

Interaction

T

Effects of How the
Ventilator Functions
and How It Is Set
by the Clinician

Problem Detection
and Response

* Symptoms

* Physical Signs
* Problem Recognition

by Clinician

* Response by Clinician

* Mode

* Level of Support

* Imposed Work
of Breathing

* Tidal Volume

* Triggering

* Post-Triggering

* Inspiratory Time

* Cycling

* Expiratory Time

* Recognition and Quantitation

by Ventilator
* Alarms
* Graphic Display
* Response by Ventilator

30
Respiratory Car2011;56:214228



PatientRelated Problems

A Artificial airway obstruction Pathophysiological
A Bronchospasm Category of Respirator
A Secretions Failure

A Pneumothorax Resistance

A Abdominal distension |

A Pulmonary edema Compliance

A ARDS 5 9

A Pulmonary embolism eman

A Dynami(_: hyp_erinflation O, exchange

A Metabolic acidosis

A Fulminant sepsis CQ exchange

A Agitation Neuromuscular

A Abnormal respiratory drive
é Abnormal respiratory muscle strength /endurance
X X




! .~ £
/ ' e i Flaring
Moteh ratraction ; : : ;mﬁmls
Imercestal relraction /-
Slrap

muscles

Physical Signs of
Severe Respirator'
Distress

paracdoxus

Cephalad

Ahdaminal
paracas

Change of consciousness
Diaphoresis

Tachypnea

Tachycardia

Anxiety

Air hunger

Accessory muscles



Management of Sudden Severe Distress |i
a Mechanical Ventilated Patient

Hemove
and bag

v

v

Improvement
= Ventilator problem

No improvement
= Patient problem

v

v

Death imminent

Death not imminent

» Airway obstruction * Physical examination
* Pneumothorax (needle) * Monitor: Paw, V;
« Dislodged endotracheal » Chest radiograph

or tracheostomy tube

A Fast PE

A Review alarm records

A Manually evaluate
compliance and
resistance through

bagging
P

33



CanAmbube Better than Ventilator?

Expiratory Air-inlet One-way Valve
Valve PEEP Self-inflating & O2 Reservoir Socket
Valve Bag
l Air-inlet & Pressure
Release Valves

Face Pop off Oxygen inlet Reservoir
mask  valve & tubing Bag

34



DOPE:

A Dislodged tube

A Obstructed ET tube
A Pneumothorax

A Equipment failure

35



compliance
tidal volume

DOPE: E
A Dislodged tube :
A Obstructed ET tube
A Pneumothorax

A Equipment failure |/ \/T

36

Time

o Flow




Pressure

Pressure

Volume Control Ventilation, Pressdféne curve

Time

Time

37



Pressure Control Ventilation, Flelwyme curve

\L Increasing resistance
I ~ N\
\N — —
\L_____ o p—
: 2 3 4
Time (s)

Decreasing compliance

=

2 3 4

Time (s)

Respiratory Car005;50:5585
Respiratory Care. 2014;59:1773-1794



Obstructed ET tube

dSuctionable |'I No obstruction

. Resistance

7.5mmETT 14 Fr. Suction tube

39



1 TR
IR,
.

circuit
Gas
sample line

Cool, dry, fresh gases
to and from the machine

HME unit
(heat and moistura exchange)

Warm, moist gases
to and from the patient

Do To Do Io Do o I»

Copyright @2006 by The Modraw-Hill Carnpanies, Inc
All rights rezerved,

Contraindication of Using
Heat and Moisture Exchanger

Frank bloody or thick, copious
secretions.

Prolonged use ( > 48 ~ 72 hours)
High minute ventilation ( > 10 L/m)
Low V (e.g.,ARDS, children)

Increase resistance, dead space
PaCQ, WOB

Leak > 30% of,V
Hypothermia (< 32 )

AARC Clinical Practice éouidelil



A Caseof Microscopid?olyangiitis

MVexp lUimin RR /min

); [T‘I 20 40
O EN 14 3

el |

| TVexp mi F02 %

1:.:' 1 01

MVexp limin RR Amin

000 0

Tvexp mi

v

Prnax
cmH20

40 | 51
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Ventilator Related Problems

Flow

A System leak

j_\ Volume J
of leak
Time
,
T P\ Pressure
curve | loop
V-T ~V

curve | loop

Inspiration
Volume
Volume

. 0
Time Expiration

i Volume

Flow

Volum




cuff

Epiglottis

Vestibular fold

Vocal folds

Rima glottidis

Corniculate cartilage

Leak

_— ) ' ‘-
S Vs

43



Ventilator Related Problems

A Circuitmalfunction or disconnection




Interaction between Organs and Ventilator Involved in Dyssynchrot

VENTILATOR
Alarms ++

/\

A0
C 20
BRAIN 47 27
Dyspnea
Agitation
Sleep disruption
Excessive (deep) sedation DIAPHRAGM
Delirium Disuse= atrophy

‘‘‘‘‘
-t L b

Excessive work= injury,10,consumption
Eccentric contraction = injury

LUNG
Loss of protective ventilation
= Local (and systemic) inflammation

Difficult weaning

Prolonged mechanical ventilation 4

Decreased survival CritCareClin2018:34:32§341



PatientVentilator Interaction

A Ventilatory muscle physiology

A PatientVentilator Dyssynchrony (PVD)
I Triggering
I Flow / Pressure
I Cycling



Goal of Mechanical Ventilation

A Reduce work of breathing (WOB)
I Support cardiac work

A Improve gas exchange and oxygenation
A Improve patient comfort



Silent Ventilatory Muscle Dyssynchrony

Case Control
e N RSN A Overload muscles
".“:}‘\'Y‘g S S 3 ny 1 N 5

N dpr - NN
Bty iy Desiig e S N
;‘l'* :‘ﬁ}.\mﬁnvz‘ & . @

"3@ L A BRR AN Sk
'\']‘_1,-”“‘)"’\ re

A Dyspnea, fighting,
disrupted sleep
A Dynamic hyperinflation

A Ventilatorinduced lung
Injury

A Excessive sedation

A Prolonged ventilator administration

A Prolonged postCU disability

NEJM 2008; 358:13211335



Ptot = Pel+ Pres £,gp;
=(k +CrR) + (RZ = Q P{p i b

Ptot=Pmus+ Pvent

- )\

q‘;\‘ftzi‘ =z > ,[51/;{ \>
2 TN k)

NG ,‘f? N\ \ N \ /
\ &Y, Y/

Pel the pressure to overcome the loads of respiratory system elastic recoll
Pres: the pressure to overcome the loads of airway resistance

Poeepithe pressure to overcome the loads of atR&EP

+ QY 3IADSY Ft290

k+Y @2ftdzyYS OKI y3S

Crs respiratory system compliance

R: airway resistance



dVv

Mechanical Loads:

Work (W)

Elastic work
due to intrinsic PEEP

>

Intrinsic PEEP l

/

Elastic work Resistive expiratory work

Resistive inspiratory work

}[Dynamic Hyperinflation

Pressured

50



Mechanical Loads:
Pressur&time product (PTP)

2 p
P d I < - airway
= 1 flow
3 0+
Ke)
(I 44
-2 -
Time
20
o=~ 191 ___— airway
590 | pressure
5 S~ 10
n T
7]
£E M
(WA 04
_5 =
Time
R chest wall
5 elastance\
o= 0
5 O,
% A —5
o E
O
Bl ~~—_ esophageal
15 pressure
=20

Time

51
Respiratory Car014;59:1773L794



Pressurelime Index (PTI)

PTI = (PiPp) b (Ti/ Ttot)

PatientVentilator

Increased minute
ventilation

Sepsis, shock
hypoxemia

Dyssynchrony

A Normal: < 0.05
A Exercise: < 0.1

A PTI > 0.15 for the diaphragm and > 0.3 for rib cage muscles
are related to the development of ventilatory muscle failure.

AJRCCMO004;170:626532
JApplPhysiol982;53:119a1195



PatientVentilator Interaction

A Ventilatory muscle physiology
A Patient-Ventilator Dyssynchrony (PVD)
I Triggering

20 1

10

Pressure

53



PatientVentilator Interaction

A Ventilatory muscle physiology
A PatientVentilator Dyssynchrony (PVD)

I Flow / Pressure 2o-

10

Pressure

54



PatientVentilator Interaction

A Ventilatory muscle physiology
A PatientVentilator Dyssynchrony (PVD)

20 1

I Cycling

10

Pressure

55



Cydling-off
#Sariable

Trigger Dyssynchrony ;|

A Delayed/missed triggers O
I Intensive and/or unresponsive systems
I Intrinsic PEERPEER!I
A Extratriggering
I Auto-triggering
I Reverse triggering (entrainment)

I Double triggering (premature cycling of patient
triggered breath)



Triggering:
Intensive and/or unresponsive systems

=R . Fan e
=~ = == / A
=t T e R T iwsmu'“
VTS A /\ £33 I 4Z$
e~ 1~ 7
\/// \/// 5 \// \/// =

l“( l”l lniiu ¢ Effort
Inr ¢ Effor OrH 9.00

;/\\M/\J\v_ — \q \—F \\1,/\ -

000 (£ o 4

pv

Solution: Adjust flow sensitivity:-3 L/minA -1.5 L/min

57
CritCareClin2018;34:325341



Scale changed

Flow trigger, sensitivity: 2 L/min

Expiratory valve malfunction




To I

Triggering:
PEERjauto-PEEP)

Decrease the efficiency of respiratory muscles
Increase WOBRriggering effort =PEEP+ Sensitivity)

1.5
UAWLVJLM RR
16 vs. 28/min

507 ﬂ

Flow
L/s

xR
o I U. .
o e
[&]
=50 |
20 7
Q
wr
o L 0 -
=
o
-20
I T T | T 1
0 5 10 15 20 25
Time, seconds
59
Source: Tobin M): Principles and Practice of Mechanical Ventilation,
3rd Edition: www.accessanesthesiology.com



Paw, cm H,0

Pes, cm H,0

o Pressure

o Flow

40 -

Common method to measuieEEPI
EndExpiratory Occlusion Maneuver

PIP PIP

auto PEEP 5

set PEEP
Time Auto-PEEP
w Measured: 5 cm H20

/L /L M (could be quantified in

W\'\«/\ only 30% attempts )

/_ Respiratory Car014,;59:17731794

Source: Tobin M): Principles and Practice of Mecnan:cgl ‘entilation,
3rd Edition: www.accessanesthesiology.com




Cause of autd?EEP

A High minute ventilation

A Flow limitation

A Expiratory time/time constant

A Resistance of the respiratory system

A Dynamic hyperinflation feciprocal causatioi
A Obesity

Respir Car2016;61:18441.


https://www.ncbi.nlm.nih.gov/pubmed/26604329

A

LGQa y20 TSI drdppirfgS
based on breattby-breath waveform

SO0 .
I Ax A A A A 20 breaths/min
Y.Y / \ // \\ | / \I¥ // \,\ S
1/ N N NN e Trap 3 c.c./breath
~0ad 1 2 3 4 5 6 N, .
o C 300c.c./5 min
60 ~ Insp
R R l\ P\ %¥ Trapped air / Y
o] ] Vg Vd :,V S = 3/500
-, trapping | == ( )
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Resting breathing N\
TLC - Exertional breathing /\U"\
) b C
:E5
G N oot et EELV
> ; 5
\l.-~>" Hyperinflation
=\ @ |
FRC 4~ ;
Time

63
Respiratory Car017;62:12121223



Volume (mli/kg)

80

37

30

15

Inspiratory
Reserve Iqﬂiggii:y
Volume Volume
(IRV) (IRV)
Vital
Capacity
(VC)
Tidal Tidal
Volume Volume
(TVorV)T | (TVorV)r
Expiratory
Reserve .
Volume Funcponal
(ERV) Residual
Capacity
(FRC)
Residual Residual
Volume Volume
(RV) (RV)

Total
Lung
Capacity
(TLC)

64




Solution for AutePEEP

A ReducePEEP
I Apply PEEP to overcome atR&EP
I Reduce RR, reduce, Increase I
C Correct dynamic hyperinflatioB Improve Compliance

LA B Initial Ventilator Settings Based on Pulmonary Disorder*

V; Rate Flow
Lung Disease Mode (mL/kg IBW) (breaths/min] (L/min) Flow Waveform T,(sec) PEEP (cm H,0) FO,
Normal lungs VC- or 6-8 10-15 60 Descending or 1 <5 <0.5
PC-CMV constant
COPD’ VC- or 6-8 8-12 >60 Descending or 0.6-1.2 25 or 50% of intrinsic <0.5
PC-CMV (80-100) constant PEEP

Susan FPilbeam et al. Mechanical Ventilation: physiologic
and clinical applications."™8edition.



1%

1/min

A case of AECOPD

66



Reducing AtiTrapping, RR Decrease

PEEP =8 cm@&

Bronchomalaciand
excessive dynamic airway
collapse, withexpiratory
flow oscillations and
notching.

67



80 y/o male , old TB

AECOPD Initial setting:
PCV/IACRR 14/min FIO2 40%

PEEP 5P 20 cm BD, T, 1.0 second
A V;05L, MV 7 L/min

Sitting

PCV/IACRR 20/min FiO2 40%
PEEP 5P 24 cm BD, T, 1.0 second
‘ A V;0.4L, MV 8 L/min

|




PCV/ACRR 10/min
PEEP 8P 24 cm ED,
T, 0.8 second

A VT0.304A05L
A IP 20cm HO,
Patient calmed down

Sitting



A Auto—trlggerlngA undesired hyperventilatiorREEPI

[\ [

ST 7

ExtraTriggering

" Circuit leaks

Tube condensation
Cardiac oscillation

High frequency chest walll
oscillation (VEST®)

Solution:

Reduce the triggering sensitivity

Flow (L/s)

Paw (cm H,0)

Pes (cm H,0)

1.5+

oM s
L ]

Sourc

Time (s)

e: Tobin M): Prin
3rd Edition: www.accessanes

ciples
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Tubing Condensation
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High Frequency Chest Wall Oscillation (\@ES
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Reverse Triggering

A ¢Entrainmeng

A The phenomenon of a machine
triggered mechanical breath eliciting
a spontaneous effort.

A Cause: vagal pathway, mechanical
stretch receptors, or spinal
NEaLANIG2NE LI GO

A Often occurs itheavily sedated
patients with high control breath
rate setting
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Triggerin

Ineffective effort
Double cycling

Breathstacking
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Double Triggering

A Premature cycling of patieritiggered breath
I Neural T> Machine T
I Low tidal volume strategy
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Double Triggering
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Solution of double triggering:
Lengthen cycle criteria (volume, time, flow)
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Flow (Pressure) Dyssynchrony

ANormal subject

B Respiratory failure without
ventilator

CPatient B is receiving ventilator
to support all WOB

D Patient is performing only
enough work to trigger an
assisted breath

EThe assistance provided by the
ventilator is such that the
patient work pattern resembles
normal

F The ventilator assistance is
placing unphysiologic workloads
on the patient. Pressure

Volume
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Pressure
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Volume assistontrol with decelerating flow

Pressure support ventilation
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Inadequate Flow
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Possible Solutions for Inadequate Faw

A Change flow pattern ‘ \

A Increase flow (pressure) — Rectanguiar Descending ramp
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