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Applied respiratory physiology

The equation of motion

N |

Resistive load ]
Elastic load Elastic load

Respiratory
muscle Pressure

Airway Pressure

Ptot= Paw = R.\V'+ E.AV + PEEP + PEEP;
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MePLOPLOROG EKTIVEUOTLKNG PONG
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Auvvapikn unepdiataon

1. av§non av. cuxvotntog 1. ®ucoloAoyikoi Bpoyxot

N avénon Tou Kotd AENTOV - taxUmvola

aEPLOHOU - e§WTEPLKN CUMTiEDN

2. TEPLOPLOPAC - adaipeon nNvVev . MAPEYXUHATOG

EKTIVEUCTIKAG PONG

2. ZTEVWHEVOL BpoyxoL
-HE MEPLOPLOUO EKMVEVUOTIKNAG PONG
-XWPLG TEPLOPLOO EKTIV. PONG

Loring et al, J Appl Physiol 2009;107:309




Napofuvon XAM: Ot apvNTIKEC EMUITTWOELS TNG SUVAMLKAC UTTEPSLATOONC
COPD Exacerbation

|

Inereased respiratory €£—» Worsening expiratory H—>» Tachyprea
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O' Donnell, COPD Research and Practice 2015;1:4




Méetpnon PEEPi
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How to suspect Expiratory Flow Limitation during tidal breathing
(EFLT)
A Without EFLy

15 15 - npOGGI"]KI'] PEEP
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Junhasavasdikul, Chest 2018;154(4):948



How to suspect Expiratory Flow Limitation during tidal breathing
(EFLT)

EAdttwon PEEP

25 5 7.5 Time ()

EAGTTWON OV. CUXVOTNTOG

Mie = 8.0 Lpm

%
‘§

25 5.0 7.5 Time (s)

Junhasavasdikul, Chest 2018;154(4):948 —1©

25 5.0 7.5 Time (s)



H onupaoia tnc otaBepac xpovou

To 95% NG ELOTIVONG KOLL TNG EKMIVONG

T= C X R oAokAnpwvetal o€ 3 oTaOepPEG XpOVoU

VT%

T=CxR=1sec
C=50ml/cH20
R=20cmH20/L/sec

ARDS
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Napdapetpol otov avanvevotnpa os acOeveic pe XAM ?

Expiratory flow limitation 2TOXO0z
MepLopLlopog tTnG SUVOLULKAG
unepdlataong

Measurement of total PEEP

PEEPi

A Measurement of Ppl

BaOiad kataotoAn, pvoxaiaon?

r Ffﬂ -VOLUME CONTROL , square insp.flow
o S e -4 MV (<10L/min)
NETETEEEEEY /NNy V1 6-8mL/kgIBW, R=12-14
iae £ ME 2KOMO
,\ A - Jeknveopevou oykou
oL l J PEEPi
“ ine Pplateau <30cmH20
20 ' J Tinsp, PTexp

- . AR L WA A WA . .
T WW o 2insp Flow (= 60L/min)
4 MJ/E (=1/3-1/4)

No inspiratory pause ?
Square flow?

Georgopoulos D et al, ICM 1995,;21:880 -MeAétn tNG KUHOTOHOP P TNS POKC

Tuxen et al Am Rev Respir Dis 1987;136:872 OTNV EKMVON}, monitoring
Mancebo J, 2015 Connors et al, Am Rev Respir Dis 1981;124:533 | - YrtoAoylopoc time constant (t)




Napdapetpol otov avanvevotnpa os acOeveic pe XAM ?

VOLUME CONTROL
MODE

PERMISSIVE
HYPERCAPNIA

Aodalécg oplo ?
pH7,2 ?
pCO2 < 80mmHg

2TOXOI
-NepLoplopog tTnG SuVaLKG UTtEpSLATAONG
- AvtaAdayn agpilwv
Awatnpnon SpQ2.=90%

Entitevén Oxt $vo. PCO

- Atodpuyn ALLOOUVTREtReTT B LOLTALP OLY WV

Darioli et al, Am Rev Respir Dis 1984,129:385



Oa Bcow e&wtepiko PEEP ?

PARADOXIC BIPHASIC HYPERINFLATION
RESPONSE RESPONSE RESPONSE

VT =6mL/kg, VT =9mL/kg, VT =9mL/kg,
RR=9/min RR= 6/min RR= /min

AMNPOBAENTH H ENIAPAZH TOY
E=QT. PEEP

=

257

O neploodtepol acBeveic
olvikouv otnv Katnyopia B kot C

207

Airway Pressure { cmH,0 )

MPOZOXH pe to e§wt. PEEP
NMANTA e€wt. PEEP < 80% PEEPi
NMANTA monitoring of Pplateau

10+
04 4

0.2

e

.z 4

Lung Wolume (L)

b 20 &0 60 80 100 120 150 0 20 &0 &0 80 100 120 15D 0 20 40 &0 &0 100 120 160
External-PEEP (%%) ) ] ] ] ) ] Extemnal-PEEP (%)
| & Plateau Pressure [Fp .}
| = Total-FEER
@ Functional Rasidual Capacity (F.R.C.)

Camarez et al, Crit Care Med 2005,22(7):1519



How to ventilate a patient with asthma

NAGODYZIIONOTIKEZ IAIAITEPOTHTEZ 2TOXOI
-Neploplopog tng Suva kg

™1 Bpoyxokivntikol TOvou urnepbdlaraong

1 PAeypovidng SuiBnon Bpoyxwv - Avtalhayi aepiov

ALaxuteg, aAA& ovaoTPEPLUES AAAOLWGCELG Awatnpnon SpO2 =90%

Nveupovikl unepSidtaon = J Crs > P Pplateau Enitevén duo. pH, oxt puc. PCO2
- Atoduyn apoduvapkwy drotapoywv

KaAr andvtnon otn GpappraKEUTIKH aywyn - Anoduyn Bapotpavparog

NMAPAMETPOI 2TON ANATINEY:ZTHPA
-VT 6-8mL/kgIBW, R=10
-I/E =1/3, 74,1/5 xwpig €lonv. navon
- Volume control-

otaBepn pon 80-100 L/min
- Pplateau =25-30 cmH20
- Pplateau kaAutepog deiktng oe
oUykplon Ue tn PEEPi
-EmavaéloAoynon Twv mapapETpWV
- Emttpenopevn unepkanvia pH >7.20

Mancebo J, 2015



Nw¢ va EAATTWOW TO £PYO TNEG AVATTVONG
KOTA T SLapKeELa TOU weaning ?

NAPATAZH MHXANIKOY PSV

EKMNEYZTIKOY XPONOY
(cycling off )

/
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S X - a
EAAXIZTO RAMP TIME —

M

Poes
(cm HyO) o-

EMGdi

EQOAPMOIH EZQTEPIKOY PEEP

Flow
(L.s)

Paw

EAATTQ2ZH AZYTXPONIZMQN




PRESSURE SUPPORT PS=15cmH20
VENTILATION B PEEP-0
rﬂ": f 14 Pl )
_-2 1 mg [5]
oo — .' — ”’-.._ - xv_.f"- / —~ LLJ ~ .. \,\Uf.’_“ I."'IF_ .;I.' r
L T ' ' \
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10 4 e time (s
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1 time [5]
aiine SO Vit R o S T R .S T . SO T i SO N =alh - SN Lo, W

UDLUME — 7
t J time [s]
1

Av cuyv. = 39
WOB = 0.9 Joules/min

Mancebo J, 2015

EOAPMOTH EZQTEPIKOY PEEP

PRESSURE SUPPORT [l PS=15cmH20
VENTILATION PEEP= 10

[ h PW
‘“‘1}’“ \

O s o e

Pes o e L
[cwH200 |

__J’

tentizen | ;\F’Wﬂ

S
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time [s]

J tine (8]
:

Av cuyv. = 34
WOB = 0.03 Joules/min

Kivéuvog yia unepdidtaon

Edbappoyn £€. PEEP # Ew T0 80% TnG PEEP






The meaning of compliance in ARDS

Baby lung
"_'..-‘ ""f,.]".{‘.-.‘j g T T T 1 T
w" -
k H\ y 4 . . p=N.S.
on .
Primary disease pmed 21 .0
Causes of Baby lung: " Obesity (Kg) ;] REL s
L 2
ICU di Supine position o — 3 R
MBS Sedation/paralysis C st (i 1
mijcm
Controlled MV e

_ Fluid overload, FiO2
A low compliance does not indicate a stiff lung
Compliance is a good index of normally aerated lung tissue
(low compliance indicates a small lung)

Gattinoni L, Am J Resp Dis 1987



Stress

PL (trans-pulmonary pressure) = Paw-Ppl

12cmH20/mL

Strain
VT / FRC

LUNG INHOMOGENEITY

A B

Lung strain

0 4 8 12 16 20 24 28 32 36 40

Lung stress [cmH,0]

Stress raisers

Retamal, Crit Care 2014;18:505 Gattinoni, Crit Care 2017;21:183



Mnxavicpoi npokAnonc Ventilator Induced Lung Injury

(VILI)
VILI o€ avénpévouc Ynepdiataon kuPpeAidwv
'’ (1S1ATTVEUMOVIKNA TTiEOT OTO TEAOG

LOW TIDAL VOLUME

[, ¥
. STRAIN<15 } VOLUTRAU MA

J TRANSPULMONARY — BAROTRAUMA

PRESSURE




Mnxaviopoi npokAnon¢ Ventilator Induced Lung Injury
(VILI)

VILI o€ avénpévouc Yriepdiataon kuPpeAidwv
'’ s (1S1ATTVEUMOVIKNA TTiEOT OTO TEAOG
TIVEULOVLKOUC OYKOUG

TNG €1I0TTVONG)
WJ, 1
B /OLUTRAUMA

| TRANSPULMIONARY PRESSURE [amuuuud  BAROTRAUMA

EnavaAappavopevn diavoién

Kol oUYKAELon KUY EAIdwV

TtVEUp.OVlKOl')q 6VKOU§ (1810TTVEUMOVIKN TTiECN OTNV APXN TNG
€1I0TTVONG)

]
uscorvir IR

VILI o€ yopnAouc

BIOTRAUMA



PROTECTIVE VENTILATION

OPEN LUNG STRATEGY



PROTECTIVE VENTILATION

Edoappoyn Twv HnXoVIKWY LOLOTATWY TOU OLVOLTTV. CUGTIHLOTOC ME
okono tnv Y VILI o€ uPnAolg MVEUUOVIKOUC GYKOUG

LOW TIDAL VOLUME PLATEAU PRESSURE
(6mL/kg PBW) (Pplat<30cmH20)
DRIVING PRESSURE
(AP<16cmH20)

J TRANSPULMONARY PRESSURE
(<20cmH20)
STRESS INDEX



Proportion of Patients

LOW TIDAL VOLUME

(6mL/kg PBW)

9% survival benefit even in

pts with less severe ARDS

V1 = 6mL/kg PBW

e
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Lower tidal volumes
—— Survival

==== Discharge
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ARDS network, NEJM 2000
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Henderson, AJIRCCM 2017; 196(7):822



DRIVING PRESSURE How to decrease AP: - Jvr
(AP<16cmH20) - M Crs (PEEP)

0 10 20
VUV with constant tlow I I I

— Limin =1 L/

. 1 I FTD min = 1 I}LII

3 1 |
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o | / | /
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body weight 6.0 (5.9-75) Amato, NEJM 2015;372:747




STRESS INDEX Airway pressure as a function of time
as surrogate of P-V curve

ongoing full ongoing
recruitment recruitment overdistension
) A B C
14 III_/—|I| IIII,/_]l I,/’_||
|

g I|I || II III || I|
3 04—t A L 15 S U
3 /
L

Paw (cmH,0)
4
-
¥
N
S
~ ¥

| Iﬁ“x . .
Stress index <1~ Stressindex =1 Stress index >1

Ranieri VM, Anesthesiology 2000; 93:1320-8



Individualized approach

APpl = APaw . Ew/Etot Ew/Etot (0.3-0.7) in ARDS

V Obese pts with ARDS
V Pregnant women with ARDS

1MAPpl = APaw . P Ew/Etot

JAPL = APaw - ) APpl

PLATEAU PRESSURE
(Pplat<30cmH20) ?2???

Gattinoni, Crit Care 2017,21:183



Open lung strategy

-Assess and optimize
hemodynamics with echo
- ABG with PEEP 5-10cmH20

Assess recruitability

l




Is the lung recruitable?

. B a
1 Q .E: 5: “ )
v Severity of ARDS; severe ARDS>moderate>mild | . 3
Caironi Crit Care Med 2015 i - B0 1
55
Ez o %
rE .1\: “ F=0.001
“ Milld Mr:pdrlerala sﬁ'e.-e
ARDS ARDS ARDS

» Type of ARDS; extra- pulmonary >pulmonary PaO2/Fi02  >200 100200 <100

Non-Lobar > lobar
Rouby, Crit Care Med 2003, Grasso AJRCCM 2007 Caironi et al Crit Care Med 2015;43:781

. Time from the beginning of ARDS early >late




Stratification based on severity

68 late ALI pts

NEW ENGLAND E R R
JOURNAL «f MEDICINE Lung Recruitment in Patients

with the Acute Respiratory Distress Syndrome
iciano Gattinonl, M.I R.C.P., Pietro Caironi, M.D., Massimo Cre ni, M.D., Davide 1M

V. Marco Ranieri, M.D., Michael Quintel, M.D., Ph,D., Sebastiano Russo, M.D., Nicold Pat
Rodrigo Corne M.I and Guillermo Bugedo, M.D

Lower Higher

Patients with acute lung
niury without ARDS
[ Patients with ARDS

No. of Patients
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Gattinoni, NEJM 2006

51 early ARDS pts

@ cemtcarcnm Howe large is the lung recruitability in early acute
[~ respiratorny distress syndrome: a prospective case
series of patients monitored by computed

12 4 tomography
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Figure 4 Histogram for the amount of potentially recruitable lung observed in our sample of patients (N = 45). Dashed lines represent

the equivalent histogram described by Gattinoni and cols. in a previous publication [29].

De Matos, Crit Care 2012




How do we assess recruitability?

. Gold standard : CT scan
Gatinnoni NEJM 2006

+Other imaging methods; lung echo, Electrical Impedance Tomography
Bouhemad, AJRCCM 2011, Bikker Crit Care 2010

. Bedside method: PV curve



Traditional and more recent interpretation of inflection points

Point of Maximal

Curvature
mL
T
Traditional interpretation:
not much interest as difficult to obtain.
More recent interpretation: EMC o

increased interest in expiratory limb as
FPEEF is expiratory, probably indicates

Traditional interpretation:
beginning of lung cwverdistention, stay
below this point with Pinsp/Ppiat!

More recent interpretation:

could be both end of recruitment
and/or lung overdistention depending
on this, limit Ppjat.

Traditional interpretation:
lung fully recruited at this point,
set PEEP above this point.

. L]
required PEEP to maintain recruitment py ‘
influenced by volume history. « UP

L]
L)
4 . -
. .
1 . _
. @
— e 5 LIP
& .

e

0 10 20 30 40

PEEP setting ?? "=

More recent interpretation:
start of recruitment of alveoli with

similaropening pressures, influenced
by chestwall.

Contribution of hysteresis and chest wall on the shape of P-V curves

Experimental and clinical trials demostrated good results with
PEEP setting of LIP +2cmH20

Brower NEJM 2000, Takeuchi Anesthesiology 2002 Albaiceta et al Current Opin Crit Care 2008;14:80



Bedside assessment of recruitability

Assessment of recruitability

Low flow <10L/min
Pstart=0cmH20
Plim=40 cmH20
Tinps=20sec

W
mbar

S0 (4]

{ Irsét f Duree totale

s Curseur 1 Curseur 2 40

‘-

"~"”,:"ﬁ"l;’""'”’ » Dép./Arrét




Curseur 1

| Curseur 2 |

Réglages actuels

i P départ
| 0 tmH20

Pente
2 cmH2075

Courtesy JM Arnal MD




Assessment of recruitability
Linear compliance

; : (Core compliance)
2008-07-29

04:39:27

3200 +-

Linear compliance
>60ml/cmH20

|

1 recruitability

Paw
A AR AN AR AL D3tV AR T S RASEOINT (115 ¢
L L ! L 4 1l

1 l 1 A I

it a0 30 40 50 60
cCurseur 1 Curseur 2 C curseurs
mbi/rnbar mi/mbar L ahar

‘ 19 A Maggiore.
dgéfation 1911,19 2446,38  28.9 AJRCCM 2001




Assessment of recruitability

2008-07-29
04:39:27

3200 4

Hysteresis

Paw

} 'l i l Il
v T

} 4 I\

: 4
I 1
curseur 1
mi/rmbar

1911/19

deflation

30 40
curseur 2
mi/mbar

2446/ 38

50 60
C curseurs
ml/mbar

28.9

Assessment of recruitability
Hysteresis and volume difference at 20 cmH,0
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100 200 300 400 500 600

Hysteresis / PBW Demory.

Intensive Care Med 2008

If AV at P=20cmH20
>400ml

{

M recruitability

Demory.
Intensive Care Med 2008




Volume increase during a recruitment

maneuver
pt#l pt#2

2008-07-25 V  2008-07-30
14032 ol 184825

Vo= 100 mL




.

150 304 354 13

MR W Wpesp

Courtesy JM Arnal MD




Open lung strategy

- Assess and optimize
hemodynamics with echo
- ABG with PEEP 5-10cmH20

Assess recruitability

No recruitment maneuver Recruitment maneuver
PEEP 5-8 cmH20 PEEP titration

Prone position Transpulmonary pressure

Prone position




Spontaneous breathina: a double-edaed sword to handle with

care Tommaso Mauri™’, Barbara Cambiaghi®, Elena Spinelli’, Thomas Langer', Giacomo Grasselli'”

TO REDUCE Patient Self Inflicting Lung Injury
(PSILI)

AVOID PATIENT-VENTILATOR ASYNCHRONIES - monitoring of Paw, Flow, VT curves
- matching of neural time to mechanical time

- modification of ramp time and cycling-off
- avoid overassistance/underassistance
-- switch to NAVA

Ann Transl Med 2017:5(14):292

MATCH RESPIRATORY DRIVE TO J metabolic needs(hyperthermia,

PATIENTIS NEEDS overfeeding)
- Jragitation, delirium

AVOID VT >9mL/kg PBW



The future of mechanical ventilation: @)oo
lessons from the present and the past i care (2017)21:183

Luciano Gattinoni', John J. Marini®, Francesca Collino’, Giorgia Maiolo', Francesca Rapetti’, Tommaso Tonetti’,
Francesco Vasques' and Michael Quinte I
- LOW V7, appropiate PEEP

/ J mechanical power
J strain - Ppl<30, DP<16

’I‘Iung e A - PRONE POSITION
- PEEP

To decrease VILI

P = (E,s" AV) + (F * R,y) + PEEP

(1+1I:E)

Power, = 0,098 RR [M’z ' ’E "Ers + RR - S0 T E

: Rﬂ,w] + AV - PE‘EP}

Distend the lung Move the gas Keep open

n breaths
" time ENERGY to ...
time




