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Diaphragm

Mechanical ventilation 

Diaphragm Atrophy Lung Injury
excessive mechanical 
stress and strain

low respiratory effort 

Diaphragm Injuryexcessive effort

Adverse Effects 

Ventilator-Induced Lung Injury 

( V I L I )

Patient Self-Inflicted Lung Injury 

( P - S I L I )

Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J Med



Lung and Diaphragm-protective 
mechanical ventilation approach 

CHALLENGE…

Optimizing   Patient   
Respiratory   Effort  

Maintaining 
Respiratory Homeostasis

Avoid 
Lung And Diaphragm Injury

Brochard L, Mechanical ventilation to minimize progression of lung injury in acute respiratory failure. Am J Respir Crit Care Med 2017



❑Unload The  Respiratory 
Muscle Pump 

❑Respiratory Homeostasis

MECHANICAL VENTILATION 

Diaphragm
Atrophy

Lung
Injury

Diaphragm
Injury

V I L I : modes, 

réglages
P - S I L I : effort

inspiratoire

ADVERSE EFFECTS 

• survival
• duration of mechanical ventilation
• recovery
• long-term disability

Goligher EC,Diaphragmatic myotrauma: a mediator of prolonged ventilation and poor patient outcomes in acute respiratory failure. Lancet Respir
Med 2019



❑Unload The  Respiratory 
Muscle Pump 

❑Respiratory Homeostasis

MECHANICAL VENTILATION 

Diaphragm
Atrophy

Lung
Injury

Diaphragm
Injury

V I L I : modes, 

réglages
P - S I L I : effort

inspiratoire

Sedation

PEEP , PEEPi

Asynchrony

• survival
• duration of mechanical ventilation
• recovery
• long-term disability

PAVM



PROTECTIVE VENTILATION 
PARAMETERS

❑  Lung Stress / Strain
❑ Modes ventilatoires
❑ Respiratory Effort And Drive
❑ Asynchrony

Implementation  Lung and Diaphragm-protective 
mechanical ventilation 



Lung

Stress/strain
Respiratory

Effort

Monitoring 
Lung and  Diaphragmatic   Injury 

Diaphragm Protection Lung Protection 



M E C H A N I C A L     C Y C L E     V E N T I L A T I O N

L u n g  /  D i a p h r a g m a t i c  P r o t e c t i o n

S y n c h r o n i s a t i o n

W e a n i n g

Sedation

OutcomeIntubation

Modes assistés



L u n g  /  D i a p h r a g m a t i c  P r o t e c t i o n

➢ High Sedation  
➢ High Ventilator Assistance
➢ +/- High PEEP 
➢ Low Respiratory Effort And Drive

Modes assistés contrôlés

Avantages ? Risques ?

▪ V I L I
▪ A t r o p h y

▪ Low Asynchrony

Levine S, Rapid disuse atrophy of diaphragm fibers in mechanically ventilated humans. N Engl J Med 2008



L u n g  /  D i a p h r a g m a t i c  P r o t e c t i o n

➢ High Sedation  
➢ High Ventilator Assistance
➢ +/- High PEEP 
➢ Low Respiratory Effort And Drive

Modes assistés contrôlés

S y n c h r o n i s a t i o n

➢ Low Sedation  
➢ Low Ventilator Assistance
➢ +/- High PEEP 
➢ High Respiratory Effort And Drive

Modes assistés

Avantages ? Risques ?Avantages ? Risques ?

▪ VILI
▪ Atrophy

▪ Low 
Asynchrony

▪ VILI
▪ P-SILI
▪ Diaphr. Injury
▪ Asynchrony 

Intensity 
of 

Inspiratory 
EFFORT..

▪ Atelectasis
▪ Oxygenation
▪ Pulm. Vasc. Resist.
▪ Atrophy

Rittayamai N,. Effect of inspiratory synchronization during pressure controlled ventilation on lung distension and inspiratory 
effort. Ann Intensive Care 2017



▪ V I L I
▪ P - S I L I
▪ D i a p h r .  I n j u r y
▪ Asynchrony

Intensity of Inspiratory EFFORT..

▪ Distending Pressure and Tidal Volumes

▪ Pendelluft

▪ Patient–Ventilator Asynchrony

S y n c h r o n i s a t i o n

Mechanisms Consequences

Risques ?

Yoshida T, Fifty years of research in ARDS: spontaneous breathing during mechanical ventilation. Risks, mechanisms, and management. Am J 
Respir Crit Care Med 2017



Spontaneous Effort 

Reduces Ppl

Increases PL

VT Increases 

Lung Injury

VPCVVC

Asynchrony 

▪ Distending Pressure and Tidal Volumes

Intensity of Inspiratory 
EFFORT..

VT stable



(air pendulaire)

Diaphragmatic Contraction 

Ppl changes 

not uniformly transmitted 
(solid-like behavior) 

Higher PL Lower PL 

nondependent 
(Ppl less negative) 

dependent 
(Ppl more negative) 

PENDELLUFT

▪ échange d'air d'une région pulmonaire à une autre

▪ sans changement significatif du Vt

Intensity of Inspiratory 
EFFORT..

Yoshida T, Spontaneous effort causes occult pendelluft during mechanical ventilation. Am J Respir Crit Care Med 2013



Mechanical Ventilator 
Delivery Times  

Machine’s Amount Of Support

The Patients’ Own Inspiratory 
And Expiratory Times 

Patients’ Requirements 

Patient-ventilator ASYNCHRONY

Inappropriate Patient-ventilator Interaction

Mismatch

Mismatch

Intensity of Inspiratory EFFORT..



Sedation
NMB

Pain

Mechanical changes

Fever / Sepsis

pH

Respiratory Drive

débits

Pressions

Vt

Mode vent

Ti : Te

Reglages

FR

Effort Patient Ventilateur

MODES ASSISTÉS

Challenge

Débit insp. 
Patient

Débit insp. 
Ventilateur

Ti  Patient Ti  Ventilateur



Respiratory Drive Reglages

Effort Patient Ventilateur

MODES ASSISTÉS

Challenge

Ti  Patient

Ti  Ventilateur

Ti  Patient

Ti  Ventilateur

Débit insp. 
Patient

Débit insp. 
Ventilateur

Débit insp. 
Patient

Débit insp. 
Ventilateur

Ti  Patient Ti  Ventilateur

Débit insp. 
Patient Débit insp. 

Ventilateur

Premature Cycling

Delayed Cycling

Insufficient Inspiratory Flow Excessive Inspiratory Flow 



L u n g  /  D i a p h r a g m a t i c  P r o t e c t i o n

S y n c h r o n i s a t i o n

W e a n i n g

Often Possible

Adjustment of 
Ventilatory Parameters

Lower Sedation Requirements

Sedation

Ventilator ? Patient ?



Classification
 

of

Patient-Ventilator

 Asynchrony

❑Trigger Asynchrony

❑Flow Asynchrony

❑Cycling Asynchrony 

▪ Ineffective Triggering
▪ Double Triggering
▪ Reverse Triggering
▪ Auto-triggering

▪ Insufficient Inspiratory Flow 
▪ Excessive Inspiratory Flow 

▪ Premature Cycling
▪ Delayed Cycling

Ventilator ? Patient ?



Asynchrony

expiratory Asynchronyinspiratory Asynchrony

Diaphragm Protection 

Lung stress Diaph. Injury 

Lung Protection 

Lung

Stress/strain
Respiratory

Effort

Ventilator ? Patient ?

Blanch LAsynchronies during mechanical ventilation are associated with mortality. Intensive Care Med 2015



Ineffective Triggering

➢ Eccentric contractions
➢ Erroneous display of respiratory rate

➔ Effort unable to trigger the ventilator

Muscle Injury 





Muscle Injury High Dynamic Lung Stress 

Reverse Triggering

eccentric diaphragm 
loading conditions 

➢ Fully Sedated Patients (drive abolished) 

breath stacking 

excessive tidal volumes

Double-triggering

Akoumianaki E, Mechanical ventilation–induced reverse-triggered breaths: a frequently unrecognized form of neuromechanical coupling. 
Chest 2013







Premature Cycling
(Short cycles)

Continuation of inspiratory effort after the end of insufflation

Neural Inspiration Time   >>>  Mechanical Inflation Time 

Ti  Patient

Ti  Ventilateur



Premature Cycling

Eccentric diaphragm contraction

double-triggering

Strong 
inspiratory efforts 

high dynamic lung stress 

excessive tidal volumes

Breath Stacking 

diaphragm forced to contract 
while lengthening





Insufficient Inspiratory Flow 

The Flow Received By The Patient Is Lower 
Than His Ventilatory Demand









Double Triggering

REVERSE 
TRIGGERING

Premature 
cycling



REVERSE 
TRIGGERING

DOUBLE TRIGGERING 

INSUFFICIENT INSPIRATORY FLOW 

Premature cycling



Monitoring   Lung  Diaphragmatic   Injury

L u n g  /  D i a p h r a g m a t i c  P r o t e c t i o n

S y n c h r o n i s a t i o n

Risques ?Risques ?

▪ VILI
▪ Atrophy

▪ VILI
▪ P-SILI
▪ Diaphr. Injury
▪ Asynchrony 

Intensity of Inspiratory EFFORT..

Lung Stress/strain Respiratory Effort



Lung

Stress/strain



Tidal Volume (Vt)

▪ Does not reflect lung stress

▪ VT alone :  not a precise measure of lung strain

VT 4–6 ml/PBW

Lung Strain

▪ does not correct for “baby lung” size

VT/ (end expiratory lung volume)

inconvénients



Plateau Pressure 

< 30 cmH2O 

Lung Stress and Strain 
(Tidal Volume)

PEEP

Pression  Plateau  

▪ Depend : PEEP (Pression Élastique + PEEP)

▪ Depend : Compliance Pulmonaire et Thoracique

▪ Ne Reflète pas Les Variations Dynamiques

Automatique VVC

Plateau Pressure   < TOUJOURS <   Pression crête 

▪ Ne Permet pas Calcul Compliance 

▪ Pause inspiratoire ➔ Débit nul : statique 
▪ Estimation Pression  Plateau  (alvéolaire)
▪ Barotraumatisme +++

Plateau Pressure < 30 cmH2O

inconvénients

✓Réglages 
✓Mécanique respiratoire 





Plateau Pressure Lung Stress and Strain 
(Tidal Volume)

Plateau Pressure < 30 cmH2O

VPC  ?

Pause 
manuelle



Plateau Pressure Lung Stress and Strain 
(Tidal Volume)

VPC  ?

Plateau Pressure   ==  Pression réglage 

Plateau Pressure  << Pression réglage 

Plateau Pressure  >> Pression réglage 

Plateau Pressure 

Plateau Pressure 
Plateau Pressure 

Pression réglage 

Pression réglage 

Pression réglage 

✓Réglages 
✓Mécanique respiratoire 
✓ Effort inspiratoire

Surdistension



Airway driving pressure (ΔPaw) Lung Stress and Strain 
(Tidal Volume)

ΔPaw < 15 cmH2O

▪ Does not reflect regional lung stress   :
➢ respiratory effort is high 

▪ Overestimates the transpulmonary pressure :
➢ chest wall elastance increased 
➢ expiratory muscle activity

▪ depend de la compliance pulmonaire et thoracique

▪ Ne reflète pas les variations dynamiques

PEEP

Pression  Plateau

Automatique VVC

inconvénients
▪ Pause inspiratoire ➔ Débit nul : statique 
▪ Non dépendant de la PEEP
▪ Estimation Pression  motrice 
▪ Compliance Thoraco-Pulmonaire statique  
▪ Barotraumatisme +++
▪ Mortalité +++

compliance thorax et  poumon = 

Amato MB,. Driving pressure and survival in the acute respiratory distress syndrome. N Engl J Med 2015



Automatique VVC



Automatique VVC



Lung Stress and Strain 
(Tidal Volume)

VPC  ? Airway driving pressure (ΔPaw)

Pause 
manuelle



Tidal Inhalation 
Transpulmonary Pressure (PL) 

pressure distending the lung

PL = Airway Pressure (Paw) - Pleural Pressure (Ppl)

❑ POSITIVE PRESSURE VENTILATION with :

➢ muscle paralysis, 
➢ chest wall compliance not impaired 

Ppl➔minor contributor 

Ppat == Paw == PL  

❑ POSITIVE PRESSURE VENTILATION with : 

➢ chest wall compliance seriously impaired (Ppl très positive)
➢ spontaneous effort  (Ppl très négative)

Ppl

Ppat == Paw PL  

Lung Stress and Strain 
(Tidal Volume)

Gold Standard 





















ΔPaw

changes in chest wall elastance affect ΔPaw, 
w i t h o u t  a f f e c t i n g  lung stress

Transpulmonary Driving Pressure (ΔPL) and Driving Pressure Across The Chest Wall (ΔPcw) 

Ex: Obese patients ➔HIGH PLATEAU PRESSURE 
(weight imposed by the chest wall)

➔ high ΔPaw 

changes in lung elastance affect ΔPaw, 
w i t h  a f f e c t i n g  lung stress

Ex: SDRA➔ HIGH PLATEAU PRESSURE 
(pulmonary edema ) 
➔ high ΔPaw 

VILI, S-PILI Hypoventilation, 
atélectasie

PL = Airway Pressure (Paw) - Pleural Pressure (Ppl)

Barotrauma
Barotrauma

inspiratory expiratory



PLATEAU PRESSURE  EN FIN D’INSPIRATION 

Compliance Thoraco-Pulmonaire statique  

Pression Trans- Thoraco-Pulmonaire statique  

PLATEAU PRESSURE  EN FIN D’INSPIRATION 

Pression Trans-Pulmonaire statique  

Compliance Pulmonaire statique  

PLATEAU PRESSURE  en fin expiration

Pression Trans-Pulmonaire statique  

Pause 
inspiratoire

Pause 
inspiratoire

Δpaw
Trans-Thoraco-Pulm 

Δpaw
Trans-Pulm 

Δpaw Trans-Pulm  <<  Δpaw Trans-Thoraco-Pulm 

Hypoventilation, 
atélectasie



Pplat = 20 mmHg

ΔPaw = 20 – 2 = 18 mmHg

PTP = 18 – 4 = 14 mmHg

Compliance pulmonaire 
400 / 16 = 25 mmHg

Compliance thoracique 
400 / 4 = 100 mmHg

P pleur = 4 mmHg

Pplat = 20 mmHg

ΔPaw = 20 – 2 = 18 mmHg

PTP = 18 – 14 = 4 mmHg

Compliance pulmonaire 
400 / 6 = 66.6 mmHg

Compliance thoracique 
400 / 14 = 28.6 mmHg

P pleur = 14 mmHg

Baisse 
Compliance pulmonaire 

Baisse 
Compliance thoracique 

Compliance thoraco-pulmonaire 
400 /18 = 22.2 mmHg

Compliance thoraco-pulmonaire 
400 /18 = 22.2 mmHg

Vt = 400 ml

PEP = 2 mmHg



Transpulmonary Pressure (PL) = Airway pressure (Paw) - pleural pressure (Ppl)

STATIC  
Transpulmonary Pressure

Chest Wall Compliance 

ΔPaw 

▪ Pause inspiratoire ➔ Débit nul : statique 
▪ Non dépendant de la PEEP
▪ Estimation Pression  motrice 
▪ Compliance Pulmonaire statique  
▪ Barotraumatisme +++
▪ Mortalité +++

▪ Does not reflect regional lung stress   :
➢ respiratory effort is high 

▪ Ne reflète pas les variations dynamiques

inconvénients

Transpulmonary Driving Pressure 

Not   Impaired

Impaired (Ppl très positive)  

ΔPaw Transpulmonary Driving Pressure 

(ΔPL)< 15 cmH2O

<



Transpulmonary Pressure (PL) = Airway pressure (Paw) - pleural pressure (Ppl)

DYNAMIC 

DYNAMIC 
Transpulmonary Pressure

Magnitude Of Its Change 
During Inspiration

spontaneous effort  
(Ppl très négative)

Regional Lung Stress 

ΔPL,dyn<15–20 cmH2O 

Akoumianaki E, (2014) The application of esophageal pressure measurement in patients with respiratory failure. Am J Respir Crit Care Med 



STATIC 
Transpulmonary Pressure

DYNAMIC 
Transpulmonary Pressure

Chest Wall Compliance Impaired
(Ppl très positive)

Spontaneous Effort  
(Ppl très négative)

ΔPL,dyn<15–20 cmH2O Transpulmonary Driving Pressure< 15 cmH2O

Gold Standard 







Respiratory

Effort



Airway occlusion pressure (P0.1) Respiratory Drive 

P0.1 :  1–4 cmH2O

detect :
▪ very low respiratory effort
▪ very high respiratory effort

➢ Under estimates  respiratory drive
Elevated respiratory drive does not always 
result in elevated respiratory effort

▪ muscle weakness
▪ short inspiratory time

inconvénients

Pression d'occlusion des voies respiratoires

deflection in Paw during the first 0.1 s of an 
inspiratory effort against an occluded airway

Telias I Airway occlusion pressure as an estimate of respiratory drive and inspiratory effort during assisted ventilation. 
Am J Respir Crit Care Med 2020











Diaphragm inspiratory thickening 
fraction (TFdi)

TFdi 15–30%

Diaphragmatic Effort
(tidal TFdi)

Diaphragmatic Function 
(Maximal TFdi)

ULTRASOUND

▪ Requires equipment and training 
▪ Continuous monitoring is not feasible

inconvénients

▪ Non-invasive assessment of diaphragmatic contractility
▪ Diaphragmatic Function (Maximal TFdi)

Tfdi  =  Tei  -  Tee / Tee Tfdi  = 27 %

28 22

Tuinman PR, Respiratory muscle ultrasonography: methodology, basic and advanced principles and clinical applications in ICU and ED 
patients a narrative review. Intensive Care Med 2020



Esophageal pressure  (Pes) Respiratory EffortGold Standard 

ΔPes : 3–15 cmH2O 
(Diaphragm Protective)

▪ do not take into account the effects of time, 
the elastance of chest wall, and PEEPi

▪ difficult to assess the energy expenditure of 
the respiratory muscles

inconvénients



Work of Breathing (WOB J/L)

change of volume caused by pressure during breathing

▪ cannot reflect changes in isovolumic contraction
▪ does not consider the effect of time

inconvénients

Respiratory Effort



▪ PTP calculated by Pes (PTPes) ➔ assess overall respiratory muscle activity

▪ Compared with WOB, PTP integrates time parameters 

▪ good correlation with energy consumption

▪ can calculate changes in muscle during isovolumetric contraction 
( ineffective spontaneous breathing efforts with asynchronous and PEEPi. 

Respiratory Effort

▪ integral of pressure over time



Mechanical Power (MP)

▪ integrates several parameters of pressure, volume, and time

▪ well reflect the energy consumption of respiratory muscles

▪ increase in MP is related to the occurrence of VILI

Combining WOB with respiratory rate 





Transdiaphragmatic pressure swing (ΔPdi) Respiratory Effort

▪ Provides direct measurement of 
diaphragmatic effort 

▪ Provides information about 
expiratory muscle activity

ΔPdi–15 cmH2O 





Airway pressure swing (ΔPocc)
▪ Respiratory Effort

▪ Tidal Lung Stress

▪ Non-invasive 
▪ Easily measured at the bedside 
▪ Can predict respiratory muscle effort (Pmus) and 

transpulmonary pressure swing (ΔPL,dyn) 
▪ Detect apnea, auto-triggering 
▪ Differentiate different forms of Asynchrony

WHOLE BREATH OCCLUSION

▪ not sufficiently accurate to replace direct 
measurement

inconvénients

➢ Predicted Pmus 5–10 cmH2O (ΔPocc 8–20 cmH2O) 
➢ Predicted ΔPL,dyn < 15–20 cmH2O





ΔPocc = 18 - ( -15.6) = 23.6 cmH2O

➢ Predicted Pmus 5–10 cmH2O (ΔPocc 8–20 cmH2O) 
➢ Predicted ΔPL,dyn < 15–20 cmH2O

Predicted Pmus = 3/4  .  23.6  =  17.7 

Predicted ΔPL,dyn =  3 . 2/3  .  23.6  =  47.2 



➢ Predicted Pmus 5–10 cmH2O (ΔPocc 8–20 cmH2O) 
➢ Predicted ΔPL,dyn < 15–20 cmH2O

ΔPocc = 13.5 - (-3.5)= 17 cmH2O

Predicted Pmus = 3/4  .  17  =  12.75 

Predicted ΔPL,dyn =  3 . 2/3  .  17  =  34

Titration  :  sédation



➢ Predicted Pmus 5–10 cmH2O (ΔPocc 8–20 cmH2O) 
➢ Predicted ΔPL,dyn < 15–20 cmH2O

ΔPocc = 13. 3 - (+3.7)= 9.6 cmH2O

Predicted Pmus = 3/4  .  9.6=  7.2

Predicted ΔPL,dyn =  3 . 2/3  .  9.6 =  19.2

Titration  :  sédation



❑ AutoPEEP  (PEEP intrinsèque)

Lung Stress/strain
Respiratory Effort

▪ Barotrauma
▪ volutauma

▪ Trigger inefficace

Hémodynamique

▪ Cœur pulmonaire







PEEP Totale = PEEP  + PEEPiPEEP  réglée

PEEPi = PEEP Totale - PEEP

PEEPi = 18.2 – 10.7 = 7.5



Auto-PEEP ?

OUI NON

INEFFECTIVE 
TRIGGERING 

Decrease airway resistance

decrease the respiratory rate

NON

PEEP Extrinseque
(75 % de la PEEP 
Intrinseque)

➢ Reduce trigger thresholds

➢ Promote respiratory drive

WATERFFALL EFFECT    ??

OUI



PEEP

AIRWAYS

Thérapeutique



PEEPAuto-PEEP

ThérapeutiquePathologie



Limitation Du Débit Expiratoire

BPCO



➔ Amélioration gradient pression motrice
➔ Amélioration débit expiratoire

PEEP = approximately 75% 
of the measured autoPEEP



AMV

Lung Stress/strain

Respiratory Effort













IntelliCycle
Respiratory Effort

Lung Stress/strain

Synchronization









CONCLUSION



❑Unload The  Respiratory 
Muscle Pump 

❑Respiratory Homeostasis

MECHANICAL VENTILATION 

Diaphragm
Atrophy

Lung
Injury

Diaphragm
Injury

V I L I : modes, 

réglages
P - S I L I : effort

inspiratoire

Sedation

PEEP , PEEPi

Asynchrony

• survival
• duration of mechanical ventilation
• recovery
• long-term disability

PAVM

❑Unload The  Respiratory 
Muscle Pump 

❑Respiratory Homeostasis

Respiratory Effort

Lung Stress/strain

CONCLUSION



THANK  YOU
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