
Diaphragm weakness in the 

critically ill:  Basic mechanisms 

and therapeutic opportunities

Basil J. Petrof, MD, FRCPC

Director, Meakins-Christie Laboratories

Program for Translational Research in Respiratory Diseases

McGill University Health Centre Montreal, Quebec, Canada





Disclosure Statement of Financial 

Interest

• LungPacer, Inc (scientific advisory panel)

• Novartis (consultant)

Funding: 



ICU Patient (clipart)



Muscles are not created equal

Type I (slow) fiber 

Atrophy

- Immobilization

- Denervation

- Microgravity

Type II (fast fiber)

Atrophy

- Cancer cachexia

- Malnutrition

- Corticosteroids
Ciciliot 2013



The diaphragm

Control vs COPD

Levine 2001



Unique « evolutionary » features of the 

diaphragm

• Continuous Activity: Phasic activity during 
wakefulness and sleep, therefore “not meant 
to be inactive” 

• Anatomical Separator 
Function:  Acts to 
mechanically uncouple 
thoracic and abdominal 
cavity pressures



• Is the diaphragm either more or 
less vulnerable than limb muscles 
to certain insults ? 

• In the ICU: Exaggerated responses 
to inflammation and muscle 
inactivity ?

A Fundamental Question



Muscle Inactivity
• MECHANICAL VENTILATION

Metabolic
o Undernutrition

o Overnutrition (eg. TPN) 

o Acute Hyperglycemia

o Hypoxia, Hypercapnia

Drugs
o Corticosteroids

o Neuromuscular
blockers

o Sedatives

Systemic
Inflammation

• SEPSIS

Aging
and 

Frailty

Other
Comorbidities

o Cancer

o Diabetes

o COPD



Dres et al 2017

Phrenic nerve stimulation to objectively

measure diaphragm strength in ICU patients



Laghi, AJRCCM 2003

Normal

Strength

Weaning failure is associated with diaphragm

weakness rather than fatigue

Petrof Chest 2018



33%

26%

21%

21%

Demoule Ann Intensive Care 2016

Diaphragm weakness is frequent and long-lasting

in mechanically ventilated patients

Fan Crit Care Med 2014



Diaphragm weakness is associated with

increased mortality in ICU

Supinski  2013Demoule  2013

ICU Hospital



Diaphragm weakness occurs early and  

correlates poorly with limb muscle strength

Dres, AJRCCM 2016

(36%) (64%)

WITHIN 24 HRS

Demoule AJRCCM 2013



MC Lin AJRCCM 1998

Demoule AJRCCM  2006

Is the diaphragm more sensitive than limb

muscles to inflammatory stimuli ?



Diaphragm more vulnerable to sepsis 

in humans

Jung, Anesthesiology 2014



Is the diaphragm more vulnerable to inactivity ?

AJRCCM 2004

(VIDD)



Levine et al. NEJM 2008

Levine et al 

Higher IL-6 expression

in the diaphragm



Main messages so far …

• Diaphragm weakness is very common and occurs rapidly in 
critically ill, mechanically ventilated patients

• Diaphragm weakness in mechanically ventilated ICU patients 
is a poor prognostic factor associated with increased mortality

• The diaphragm appears to be more vulnerable to weakness, 
atrophy and inflammation induced by pathological stimuli 
such as sepsis and muscle inactivity



What are the major 

mechanisms of

VIDD ?



•Decreased capacity

for energy production
Increased

oxidative

stress

A central role for mitochondrial dysfunction

• Impaired

Contractility

• Atrophy



Mitochondria-derived reactive oxygen species (ROS)

Powers 2011

Mito anti-oxidant

(SS-31)

ROS

Hussain  2010



Picard   2012

Mitochondrial dysfunction and mt DNA damage 

in human diaphragms during MV

DIAPHRAGM

LIMB



Evidence for mitochondrial fragmentation 

during mechanical ventilation

Picard  2015



What are the upstream mediators ? 

Petrof 2018

IL-6



ROS

Mitos

Munoz-Canoves 2013

Sustained     IL-6
• Impaired Mito Fct

• Autophagy

• Cachexia



Upregulation of the IL6 / STAT3 pathway

during mechanical ventilation



Genetic IL6 KO prevents STAT3 activation 

and diaphragm weakness during MV 



CLASSICAL SIGNALING

TRANS-SIGNALING



Blockade of IL6 trans-signaling prevents

STAT3 activation and diaphragm weakness

IL-6



Main summary points …

• Mechanical ventilation rapidly induces multiple adverse 
effects on the diaphragm including reduced force generation, 
atrophy, oxidative stress, and mitochondrial dysfunction & 
fission 

• IL-6 is an important mediator of STAT3 activation and force 
loss in the diaphragm during mechanical ventilation

• VIDD can be prevented by inhibiting the non-classical 
“pathological” IL-6 trans-signaling pathway



What can we do for  

prevention or 

therapy ?



Controlled MV versus Assist Control 
(3 days in rabbits) 

Controlled MV versus Intermittent 

Spontaneous Breathing 
(24 hours – 60 min ISB q5h in rats) 

Encourage greater diaphragm activity ….

Gayan-Ramirez, Crit Care Med 2005

Sassoon, AJRCCM 2004



ANIMALS

Masmoudi, ERJ 2013

Martin, Crit Care Med 2014  

HUMANS

Ahn, AJRCCM 2014

Intermittent phrenic nerve stimulation



Transvenous pacing of phrenic nerves

Reynolds, AJRCCM 2017

Trials 2019



…. but could this also be harmful ?

Goligher AJRCCM 2015
Ebihara AJRCCM 2004



Goligher AJRCCM 2018

Diaphragm thinning and thickening: 

Both = worse outcome



Concept of Diaphragm-Protective Ventilation 

Schepens Cur Op Crit Care 2019



Summary of potential therapies

• Optimize Diaphragm Activity 

Level

– Modify the level of 

ventilator support

– Transvenous phrenic nerve 

pacing

– Inspiratory muscle training

• Metabolic Interventions 

– Nutritional

– Intensive insulin therapy

• Drug Therapies



QUESTIONS


