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Objectives

1. Summarize the key physiological mechanisms 
responsible for persistent ventilator 
dependence

2. Describe a clinical approach to assessment 
and management of physiological 
mechanisms of persistent ventilator 
dependence



Epidemiology

Beduneau et al AJRCCM 2016



Weaning: Supply and Demand

MacIntyre Respir Care 2005



CARDIAC FAILURE
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Respiratory Muscle Function

Buda NEJM 1979
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Cardiac Failure

Lemaire Anesthesiology 1988



RESPIRATORY MUSCLES



Difficult Liberation: 
Which Weakness Matters?

Dres M, AJRCCM 2016

Diaphragm 
dysfunction

Peripheral muscle 
dysfunction

Yes No Yes No

Difficult 
weaning

48% 7% 42% 28%

Prolonged 
weaning

17% 0% 15% 8%

Duration of 
MV

7 4 7 5

Length of ICU 
stay

10 6 9 6



Why Diaphragm Dysfunction?
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Liberated from MV Tdi unchanged

Liberated from MV: Tdi decreased >10%

Liberated from MV: Tdi increased >10%

Died on MV: Tdi unchanged

Died on MV: Tdi decreased >10%

Died on MV: Tdi increased >10%
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Group: Diaphragm Thickness Change

>10% loss on or before day 8

<10% change on or before day 8

>10% gain on or before day 8

Goligher et al AJRCCM 2015 Under review



RESPIRATORY MECHANICS



Pathophysiological Determinants of 
Weaning Success

Vassilakopoulos et al AJRCCM 1998
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PRACTICAL ASSESSMENT



Weaning Mechanical Ventilation

Etiology Diagnostic Maneuver Therapeutic Intervention

Heart failure Monitor CVP during SBT
BNP, total protein, hematocrit
Dynamic echocardiography

Diuresis
Afterload reduction
Rule out ischemia

Respiratory 
muscle failure

Bedside ultrasound on CPAP
• Loss of diaphragm descent
• Loss of diaphragm thickening

Muscle training
Mobilization
Maintain activity
Minimize asynchrony
Rest overnight

Lung mechanics Measure dynamic compliance
Assess for intrinsic PEEP

Treat underlying dx
Optimize airway function
Tracheotomy (rarely)

Central High Ve before disconnection
Respiratory alkalosis

Coaching
Neuroleptics
Anxiolytics
Mobilization



%

Delta Protein = 6%





Bedside Diagnosis: Diaphragm Excursion

Figures from Sarwal et al Musc Nerve 2013



Bedside Diagnosis: Diaphragm Thickening

A Window into Diaphragmatic Kinetics: Feasibility, 

Precision, and Physiological Meaning of Ultrasound 

Measurements of Diaphragm Thickness!
Ewan C. Goligher1,2, Franco Laghi3, Brian P. Kavanagh1, !

Gordon D. Rubenfeld1,4, Martin J. Tobin3, Niall D. Ferguson1,2 !
1University of Toronto - Toronto ON, 2University Health Network - Toronto ON, !

3Loyola University Stritch School of Medicine - Chicago IL  4Sunnybrook Health Sciences Center - Toronto ON !

Background++

Methods

Results

Conclusions

Abstract!

deemedinvalid if thetwoclear bright parallel linesof the
pleural and peritoneal membranes were not plainly
identified at each moment of the respiratory cycle.
Ultrasonographic recordings were stored on compact
disks, and a subsequent computer-assisted quantitative
analysis was performed by a trained investigator who
was unaware of the ventilatory condition. The measure-
ments included diaphragm thickness at end-expiration
(TEE) and at end-inspiration (TEI). When airway pressure
couldnot bedisplayedonthescreenof theEcho-Doppler
machine to match theultrasound tracings to the respira-
tory cycle(duringSB), TEE wasmeasured just beforethe
thickening start and TEI was measured at maximal
thickening. Measurementswereaveraged out of threeor
more consecutive breaths on the last valid image recor-
ded at the end of each period. The thickening fraction
(TF) wascalculated as(TEI - TEE)/TEE andexpressed as
apercentage (Fig. 1c).

Flow and pressuremeasurements

Flow was measured using a Fleisch N°2 pneumotacho-
graph (Fleisch, Lausanne, Switzerland) connected to a
differential (±2 cmH2O) pressure transducer (MP45,
Validyne, Northridge, CA) and placed between the face
mask and the ventilator Y connector. Airway opening
pressurewasmeasuredbetween theventilator circuit and
thepneumotachographusingapressuretransducer (MP45,
±100 cmH2O). Oesophageal (Pes) and gastric pressures
(Pga) were measured using a double-balloon catheter
(Marquat, Boissy Saint Léger, France) as previously
described with appropriate placement checked and arte-
factseliminated (seeSupplementary Material for details)
[20, 21]. Transdiaphragmatic pressure(Pdi) wasobtained
by electronic subtraction of the Pes signal from the
Pgasignal over at least tenconsecutivebreathsselectedat
the end of the pressure and flow recordings. The

A 

B 

C 

TEI, thickness at end inspiration; TEE, thickness at end expiration.

Fig. 1 Probeplacement to
explore thediaphragmin the
zoneof apposition (a), with the
ultrasonographic view of the
normal diaphragmin thezone
of apposition (b) and
illustration of themeasurement
of diaphragmthicknessat end-
inspiration and end-expiration
in TM mode(c). TEI thickness
at end-inspiration, TEE thickness
at end-expiration
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Tr eat men t

The treatment of patients with diaphragmatic dys-

function depends on the cause and on the pres-

ence or absence of symptoms and nocturnal hy-

poventilation. Examples of treatable causes of 

diaphragmatic dysfunction include myopathies re-

lated to metabolic disturbances such as hypoka-

lemia, hypomagnesemia, hypocalcemia, and hy-

pophosphatemia. Correction of electrolyte and 

hormonal imbalances and avoidance of neuro-

pathic or neuromuscular blocking agents can re-

store strength in the diaphragm. Myopathies due to 

parasitic infection (e.g., trichinosis) may respond 

to appropriate antimicrobial agents.61 Idiopathic 

diaphragmatic paralysis or paralysis due to neu-

ralgic amyotrophy may improve spontaneously.13 

When diaphragmatic dysfunction persists or pro-

gresses, ventilatory support, ranging from noctur-

nal to continuous, may be needed. The need for 

ventilatory support may be temporary, as in cases 

of diaphragmatic paralysis after cardiac surgery, or 

it may be permanent, as in cases of progressive 

neuromuscular diseases. The generally accepted in-

dications for initiating nocturnal noninvasive venti-

lation in patients with symptoms include a partial 

pressure of carbon dioxide of 45 mm Hg or high-

er in the arterial blood in the daytime, oxygen 

saturation of 88% or less for 5 consecutive min-

utes at night, or progressive neuromuscular dis-

ease with a maximal static inspiratory pressure of 

less than 60 cm of water or a forced vital capacity 

of less than 50% of the predicted value.62 Most 

patients with neuromuscular disease will eventu-

ally require mechanical ventilation, whether it is 

provided by invasive means (tracheostomy or endo-

tracheal tube) or noninvasive means (nasal can-

nula or face mask).

Plication of the diaphragm is a procedure in 

which the flaccid hemidiaphragm is made taut by 

oversewing the membranous central tendon and 

the muscular components of the diaphragm. The 

indications and timing for this procedure are not 

fully defined, given that most studies are retro-

spective and uncontrolled, but it may be offered to 

patients with unilateral diaphragmatic paralysis 
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Figure 5. Ultrasonographic Images of Normal and Paralyzed Diaphragms.

Panels A and B show the end-expiration and end-inspiration stages, respectively, in a normal diaphragm. Panels C 

and D show the end-expiration and end-inspiration stages, respectively, in a paralyzed diaphragm. During inspiration, 

the normal diaphragm thickens, whereas the paralyzed diaphragm does not thicken.
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B-mode!

Zone of Apposition Ultrasound!

M-mode!

Experimental Setup and Inspiratory Maneuvers!

Tidal breathing!

Threshold-loaded 
breathing (20 cm H2O)!

Maximal inspiratory 
transdiaphragmatic 

pressure effort !

Rest @ FRC!

Inhale to target!

Relax & hold @ target!

25% IC! 50% IC! 75% IC! IC!

deemedinvalid if thetwoclear bright parallel linesof the
pleural and peritoneal membranes were not plainly
identified at each moment of the respiratory cycle.
Ultrasonographic recordings were stored on compact
disks, and a subsequent computer-assisted quantitative
analysis was performed by a trained investigator who
was unaware of the ventilatory condition. The measure-
ments included diaphragm thickness at end-expiration
(TEE) and at end-inspiration (TEI). When airway pressure
couldnot bedisplayedonthescreenof theEcho-Doppler
machine to match the ultrasound tracings to the respira-
tory cycle(during SB), TEE wasmeasured just beforethe
thickening start and TEI was measured at maximal
thickening. Measurements wereaveraged out of threeor
more consecutive breaths on the last valid image recor-
ded at the end of each period. The thickening fraction
(TF) wascalculated as(TEI - TEE)/TEE and expressed as
apercentage (Fig. 1c).

Flow and pressuremeasurements

Flow was measured using a Fleisch N°2 pneumotacho-
graph (Fleisch, Lausanne, Switzerland) connected to a
differential (±2 cmH2O) pressure transducer (MP45,
Validyne, Northridge, CA) and placed between the face
mask and the ventilator Y connector. Airway opening
pressurewasmeasured between theventilator circuit and
thepneumotachographusingapressuretransducer (MP45,
±100 cmH2O). Oesophageal (Pes) and gastric pressures
(Pga) were measured using a double-balloon catheter
(Marquat, Boissy Saint Léger, France) as previously
described with appropriate placement checked and arte-
factseliminated (seeSupplementary Material for details)
[20, 21]. Transdiaphragmatic pressure(Pdi) wasobtained
by electronic subtraction of the Pes signal from the
Pgasignal over at least tenconsecutivebreathsselectedat
the end of the pressure and flow recordings. The
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TEI, thickness at end inspiration; TEE, thickness at end expiration.

Fig. 1 Probeplacement to
explore thediaphragm in the
zoneof apposition (a), with the
ultrasonographic view of the
normal diaphragm in thezone
of apposition (b) and
illustration of themeasurement
of diaphragm thicknessat end-
inspiration and end-expiration
in TM mode(c). TEI thickness
at end-inspiration, TEE thickness
at end-expiration
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Pga!

EAdi!

Pes!

Spirometer!

Threshold load 
valve!

5 healthy subjects!

Preliminary Findings from Sonographic Data!
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Diaphragm thickening fraction at increasing levels of inspiratory effort. Means 
and standard deviations of sonographic thickening fraction are shown (p<0.01 for 

difference in means). Note that thickening appears greater at inspiratory capacity 
than during Pdi,max maneuver (p=0.24 for difference)!
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Inspiratory+Volume+(%+Inspiratory+Capacity)+

Relationship between diaphragm thickness and inspiratory effort vs. 
lung volume. Peak diaphragm thickening (blue dots) and post-inspiratory 

resting diaphragm thickening (red dots) are displayed as a function of 
lung volume (%inspiratory capacity). Linear regressions with slopes and 

r2 values are shown. At low lung volumes, diaphragm thickening 
predominantly represents muscular effort, but at higher lung volumes, 

diaphragm thickening indicates both increasing effort and increasing lung 

volume (p<0.001 for difference in relative proportions with increasing lung 
volume). !



Weaning Mechanical Ventilation

Etiology Diagnostic Maneuver Therapeutic Intervention

Heart failure Monitor CVP during SBT
BNP, total protein, hematocrit
Dynamic echocardiography

Diuresis
Afterload reduction
Rule out ischemia

Respiratory 
muscle failure

Bedside ultrasound on CPAP
• Loss of diaphragm descent
• Loss of diaphragm thickening

Muscle training
Mobilization
Maintain activity
Minimize asynchrony
Rest overnight

Lung mechanics Measure dynamic compliance
Assess for intrinsic PEEP

Treat underlying dx
Optimize airway function
Tracheotomy (rarely)

Central High Ve before disconnection
Respiratory alkalosis

Coaching
Neuroleptics
Anxiolytics
Mobilization





Weaning Classification




