
Case

• 50M
• P/F 140
• Bilateral airspace opacities, no evidence of HF
• 24 hours of NMBA completed
• How to assess risk of diaphragm and lung injury?



Monitoring for LDPV Strategy
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What is the potential mechanism 
of lung or diaphragm injury?



Case

• Sedation is lightened to alleviate reverse triggering
• Patient is now synchronous and each ventilator 

breath is triggered by the patient



What is the potential mechanism 
of lung or diaphragm injury?





Non-Invasive Monitoring for LDPV Strategy
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1. Estimate Pmus

2. Estimate ∆Pes

3. Estimate ∆PL



Non-Invasive Monitoring for LDPV Strategy

Bertoni et al. Crit Care 2019
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Monitoring algorithm



Case

• P/F 180 on PEEP 5, FiO2 0.4
• Failed SBT
• After SBT, PS 10/5, FiO2 0.4, DP=10, Pocc = -25
• What is the likely primary mechanism of weaning 

failure?



What is the potential mechanism 
of lung or diaphragm injury?



Case

• Someone suggests PAV+ for assisted ventilation
• How do you assess risk of lung and diaphragm 

injury in PAV+?



Estimating Pmus in PAV+

Pvent + Pmus = Ptot

Pvent + Pmus = Pvent/Gain

Pmus = Pvent/Gain - Pvent

Pmus = Pvent*(1 – Gain)/Gain

5 + ? = 5/0.5

? = 5/0.5 - 5

? = 5*(1-0.5)/0.5

Pvent = Ppeak - PEEP



Estimating Pmus in PAV+



Estimating driving pressure in PAV+

DP = Vt / Crs



Case

• Someone suggests NAVA for assisted ventilation
• How do you assess risk of lung and diaphragm 

injury in NAVA?



Diaphragm Electrical Activity



Diaphragm Electrical Activity

Piquilloud et al Ann Intensive Care 2019



Estimating Effort from EAdi
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Case

• You are a POCUS enthuasiast



Assessing Myotrauma Risk: Diaphragm Ultrasound

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++!
Inadequate!respiratory!muscle!ac3vity!has!been!linked!to!ven3lator8induced!diaphragm!dysfunc3on.!Current!techniques!for!monitoring!respiratory!muscle!ac3vity!during!mechanical!ven3la3on!are!
specialized!and!rela3vely!invasive.!Visualizing!diaphragm!thickening!during!inspira3on!by!ultrasound!may!permit!noninvasive!monitoring.!We!explored!the!feasibility,!reliability!and!physiological!
significance!of!diaphragm!thickening!on!ultrasound.!
!!
Methods!!!
Five!healthy!subjects!par3cipated.!We!monitored!inspiratory!flow,!volume,!esophageal!and!gastric!pressures,!and!diaphragm!electrical!ac3vity!(by!esophageal!and!surface!electromyography)!while!
subjects!performed!a!series!of!inspiratory!maneuvers:!3dal!breathing,!threshold8loaded!breathing,!a!Muller!maneuver,!and!inspira3on!to!various!lung!volumes!above!func3onal!residual!capacity!(FRC).!
At!the!end!of!each!inspiratory!effort,!subjects!were!instructed!to!close!the!gloNs!and!relax!the!respiratory!muscles!(so!as!to!maintain!lung!volume!while!elimina3ng!diaphragm!ac3va3on).!Sonographic!
images!of!diaphragm!thickening!during!these!maneuvers!were!obtained!using!M8mode!with!a!13!MHz!linear!array!probe!placed!in!the!right!9th,!10th,!or!11th!intercostal!space!between!the!middle!and!
anterior!axillary!lines.!!
!!
Results!!!
Diaphragm!thickening!in!the!zone!of!apposi3on!was!readily!visualized!by!ultrasound!in!all!five!subjects!(Figure!1).!Mean!end8expiratory!diaphragm!thickness!was!2.1!mm!(SD!0.3!mm).!During!3dal!
breathing,!the!diaphragm!thickened!by!a!mean!of!35%!(SD!31%).!The!Bland8Altman!coefficient!of!reproducibility!was!0.5!mm;!approximately!50%!of!measurement!variability!arose!from!caliper!
posi3oning!on!the!ultrasound!machine;!diaphragm!thickness!measurements!changed!as!the!probe!was!placed!in!different!intercostal!interspaces.!Measurement!variability!was!highest!in!the!subject!
with!the!greatest!adipose!subcutaneous!3ssue.!Diaphragm!inspiratory!thickening!increased!significantly!with!increasing!inspiratory!effort!but!also!varied!with!lung!volume!independent!of!effort.!At!
inspiratory!volumes!below!40%!of!inspiratory!capacity,!lung!volume!change!contributed!minimally!to!diaphragm!thickening!(Figure!2).!
!!
Conclusions!!!
Visualizing!diaphragm!thickening!in!the!zone!of!apposi3on!by!ultrasound!provides!a!feasible!noninvasive!technique!for!monitoring!diaphragm!ac3va3on!in!healthy!subjects.!Diaphragm!thickening!
primarily!reflects!muscular!effort!rather!than!altered!muscle!conforma3on!induced!by!changes!in!lung!volume,!especially!at!lower!inspiratory!volumes.!To!enhance!measurement!precision!within!and!
between!observers,!the!loca3on!of!the!ultrasound!probe!must!be!standardized!and!consistent.!Our!findings!suggest!that!ultrasound!may!be!used!to!monitor!respiratory!drive!and!the!pa3ent’s!work!of!
breathing!during!mechanical!ven3la3on.!

Abstract!

deemed invalid if the two clear bright parallel lines of 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
could not be displayed on the screen of the Echo-Doppler
machine to match the ultrasound tracings to the respira-
tory cycle (during SB), TEE was measured just before the
thickening start and TEI was measured at maximal
thickening. Measurements were averaged out of three or
more consecutive breaths on the last valid image recor-
ded at the end of each period. The thickening fraction
(TF) was calculated as (TEI - TEE)/TEE and expressed as
a percentage (Fig. 1c).

Flow and pressure measurements

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
pressure was measured between the ventilator circuit and
the pneumotachograph using a pressure transducer (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-
facts eliminated (see Supplementary Material for details)
[20, 21]. Transdiaphragmatic pressure (Pdi) was obtained
by electronic subtraction of the Pes signal from the
Pga signal over at least ten consecutive breaths selected at
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 Probe placement to
explore the diaphragm in the
zone of apposition (a), with the
ultrasonographic view of the
normal diaphragm in the zone
of apposition (b) and
illustration of the measurement
of diaphragm thickness at end-
inspiration and end-expiration
in TM mode (c). TEI thickness
at end-inspiration, TEE thickness
at end-expiration
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Tr e atmen 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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deemed invalid if the two clear bright parallel lines of 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
could not be displayed on the screen of the Echo-Doppler
machine to match the ultrasound tracings to the respira-
tory cycle (during SB), TEE was measured just before the
thickening start and TEI was measured at maximal
thickening. Measurements were averaged out of three or
more consecutive breaths on the last valid image recor-
ded at the end of each period. The thickening fraction
(TF) was calculated as (TEI - TEE)/TEE and expressed as
a percentage (Fig. 1c).

Flow and pressure measurements

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
pressure was measured between the ventilator circuit and
the pneumotachograph using a pressure transducer (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-
facts eliminated (see Supplementary Material for details)
[20, 21]. Transdiaphragmatic pressure (Pdi) was obtained
by electronic subtraction of the Pes signal from the
Pga signal over at least ten consecutive breaths selected at
the end of the pressure and flow recordings. The
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Fig. 1 Probe placement to
explore the diaphragm in the
zone of apposition (a), with the
ultrasonographic view of the
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illustration of the measurement
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in TM mode (c). TEI thickness
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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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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). !
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