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Modern Mechanical Ventilation Saves Lives

Lassen HCA Lancet 1953
West JB JAP 2005



Protective Mechanical Ventilation Saves Lives

Webb & Tierney ARRD 1974

ARDSNet NEJM 2000
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Prolonged Mechanical Ventilation 
Leads to Disability

Unroe et al Ann Intern Med 2011

Hodgson et al Intensive Care Med 2017



The Diaphragm and ICU Outcomes

Sklar et al JAMA Netw Open 2020



The Diaphragm and ICU Outcomes

Sklar et al JAMA Netw Open 2020



Ventilator-Induced Diaphragm Dysfunction

47 days of MV 3 days of MV



Goligher et al. AJRCCM 2015

Diaphragm Myotrauma



Diaphragm Myotrauma Associated with 
Delayed Liberation from Ventilation

Goligher et al. AJRCCM 2018

Increased from baselineDecreased from baseline



Lung and Diaphragm-Protective Ventilation

Volutrauma

Myotrauma

Homeostasis Clinical outcomesMechanical 
Ventilation

Lung-protective 
ventilation & ECLS

Minimizing lung stress/strain

Diaphragm-protective 
ventilation & ECLS
Monitoring/optimizing 

respiratory effort & synchrony



Goligher et al. Lancet Respir Med 2019



Over-assistance Myotrauma: Disuse Atrophy

T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

n engl j med 358;13 www.nejm.org march 27, 20081332

radation of proteins to small peptides (8 to 11 
amino acid residues) by the 20S catalytic core of 
the proteasome.18 In conditions characterized by 
degradation of muscle protein, there is an up-
regulation of mRNAs coding for atrogin-1 and 
MuRF-118,19; therefore, the marked increases in 
these transcripts noted in the diaphragm-biopsy 
specimens from case subjects are consistent with 
increased proteolysis.

Since our data are histologic or biochemical, 
we can only speculate on the functional signifi-
cance of our findings. One report re-emphasized20 
the idea that weaning patients from ventilators 
is closely linked to diaphragm force generation 
(usually assessed clinically as transdiaphragmatic 
pressure). The question then becomes how mea-

22p3

AUTHOR:

FIGURE:

JOB:

4-C
H/T

RETAKE

SIZE

ICM

CASE

EMail Line
H/T
Combo

Revised

AUTHOR, PLEASE NOTE: 
Figure has been redrawn and type has been reset.

Please check carefully.

REG F

Enon

1st
2nd
3rd

Levine

1 of 4

03-27-08

ARTIST: ts

35813 ISSUE:

ControlCase

Fiber Size

Slow Myosin
Heavy Chain

Fast Myosin
Heavy Chain 

BA

DC

FE

50 µm50 µm

50 µm50 µm

50 µm50 µm

Figure 1. Comparison of Representative Case and Control Diaphragm-Biopsy 
Specimens with Respect to Fiber Size.

The slow-twitch and fast-twitch fibers in the case specimens (Panels A, C, 
and E) are smaller than those in the control diaphragms (Panels B, D, and F). 
Panels A and B (hematoxylin and eosin) show that neither inflammatory 
 infiltrate nor necrosis is present in case or control specimens. The sections 
in Panels C and D were preincubated with NOQ7.5.4D antibody,10,13 which 
is specific for the slow myosin heavy chain, whereas sections in Panels E 
and F were preincubated with the MY-32 antibody,10,14 which reacts with all 
fast myosin heavy chains. In addition, in each section, all fibers are outlined 
by an antibody reactive to laminin.10,15 In each of the sections, fibers react-
ing with the antibody appear orange-red, whereas fibers not reacting with 
the antibody appear black. In Panels C, D, E, and F, a representative slow-
twitch fiber is indicated by an open circle and a fast-twitch fiber by an open 
square.
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Figure 2. Group Comparisons of Case and Control 
 Diaphragm-Biopsy Specimens with Respect to 
 Histologic Features.

Both the slow-twitch fibers and the fast-twitch fibers in 
the case specimens are appreciably smaller than those 
in the control specimens (Panel A). However, the case 
and control specimens do not differ with respect to 
proportions of slow- and fast-twitch fibers (Panel B), 
nor do they differ with respect to area fractions of slow- 
and fast-twitch fibers (Panel C) (i.e., the proportion of 
diaphragm-fiber cross-sectional area accounted for by 
slow- or fast-twitch fiber types).
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Control specimen Resistive loading specimen

Under-Assistance Myotrauma: 
Load-Induced Injury

Reid et al. J Appl Phys 1994



Eccentric Myotrauma
 J. Gea et al / Arch Bronconeumol. 2009;45(2):68-74 71

series of eccentric contractions. The contractions were also weaker, 
with a fall that occurred slightly earlier in the left diaphragm but 
that was more marked on the right. Twelve hours after the eccentric 
contractions had been completed, this change could still be detected 
(36% in the right hemidiaphragm and 24% on the left). 

Effect of Eccentric Contractions on the Response to Tetanic Stimulation

Tetanic stimulation always produced much higher pressures than 
those achieved during spontaneous breathing or after twitch 
stimulation. As mentioned above, tetanic stimulation was only used 
in the detailed analysis of the short-term effect. The abdominal cast 
was therefore always in position and the diaphragm was slightly 
lengthened and close to its optimal length. All the series of eccentric 
contractions produced an immediate fall in the pressure generated 
by the muscle (a fall of between 67% after the first series and 16% 
after the final one) and in the intensity of contraction of each 
hemidiaphragm (falls of between 16% and 36% on the right, and of 
between 11% and 23% on the left) (Figure 3). It is interesting to note 
that pressures partially recovered before the following series, about 
10 minutes later, although they continued always to be significantly 
and progressively lower than the baseline value (up to 61% lower 

before the final series). However, this persistence of effect did not 
occur with the intensity of the contractile shortening, which returned 
to baseline values before each one of the series of eccentric 
contractions. 

Muscle Damage

Muscle damage presenting as rupture of continuity of the 
sarcomeres was found systematically in the muscle samples analyzed, 
and there were numerous fibers with damaged sarcolemmas (Figures 
4 and 5).

Discussion

This study demonstrates that intense eccentric contractions have 
a damaging and relatively persistent effect on diaphragmatic 
function, and that this may be related to both structural and 
metabolic phenomena. 

Isotonic muscle contractions (with shortening) can be of 2 types, 
concentric or eccentric, depending on whether the muscle is initially at 
its resting length or is stretched. Eccentric contractions of limb muscles 
can make a muscle lesion more likely to occur5,6,16 and can have negative 

A B

Figure 2. Contractile response of the diaphragm, expressed as the intra-abdominal pressure (gastric pressure), and shortening of the right and left hemidiaphragms after 
supramaximal twitch stimulation. The shaded area indicates the period when the abdominal cast was in position. A, short-term effect of the eccentric contractions after each one 
of the series (triangles), and B, medium-term effect after completing the series and removal of the cast. 
aP<.01 and bP<.001 for the differences between the 2 basal situations, with (concentric circles) and without (single circles) the abdominal cast.
cP<.05 and dP<.001 for the differences between the muscle response to baseline stimulation with the cast and the response immediately after each series of eccentric contractions 
(triangles). 
eP<.05 and fP<.01 for the differences between the situation after and immediately before the eccentric contraction. 
gP<.05, hP<.01 and iP<.001 for the differences between the muscle response to baseline stimulation without the cast, and the response obtained between 1 and 12 h after 
completing the series of eccentric contractions and removing the cast.
iFRC indicates initial length of the diaphragm at functional residual capacity; LHD, left hemidiaphragm; Pga, gastric pressure; RHD, right hemidiaphragm.
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Eccentric Myotrauma

Reverse triggering Premature cycling



Goligher et al AJRCCM 2015
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Myotrauma: Clinical Investigation



Goligher et al AJRCCM 2018

Target 
window

Inspiratory Effort and Outcome



Mechanical 
ventilation 
mode, flow, 

and pressure

Excessive or 
insufficient 
inspiratory 

effort

Diaphragm 
injury

Prolonged 
ventilator-

dependence

P=0.02

P<0.0001

Goligher et al Lancet Respir Med 2019
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Diaphragm-Protective Ventilation in 2019

Optimize respiratory effort Optimize patient-ventilator synchrony

Goligher Intensive Care Med 2019
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Excess Lung Stress

Mauri et al  Intensive Care Med 2016

PLPL = Pairway - Ppleural

Pes

Paw



Inhomogeneous Lung Stress



Challenge: Managing Respiratory Drive

Respiratory drive 
& effort

P-SILI

Myotrauma



LDPV: How
• Ventilation targets
• Monitoring
• Methods for controlling respiratory drive and effort



LDPV Goals

Position Statements
• No single universally applicable one-size-fits-all setting 

for optimal mechanical ventilation
• Protecting the lung should be prioritized over protecting 

the diaphragm
• Respiratory effort should be monitored routinely



LDPV Goals

Proposed LDPV Goals
• Limit cyclic lung stress
• Limit regional cyclic lung stress
• Maintain low-normal respiratory effort
• Avoid breath stacking dyssynchrony
• Aim for expiratory synchrony



Monitoring for LDPV Strategy

Flow

Paw

Pes

PL

Respiratory effort
Risk of myotrauma
Risk of excess regional lung stress

Cyclic lung stress
Risk of volutrauma



Challenge: Managing Respiratory Drive

Respiratory drive 
& effort

P-SILIVentilator flow & 
pressure

ECLS

Sedation Myotrauma



Lung and Diaphragm-Protective Ventilation
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Questions?


