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Summary

The diaphragm is vulnerable to injury during mechanical ventilation, and diaphragm dysfunc-

tion is both a marker of severity of illness and a predictor of poor patient outcome in the ICU.

A combination of factors can result in diaphragm weakness. Both insufficient and excessive dia-

phragmatic contractile effort can cause atrophy or injury, and recent evidence suggests that tar-

geting an appropriate amount of diaphragm activity during mechanical ventilation has the

potential to mitigate diaphragm dysfunction. Several monitoring tools can be used to assess dia-

phragm activity and function during mechanical ventilation, including pressure-derived parame-

ters, electromyography, and ultrasound. This review details these techniques and presents the

rationale for a diaphragm-protective ventilation strategy. Key words: diaphragm; respiratory
muscles; muscle weakness; intensive care; diagnostic techniques; respiratory system; diaphragm dys-
function; effort-induced lung injury. [Respir Care 2020;65(6):807–819. © 2020 Daedalus Enterprises]

Introduction

Patients who are admitted to an ICU frequently exhibit

muscle weakness, and the respiratory muscles are often

affected.1 The diaphragm is the primary inspiratory muscle,

and diaphragm dysfunction is both a marker of severity of

illness and a predictor of poor patient outcome in the ICU.

There is a clear association between diaphragm dysfunc-

tion and an increased risk of mortality or prolonged me-

chanical ventilation.1-6 Factors related to both critical

illness and ICU interventions are at the root of this prob-

lem.7 Mechanical ventilation is associated with diaphragm

injury through a variety of mechanisms referred to as
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myotrauma.8 The presence of either insufficient or exces-

sive diaphragmatic contractile effort plays a central role in

this process. In addition, vigorous diaphragmatic contrac-

tions also can result in lung injury.9-11 Recent evidence

suggests that maintaining appropriate diaphragm activity

during mechanical ventilation has the potential to prevent

injury to the diaphragm.6 These observations have drawn

greater attention to the importance of diaphragm monitor-

ing in the ICU.

Several clinical monitoring tools are available to assess

diaphragm activity and function, including various respira-

tory pressure measurements, electromyography (EMG),

and ultrasound. This paper briefly discusses the impact of

critical illness on the diaphragm, with an emphasis on the

effects of mechanical ventilation and diaphragm activity,

and details the effect of diaphragm dysfunction on out-

come. It will then discuss the relevant techniques for moni-

toring diaphragm function, with special reference to their

application in mechanically ventilated patients.

Respiratory Muscle Physiology

The diaphragm is a thin, dome-shaped muscle that inserts

into the lower ribs, the xiphoid process, and the lumbar ver-

tebrae, separating the thoracic and abdominal cavities.

During inspiration, shortening of diaphragm muscle fibers

results in a piston-like action, decreasing intrapleural pres-

sure, drawing the lungs downwards, and increasing intra-

abdominal pressure. The force generated by the diaphragm

is quantified by the transdiaphragmatic pressure (Pdi),

which is the pressure gradient generated between the tho-

racic and abdominal cavities during diaphragm contraction.

It is calculated from the difference between the pressure in

the stomach (gastric pressure, Pga) and the esophageal pres-

sure (Pes, as a substitute for intrapleural pressure): Pdi ¼
Pga – Pes.

12-14 Decreasing pleural pressure generates a

pressure gradient that drives flow and volume into the

lungs, known as the transpulmonary pressure. The trans-

pulmonary pressure is computed as the difference between

airway pressure (Paw) and Pes (ie, Paw – Pes). Of note, even

though the Pes is closely related to the pleural pressure,

the pleural pressure varies over the lung surface due to the

effects of gravity and regional mechanics.15 This transpul-

monary pressure drives alveolar ventilation and reflects

the stress and strain applied to the lung by the respiratory

muscles (and the ventilator).

Accessory respiratory muscles include the external inter-

costal, scalene, and sternocleidomastoid muscles. The

external intercostal muscles pull the ribs upward and for-

ward, increasing the lateral and anteroposterior diameters

of the thorax. The scalene muscles elevate the first 2 ribs,

and the sternocleidomastoids raise the sternum.

Exhalation is largely a passive process, except under

conditions of increased respiratory load.16 When the work-

load increases, the abdominal muscles contract during expi-

ration, with an initial recruitment of transversus abdominis

muscle and subsequent recruitment of the other abdominal

muscles.17 Expiratory abdominal muscle contraction enhan-

ces inspiratory diaphragm performance (through its length–

tension relationship) and spring loads the thoracic cage to

expand when the abdominal muscles relax, assisting with

the inspiratory work of breathing.18 The work of breathing

during heavy loads is thus redistributed to accessory inspir-

atory muscles, abdominal muscles, and the diaphragm.
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Fig. 1. Pressure model of the respiratory system. The locations of relevant pressures are depicted on the left. Typical tracings of respiratory

pressures under assisted mechanical ventilation are shown on the right. Ppl is estimated with esophageal manometry. The respiratory Pmus is
computed as the difference between observed Pcw and DPes. Pcw is estimated as the product of tidal volume and chest wall elastance meas-

ured during passive ventilation. Palv ¼ alveolar pressure; Paw ¼ airway pressure; Pcw ¼ chest wall elastic recoil pressure; Pes ¼ esophageal
pressure; Pga ¼ gastric pressure; PL ¼ transpulmonary pressure (Paw – Pes); Pmus ¼ respiratory muscle pressure; Ppl ¼ pleural pressure.
Adapted from Reference 19.
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Figure 1 summarizes the action of respiratory muscles and

pressure relationships.

Causes of Diaphragm Weakness in the ICU

The causes and mechanisms leading to the observed

weakness of the diaphragm in ventilated patients in the ICU

have been extensively studied. We now know that there are

multiple intertwined factors related to critical illness, ICU

stay and therapies, and mechanical ventilation itself that are

causing this weakness. The combination of these mecha-

nisms causing diaphragm injury and weakness in the ICU is

now called critical illness-associated diaphragm weakness.

The precise mechanisms are thoroughly detailed in a recent

review by Dres et al7 and summarized in Figure 2.

Of specific interest for this article are the mechanisms of

ventilator myotrauma, which are the deleterious effects of

mechanical ventilation on diaphragm structure and function.

Up to 4 distinct forms of myotrauma might occur during

ventilation: ventilator overassistance, ventilator underassist-

ance, eccentric (pliometric) diaphragm contractions, and

excessive end-expiratory shortening. Interestingly, these

mechanisms have the potential to be targeted by specific

ventilation strategies, potentially mitigating the occurrence

or severity of diaphragm myotrauma.

Overassistance myotrauma refers to the diaphragm at-

rophy resulting from excessive unloading of the respira-

tory muscles.20-24 This form of injury is well documented

in the clinical setting. It affects approximately 50% of

ventilated patients and can be mitigated by preserving

some degree of muscle activity during mechanical ventila-

tion.20,25-27

Underassistance myotrauma develops when respiratory

effort is excessive because of insufficient unloading.28

Experimental and clinical studies have demonstrated sar-

comere disruption, tissue inflammation, and muscle fa-

tigue.29-31 Sepsis renders the muscle tissue particularly

susceptible to this form of injury.32 The observation that

diaphragm thickness increases over time in some venti-

lated patients (in association with elevated respiratory

effort) may reflect this edema and injury.6

Eccentric diaphragm contractions developing during mus-

cle fiber lengthening, that is, during the ventilator’s expira-

tory phase, can also cause injury (ie, eccentric myotrauma).
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End-expiratory
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titrated mechanical
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Critical Illness Associated
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Disease related
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Fig. 2. Schematic illustration of the mechanisms involved in the occurrence of critical illness-associated diaphragm weakness. Dashed lines

represent uncertain causation; solid lines represent established causation. Adapted from Reference 7.
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Eccentric loading is considerably more injurious than con-

centric loading. This type of myotrauma can be the result of

increased postinspiratory diaphragm activity in the expira-

tory phase (ie, expiratory braking), patient–ventilator asyn-

chrony (particularly reverse-triggering), or even excessive

accessory respiratory muscle activity moving the diaphragm

cranially during inspiration.33,34

Preliminary evidence also suggests the possibility that

prolonged shortening of the diaphragm from elevated

end-expiratory pressure may cause muscle fiber dropout

and may allow longitudinal atrophy.35 Abruptly decreas-

ing PEEP may then put the diaphragm in a disadvanta-

geous length–tension relationship at the beginning of

inspiration.36 The clinical relevance of this phenomenon

is uncertain.

This brief summary of the mechanisms of diaphragm

myotrauma suggests that routine monitoring of diaphragm

activity and function might help clinicians prevent or miti-

gate myotrauma, potentially improving clinical outcomes.

Monitoring Diaphragm Function and Activity

A range of techniques are available to monitor the dia-

phragm. Depending on the conditions under which they are

measured, these techniques can be used to quantify either

function (ie, force-generating capacity) or muscular con-

tractile activity. Most tests of muscle function require a

maximum volitional contractile effort from the patient.

Some parameters actually reflect the performance of the re-

spiratory system as a whole, not just the diaphragm. We

will discuss the relevant techniques with special reference

to their application in mechanically ventilated patients.

These are summarized in Table 1.

Respiratory System Pressures

Several techniques measure the pressures generated by

the respiratory system as a whole or by the diaphragm alone

(Table 1). The maximum inspiratory pressure (PImax) can

be measured at the airway while the patient makes a maxi-

mum inspiratory effort against a closed airway; this is fre-

quently used as a test of respiratory muscle function.37 A 1-

way valve should be applied so that the patient can exhale

but not inhale, thus minimizing lung volume to optimize

the length–tension relationship of the diaphragm and maxi-

mize force generation. When both Pga and Pes are recorded

during this effort, maximum Pdi can be calculated to specif-

ically evaluate the strength of the diaphragm. A related pa-

rameter is the pressure generated by all respiratory muscles

(Pmus). By definition, Pmus ¼ (VT � Ecw) � DPPL, where
VT is the tidal volume, D-PPL is the pleural pressure swing

represented by D-Pes, and Ecw is the chest wall elastance.

When the airway is occluded, Pmus is equal to DPes and
hence to DPaw.

With these techniques, it is critical to make sure that the

patient is exerting maximum effort. This dependence on

effort is the primary drawback of all volitional function

tests. To circumvent this shortcoming, different strategies

have been implemented. By stimulating the phrenic nerves

with a magnetic or electric pulse (or twitch) while the

patient is relaxed at end-expiration, a brief diaphragm con-

traction of standard magnitude is induced, independent of

the patient’s effort.37 Despite its technical challenges, this

technique is the accepted standard for measuring dia-

phragm function in ventilated patients.42 To obtain accurate

values, a supramaximal stimulation of the phrenic nerves is

needed, and positioning of the magnetic coils must be very

precise. Similarly, twitch Paw can be recorded to provide a

close estimate of twitch Pdi in ventilated patients.42,43

Reference cutoff values defining diaphragm weakness are

available and are summarized in Table 1. Some have pro-

posed lower cutoff values for twitch Paw for defining dys-

function in an ICU setting, based on the possibility of these

values to better predict weaning outcome.44

An alternative strategy to obtain maximum volitional

effort for a functional measurement is to apply a 20-s air-

way occlusion with a 1-way valve (Marini maneuver),

allowing for expiration but not inspiration.45 The pressure

obtained with this maneuver corresponds closely to the

pressure obtained when patients are coached to breathe at

maximum effort, provided that respiratory drive is adequate

at rest (ie, P0.1>2 cm H2O).

Another technique to measure respiratory muscle strength

in nonintubated patients is the sniff nasal inspiratory pres-

sure (SNIP). Sniffing is an intuitive subconscious maneuver

that elicits maximal diaphragmatic and respiratory muscle

activation. Like the previously mentioned parameters, Pes
and transdiaphragmatic pressures can also be recorded dur-

ing sniffing.

If the pressure is obtained during a tidal breath, the

recorded pressure quantifies the effort exerted by the re-

spiratory muscles or diaphragm. During inspiration, a

negative deflection in esophageal pressures signifies re-

spiratory muscle contraction. Figure 3 shows a sample

of high and low inspiratory effort, documented with Pes
and Paw tracings. Small amounts of diaphragm activity

may go unnoticed by only looking at the Pes curve (ie,

the amount of effort counterbalanced by chest wall

recoil pressure, see Fig. 1), which may be detected with

EMG monitoring.46

The airway occlusion pressure (P0.1), which is the pres-

sure developed in the occluded airway 100 ms after the

onset of inspiration, is an old parameter that may have a

value in the assessment of a patient’s respiratory drive.47 It

can be obtained easily on most ventilators, and it is reliable

in the setting of respiratory muscle weakness.48 It corre-

lates well with work of breathing (WOB) and the pressure–

time product (PTP), 2 parameters that assess respiratory
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activity, so P0.1 can reliably demonstrate excessive effort

during various modes of ventilation and during extracor-

poreal membrane oxygenation.49-52 Cutoff values indicat-

ing underassist have been proposed. Rittayamai and

coworkers51 defined the optimal threshold of P0.1 at 3.5 cm

H2O with a sensitivity of 92% and a specificity of 89% to

detect underassist; others have set the optimal threshold for

overassistance at# 1.6 cm H2O.

The amplitude of swings in Pdi and Pes do not fully

reflect the amount of breathing effort a patient performs

because the inspiratory time, frequency, and expiratory

muscle activity are not taken into account.53 The PTP is the

integral of the pressure developed by the respiratory

muscles during contraction (ie, Pmus) over time (specified

as either per breath or per minute). When Pdi is measured,

the specific PTP of the diaphragm can be quantified.

Oxygen consumption by the respiratory muscles correlates

well with the PTP, whereas it only weakly correlates with

the mechanical WOB index mentioned above.54 This could

be due to the fact that PTP takes the isometric phase of

muscle contraction into account.

If PTP is normalized to PImax and duty cycle, the

resulting quantity can be used to assess the load–

capacity relationship of the respiratory muscles. This

quantity is the tension-time index (TTI) and can be cal-

culated as

Mean inspiratory pressure
Maximum inspiratory pressure

� Inspiratory Time
Total Time

:

The TTI predicts whether a given respiratory load can be

sustained for a long period of time. TTI values > 0.15 pre-

dict impending respiratory failure because this respiratory

muscle load cannot be sustained.55,56

Diaphragm EMG

Diaphragm EMG can be used to assess diaphragm activ-

ity. Either surface EMG for the costal diaphragm or esopha-

geal recordings of the crural diaphragm can be used.

Needle EMG studies are rarely used to monitor diaphragm

activity for clinical monitoring, but they can be useful in

Table 1. Pressure-Based Monitoring Tools, EMG, and Ultrasound Parameters to Evaluate Diaphragm and Respiratory System Activity and Function

Activity Function Cutoff Defining Weakness Reference

Pressure-derived parameters

Respiratory system PImax $ 80 cm H2O in men, $ 70 cm H2O in

women excludes significant weakness

Laveneziana et al37

SNIP $ 80 cm H2O in men, $ 70 cm H2O in

women excludes significant weakness

Laveneziana et al37

P0.1

WOB, PTP, TTI

Pmus

Pes

Diaphragm Pdi

Maximum Pdi $ 80 cm H2O in men, $ 70 cm H2O in

women excludes significant weakness

Laveneziana et al37

Twitch Pdi < 18 cm H2O Steier et al38

Twitch Paw < 11 cm H2O Demoule et al39

Pdi (sniff test) $ 80 cm H2O in men, $ 70 cm H2O in

women excludes significant weakness

Laveneziana et al37

Electromyography PVBC

Peak EAdi

Maximum EAdi None

Neuromuscular efficiency None

Ultrasound TFdi

Maximum TFdi <20% Gottesman and

McCool40

EXdi EXdi <1 cm Kim et al4

Maximum EXdi < 3.6 (female), < 4.7 (male) Boussuges et al41

Sniff EXdi < 1.6 (female), < 1.8 (male) Boussuges et al41

PImax ¼ maximum inspiratory pressure; SNIP ¼ sniff nasal inspiratory pressure; P0.1 ¼ airway occlusion pressure; WOB ¼ work of breathing; PTP ¼ pressure–time product; TTI ¼ tension–time index;

Pmus ¼ respiratory muscle pressure; Pes ¼ esophageal pressure; Pdi ¼ transdiaphragmatic pressure; PVBC ¼ patient–ventilator breath contribution; TFdi ¼ thickening fraction of the diaphragm; EXdi ¼
caudal excursion of the diaphragm; EAdi ¼ electrical activity of the diaphragm
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the assessment of neuropathy and myopathy. The EMG-

derived parameters are summarized in Table 1.

EMG provides the best clinically available representa-

tion of the integrated neural output of the brain’s respiratory

center; changes in EMG values are linearly correlated with

changes in CO2 levels.52,57 A specialized nasogastric tube

with electrodes positioned at the diaphragm can be used to

measure the crural diaphragm electric activity (EAdi). A

specific mode of ventilation called neutrally adjusted venti-

latory assist uses this measurement to synchronize dia-

phragm EMG with the ventilator. The peak of the EAdi

signals per breath and EAdi values during maximum inspir-

atory effort can be recorded. Some elements need to be

taken into account to understand the relationship between

diaphragm EMG, respiratory drive, and diaphragm force.

One of the elements is the neuromuscular efficiency, which

is the relationship or coupling between EAdi and Pdi (ie, the

pressure generated by the diaphragm). By definition, the

neuromuscular efficiency index is Pdi/EAdi (cm H2O/mcV).

This index is patient-specific and can change over time.58,59

As a result, neuromuscular efficiency can only be used to

estimate the breathing effort and diaphragm function on an

individual basis because reference values are nonexistent.58

In a study by Liu et al,60 subjects who passed a spontaneous

breathing trial exhibited higher neuromuscular efficiency

values than those who failed the spontaneous breathing

trial.

Ultrasound

Diaphragm ultrasound has gained popularity in the last

decade because it enables clinicians to directly and nonin-

vasively assess diaphragm activity and function. The dia-

phragm can be visualized in 2 ways, either in the zone of

apposition or via a subcostal anterior approach. There are

excellent reviews on the technical details and validity of

these techniques, summarized in Table 1.61,62 When the

diaphragm contracts and shortens, the muscle thickens,

and this thickening can be visualized on ultrasound (Fig.

4). The increase in thickness during contraction (quanti-

fied as the thickening fraction) reflects diaphragm con-

tractile activity and correlates with other parameters of

diaphragm activity, like EAdi and PTP.62,64 The maximum

thickening fraction correlates with twitch Paw and
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Fig. 3. Airway pressure (Paw), esophageal pressure (Pes), and transpulmonary pressure (PL) tracings of a patient with high (left) and low (right)

inspiratory effort. High effort is demonstrated by a large drop in Pes during inspiration.
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provides an estimate of diaphragm function.44,65,66 The

technique can also be used to detect structural changes in

the diaphragm during mechanical ventilation, such as dia-

phragm atrophy, load-induced injury, or recovery of mus-

cle mass.6,20,23,67

As discussed earlier, a maximum inspiratory effort is

required to assess diaphragm function (ie, maximum thick-

ening fraction). A maximum inspiratory effort can be eli-

cited by coaching or by the Marini maneuver (described

above). However, because thickening results from muscular

shortening, occluding the airway during the inspiratory

effort can artefactually reduce thickening. Consequently, if

a prolonged 20-s occlusion is applied to maximize inspira-

tory effort, maximal thickening should be measured only

once the occlusion is released (but shortly after so that re-

spiratory effort is still elevated).

Diaphragm excursion (motion) can be quantified when

looking at the diaphragm subcostally (Fig. 5). These meas-

urements provide a well-validated method of assessing dia-

phragm function. Importantly, interpretation of the result is

only possible during unassisted breaths because downward

displacement during assisted breaths could be a result of

passive lung inflation by the ventilator. Therefore, the

excursion cannot be used to monitor effort during me-

chanical ventilation. Diaphragm weakness will result in

reduced caudal excursion, and paresis will often result in

cranial (paradoxical) excursion during inspiration.67

Vigorous accessory respiratory muscle activity moving

the diaphragm cranially during inspiration could theoret-

ically give falsely low values for this parameter.34 Cutoff

values for the diagnosis of diaphragm dysfunction using

these techniques are summarized in Table 1.

Balancing Over- and Underassistance

There is uncertainty about the optimum range of dia-

phragm activity during mechanical ventilation, but the

avoidance of excessive activity when possible appears

to be supported by recent evidence. Several parameter

values have been proposed to demonstrate underassist-

ance, including PTP and WOB. Table 2 summarizes the

possible monitoring techniques to assess patient and

ventilator breath contribution and to balance over- and

underassistance.

Summary

The diaphragm is vulnerable to injury during mechani-

cal ventilation, and a range of factors can impact its func-

tion. Among these factors, the effects of mechanical

ventilation require close attention as they are potentially

avoidable. Several mechanisms link mechanical ventila-

tion with diaphragm injury, including excessive and

insufficient respiratory support, which can lead to very

A

B

C

Fig. 4. M-mode ultrasound images of the diaphragm measured at
the zone of apposition, and measurements of the thickness (blue

vertical lines) during expiration (distance 1) and inspiration (distance
2). (A) Undersupport with a thickening fraction of 150%: ([0.55 �
0.22 cm] � 100)/0.22 cm. (B) Oversupport with a thickening fraction

of 4%: ([0.25� 0.24 cm]� 100)/0.24 cm. (C) Adequate support with
a thickening fraction of 38%: ([0.36 � 0.26 cm] � 100)/0.26 cm.

Reprinted from Reference 63, with permission.
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high or low respiratory effort. In addition to the effects

on the diaphragm itself, inappropriate respiratory muscle

effort is also associated with lung injury, patient–ventila-

tor asynchrony, and poor sleep quality. Furthermore,

recent evidence has indicated that diaphragm dysfunction

by itself has a strong impact on patient outcome. As a

consequence, the assessment of diaphragm function and

activity during mechanical ventilation has gained impor-

tance in the ICU setting. Several methods are available,

including pressure-based parameters, EMG, and ultra-

sound. Depending on their specific use, these methods

can evaluate strength (ie, function) or measure activity.

M-mode B-mode

Liver

Diaphragm

Fig. 5. B-mode (right) and M-mode (left) ultrasound images of the diaphragm with a probe positioned subcostally. A downward diaphragm

excursion during inspiration (ie, towards the ultrasound probe) is visible. Reprinted from Reference 68, with permission.

Table 2. Available Parameters to Evaluate Ventilator Over- and Underassist

Overassist Underassist Reference

P0.1* # 1.6 cm H2O > 3.5 cm H2O Pletsch-Assuncao et al53

Work of breathing < 0.3 J/L > 0.9 J/L Cabello and Mancebo67

10% or more of ineffective inspiratory efforts Bellani et al58

Ultrasound Thickening fraction < 10% Thickening fraction > 40% Goligher et al6

Pressure–time product Pes > 200 cm H2O·s/min Pletsch-Assuncao et al53

DPes/DPL
† None None

Tension–time index > 0.15 Vassilakopoulos et al56

*Airway occlusion pressure.
† Dynamic change in esophageal pressure (Pes)/change in transpulmonary pressure (PL).
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Using these tools, the potential to balance diaphragm ac-

tivity and to combine diaphragm- and lung-protective

elements in a novel ventilation strategy has emerged.

Future research will need to further detail these elements

and define safe margins for diaphragm activity. For those

reasons, a good understanding of monitoring tools is

needed, and building expertise into at least one of them is

useful for the bedside clinician.
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Discussion

Pham: It’s amazing work you’ve

performed, and we use it a lot in our

daily practice. I always struggle with

the precision of the measurements

because we’re talking about something

that’s 2 mm and so whether you have

a 20% variation, let’s say it goes from

2 to 2.4 mm and sometimes the

precision of your caliper is not that

good. If you go just one pixel above or

below you will have very different

impressions. How do you take that

into account when you measure, and
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how do you make sure that what you

measure is what you see on the

screen?

Goligher: An excellent point, Tài.

In a lot of the early work we did

looked at measuring ability and repro-

ducibility with the technique, we

found that you could get very good

reproducibility of end-expiratory thick-

ness measurements, the thickness of

the muscle with reproducibility of 6
0.2 mm when the technique was opti-

mized. However, the reproducibility of

the thickening fraction, because it’s

really the combination and ratio of 2

different thickness measurements (and

therefore combines the error of both

measurements) is suboptimal; 616–

20% is what we showed. There’s no

question that it’s an imperfect tech-

nique for monitoring inspiratory effort

from that standpoint, you’re going to

have noise. You’ll be able to distin-

guish between a patient who’s not

making any effort, a patient making

low effort like a healthy subject, a

patient making elevated effort, and a

patient making very high effort. But in

terms of a change from 10% vs 20% I

wouldn’t call that physiologically sig-

nificant just given the measurement

noise. Nevertheless, this does a couple

of things. First of all, it means the tech-

nique really starts to shine whenever

you’re able to make measurements in

large groups of patients where the sig-

nal/noise ratio can become clearer.

Really the exciting advance of the

technique is that it allows you to assess

the diaphragm in large numbers of

patients because it’s so feasible.

Secondly, I think it’s questionable

whether this is the answer in terms of

driving our monitoring of respiratory

effort at the bedside. Should we be

using thickening fraction to decide

how much pressure support is best so

that the patient is in the optimum win-

dow? Personally, I think it’s not quite

feasible enough, it takes 5–10 minutes

to set up, you have to find the dia-

phragm, and until if and when

somebody develops a probe that sits

there continuously and can make

measurements, I’m not sure it’s suffi-

ciently easy to implement, never

mind the reproducibility. In my view,

things like airway occlusion pressure

or the occlusion pressure technique

described here or EAdi or other pres-

sure-based techniques for monitoring

have a lot more potential to guide

diaphragm-protective ventilation, but

I’m still amazed by how much we’ve

been able to learn from a technique

that’s not perfect.

Blanch: How important is the dia-

phragm condition at the beginning of

mechanical ventilation in terms of

injury. Should we use different protec-

tive mechanical ventilation strategies?

Should we use more spontaneous

breathing or less sedation?

Goligher: This is my personal bias,

but I really think this should be con-

sidered in every patient who’s on a

ventilator, because in our cohort

study subjects were at similar risk of

diaphragm atrophy across the range

of diagnoses whether it was acute

hypoxemic respiratory failure or post-

transplantation or all different admis-

sion diagnoses. I think it’s something

we need to consider with every venti-

lated patient, it’s a little different than

even lung protection, which primarily

we think about in ARDS. Granted, we

do think about lung protection in

other patients. First, a diaphragm-pro-

tective approach should be considered

in most patients. Second, in order to

implement a diaphragm-protective

approach, it’s not going to just change

how we set the ventilator, it’s going

to change how we apply sedation, it

will change which sedatives we use,

and so on. We actually just organized

a consensus meeting in Milan with

the Pleural Pressure Working Group

to get together and think about all

these kinds of issues because it’s a

completely different paradigm for

how to manage respiratory failure. In

terms of concerns about load-induced

injury, the concerns about this apply

even before the patient is intubated.

How much load-induced injury are

patients developing while we’re sit-

ting there trying to decide whether to

intubate them and put them on a ven-

tilator or not?

Blanch: This links with breathing

frequency and effort. Before mechani-

cal ventilation initiation, usually fre-

quency changes little while effort

increases.

Goligher: Exactly. That’s a very

important point. Frequency really

doesn’t reflect effort levels very well

at all.

Smallwood: I think the future is

interesting, so I’ll be very attentive

to where this work goes in topics

connected to this conference. What

Lluı́s [Blanch] was asking about,

you have this information and you

showed this great figure of 3 groups,

those who had a thickening at the

onset of mechanical ventilation,

those that maintained that thicken-

ing, and those who lost thickness. I

understand it’s going to be a little bit

speculative, but I’d be interested to

hear your vision for what that’s

going to be at the bedside. One such

case may be, ‘hey this person has

been dwindling on the floor because

the clinician didn’t count the fre-

quency properly, missed signs of re-

spiratory distress and this poor soul

has been working like a dog... let’s

rest them for a period of time and

allow their diaphragm to recover.’

Or perhaps there’s another group

who will be susceptible to rapid

onset diaphragmatic atrophy in the

ICU. I’m interested to hear your

thoughts as to where this may go.

Goligher: I think we need to do a

huge amount of work to understand

which patients we need to be most

attentive to these issues in, and what
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the relative balance of protecting the

lung versus protecting the diaphragm

is because the two issues sometimes

compete. Sometimes you have a

completely suppressed respiratory

effort in order to minimize tidal vol-

ume, and at that point you’re sacri-

ficing the diaphragm in order to

protect the lungs. The timing of

which organ you prioritize and when

is an important issue that needs to get

sorted out. I would say in general we

should be targeting a relatively low-

normal level of effort in all patients

from the moment of intubation essen-

tially. Whether or not that’s feasible

is a different question because there

are sometimes reasons why respira-

tory effort needs to be suppressed.

We’re now running a pilot feasibility

physiological trial where we’re trying

to take subjects at a very early stage

and see if we can get their respiratory

effort into a protective range. The

idea would be really that everyone

should be breathing at a low-normal

level of effort as seen in healthy sub-

jects unless there’s some good reason

why the case should be otherwise.

Rackley: What is the timeframe and

magnitude of recovery?

Goligher: That’s an interesting

question that actually needs to be

described. I’ve seen data from a group

in Italy as well as some of our data,

where some patients will recover dia-

phragm thickness almost as rapidly as

they lost it and in others it seems to

persist. There are so much data that we

haven’t had time to analyze and write

it all up, but that’s an important project

waiting to happen. In animal models,

the muscle can recover very quickly

after the reinstitution of respiratory

effort. It’s probably not that big of a

deal to have a patient apneic for a cou-

ple of days, but as soon as they’re

allowed to breathe we should try to

make sure that the muscle is active at

the protective level to try and restore

function. But it’s a great question that

needs more study.

Rackley: If the recovery potential

is so high, would that argue more

for protecting the lungs over the

diaphragm?

Goligher: I think so, for sure.

There’s no question that lung injury

drives mortality, we know that from

ARDSnet and other trials – I’m not

claiming that diaphragm injury neces-

sarily drives mortality. We’ve found a

very weak association with mortality.

However, patients may survive but

then will be stuck on the ventilator for

a prolonged period of time because of

myotrauma and then develop other

nosocomial badness from the pro-

longed mechanical ventilation and

then experience the devastating func-

tional sequelae of critical illness – in

my view, intervening on myotrauma

has the potential to change long-term

functional outcomes. It may not

change survival per se.

Blanch: The question is which is

the worst asynchrony for diaphragm

injury?

Goligher: Ask Tài [Pham].

Pham: I have no answer, ask Laurent

Brochard.

Goligher: It’s hard to answer confi-

dently, but there are several ways in

which asynchrony may be injurious to

the diaphragm. And probably the most

important way is by inducing eccentric

contractions of the muscle, these are

contractions that occur while the

muscle is lengthening rather than

shortening. Usually when you’re using

your diaphragm, the inspiring muscle

is shortening and lung volume is

increasing. But, for example, in

reverse triggering the muscle often

reaches peak contractile activity after

the ventilator has already cycled into

expiration, so lung volume is actually

decreasing. The dome of the dia-

phragm is rising and then the dia-

phragm is forced to contract while it’s

rising and that induces eccentric con-

tractile conditions. It’s a well-estab-

lished principle of exercise physiology

that if you want to train a muscle you

do so by injuring it and the best way

to injure it is with an eccentric con-

traction, that’s why when you lift

weights to strengthen your biceps,

you really want to contract that bicep

as you’re lowering the weight because

that’s where the injury stimulus for

hypertrophy occurs. It’s the same

with the diaphragm. Of course

because you’re repeating it over for

hours and hours it becomes very in-

jurious rather than having a training

effect. A similar circumstance we

might be familiar with eccentric con-

traction is after a day of skiing and

the next day your quads are scream-

ing in pain, it’s because you were

having eccentric contractions in your

quadriceps all day the day before.

There are very limited experimental

data showing that eccentric contrac-

tions are fairly injurious to the dia-

phragm. I’m aware of some data

from a group in Toronto, who found

it may be profoundly injurious to the

diaphragm, but this needs to be stud-

ied more. The principle is that any-

thing that causes an eccentric

contraction, even short cycling

where a patient is in the middle of an

inspiratory effort and all of a sudden

the ventilator stops delivering inspir-

atory support and the patient is stuck,

that could be profoundly injurious as

well.

Pham: On the subject of eccentric

contraction, it is certainly injurious but

beyond the type of asynchrony it’s also

the magnitude of the efforts that may

be important. This reverse triggering,

after passive insufflation depending on

the timing might have a different

impact. And if the peak is before infla-

tion, maybe it will maintain your dia-

phragm function by having some
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contractions rather than remaining

totally passive. But it’s a hypothesis

only; we have no proof.

Branson: I’m sure you’ve seen the

idea of pacing the diaphragm. A

lung pacer company has proposed a

clinical trial (Percutaneous Temporary

Placement of a Phrenic Nerve Sti-

mulator for Diaphragm Pacing

(RESCUE1) ClinicalTrials.gov Identi-

fier: NCT03107949). What do you

think about doing pacing of the dia-

phragm, regardless of the method by

which you do it? To me it seems

clear that pacing a diaphragm that

has disuse atrophy is going to be

completely different than pacing a

diaphragm in a septic patient or a

patient who has respiratory muscle

weakness.

Goligher: Great question. There

are certainly data that show that phre-

nic nerve stimulation in human sub-

jects during cardiac surgery can

protect mitochondrial function in the

muscle, in the diaphragm for exam-

ple. So there is a lot of biological

plausibility for the technique. I think

the question is in whom should we

do this? It needs to be in a patient

in whom you otherwise cannot

optimize mechanical ventilation to

achieve a reasonable respiratory effort

level. It’s somebody who will have to

be heavily sedated for at least 24 h in

order to be a patient who could benefit

from the intervention. But also they

can’t be pharmacologically paralyzed

because this kind of phrenic nerve pac-

ing really doesn’t achieve any effect.

It’s an ongoing question of exactly

who is the most likely to benefit. In

the group of patients with sepsis in

whom the muscle becomes very vul-

nerable and fragile to mechanical

stresses, you might well be doing

more harm than good. You’d prob-

ably have to generate a high-normal

level effort levels in order to

achieve much injury, pacing at a

low effort level might still be safe in

these patients but that’s an impor-

tant subgroup that needs to be

studied.

Blanch: My question is regarding

ineffective efforts. In pressure support,

excessive assistance is accompanied

with ineffective inspiratory efforts but

not dyspnea. The contrary happens in

conditions of insufficient assistance

where there are not ineffective efforts

because respiratory drive is increased

but at considerable dyspnea.

Goligher: I’m not sure how injuri-

ous ineffective efforts are because

most of the time the effort levels dur-

ing ineffective efforts are really quite

small. I assume you agree with me on

that?

Blanch: I agree.

Goligher: I think like Tài pointed

out it’s a dose-dependent phenomenon

and if the effort levels are very small

even if the contractile conditions are

potentially injurious it’s probably not

that big of a deal.

Blanch: Maybe the point is comfort.

Vitacca et al1 tested different levels

of pressure support and PEEP showed

a U shape relationship between exces-

sive dyspnea without ineffective

efforts and no dyspnea with increased

hyperinflation and ineffective efforts.

Perhaps a balance between the two is

clinically acceptable.
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