N

N

Monitoring diaphragm function in the ICU

Martin Dres, Alexandre Demoule

» To cite this version:

Martin Dres, Alexandre Demoule. Monitoring diaphragm function in the ICU. Current Opinion in
Critical Care, 2020, 26 (1), pp.18-25. 10.1097/MCC.0000000000000682 . hal-02948888

HAL Id: hal-02948888
https://hal.sorbonne-universite.fr /hal-02948888

Submitted on 25 Sep 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-02948888
https://hal.archives-ouvertes.fr

Monitoring diaphragm function in the ICU

Martin Dres, MD, PhD, Alexandre Demoule, MD, PhD

! Sorbonne Université, INSERM, UMRS1158 Neurophysiologie respiratoire expérimentale et
clinique, Paris, France

2 AP-HP, Groupe Hospitalier Pitié-Salpétriére Charles Foix, Service de Pneumologie,
Médecine intensive — Réanimation (Département "R3S™), F-75013, Paris, France

Correspondence:

Dr Martin Dres

Service de Pneumologie, Médecine intensive — Réanimation
Groupe Hospitalier Pitie-Salpétriere

47-83 boulevard de 1’Hopital

75651 Paris Cedex 13, France

Phone: 33142 16 77 61; Fax: 3317024 72 82

E-mail: martin.dres@aphp.fr

Acknowledgment

Damien Bachasson (Institut de Myologie) for his kind help in preparation of the Figures.
Financial support and sponsorship

None

Conflicts of interest

Martin Dres received personal fees for expertise from Lungpacer.

Alexandre Demoule reports personal fees from Medtronic, grants, personal fees and non-
financial support from Philips, personal fees from Baxter, personal fees from Hamilton,
personal fees and non-financial support from Fisher & Paykel, grants from the French
Ministry of Health, personal fees from Getinge, grants and personal fees from Respinor,

grants and non-financial support from Lungpacer.



Purpose of review

This article reviews the clinical problem of diaphragm function in critically ill patients

and describes recent advances in bedside monitoring of diaphragm function.
Recent findings

Diaphragm weakness, a consequence of diaphragm dysfunction and atrophy, is a
common condition in the intensive care unit and is associated with serious clinical
consequences. Bedside diaphragm function monitoring can now be performed by means of
two approaches: diaphragm electrical activity and diaphragm ultrasound. The use of
ultrasound to assess diaphragm structure (thickness, thickening) and mobility (caudal
displacement) appears to be feasible and reproducible, but no large-scale “real-life” study is
available. Diaphragm ultrasound can also be used to evaluate diaphragm muscle stiffness by
means of shear wave elastography and strain by means of speckle tracking, both of which are
correlated with diaphragm function in healthy subjects. Electrical activity of the diaphragm is
correlated with diaphragm function during brief airway occlusion, but the repeatability of

these measurements exhibits high within-subject variability.
Summary

Mechanical ventilation is involved in the pathogenesis of diaphragm dysfunction,
which is associated with severe adverse events. Although the use of ultrasound and diaphragm
electrical activity recording could potentially facilitate monitoring of diaphragm function in
order to deliver diaphragm-protective ventilation, no guidelines concerning the use of these
modalities have yet been published. The weaning process, assessment of patient-ventilator
synchrony and evaluation of diaphragm function may be the most clinically relevant

indications for these techniques.
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Introduction

Careful and safe use of mechanical ventilation is a major issue in the intensive care
unit (ICU). Mechanical ventilation certainly helps patients to overcome the most severe forms
of acute respiratory failure, but, in the meantime, also produces unintended harmful effects.
One such harmful effect, diaphragm atrophy and dysfunction resulting from ventilator-
induced respiratory muscle disuse, has become an issue of major concern. Diaphragm atrophy
and dysfunction are commonly observed in mechanically ventilated patients (1-3) and are
associated with difficult and prolonged weaning (3), prolonged duration of mechanical
ventilation (3), ventilator-associated complications (re-intubation, tracheostomy) (2) and
mortality (3). However, significant technological and physiological progress has been made,
allowing bedside monitoring of diaphragm function. Like all muscles, the diaphragm
contracts, shortens, thickens, stiffens and finally generates a pressure inside the thorax that
allows alveolar ventilation, the ultimate goal of breathing. Diaphragm function can now be
evaluated at the bedside by means of several approaches (4). Transmission of respiratory
drive can be recorded by monitoring the electrical activity of the diaphragm (EAdi). It is also
possible to directly visualize by the thickening of the diaphragm by ultrasound and more
recently, it has been reported that diaphragm ultrasound can be used to evaluate diaphragm
stiffness and deformation (strain). Of note, the reference technique to investigate diaphragm
function is phrenic nerve magnetic stimulation, but it can only be performed in expert centres,
which explains the growing interest in diaphragm ultrasound and EAdi recording as potential
bedside substitutes. In the present review, we will discuss recent evidence highlighting the
clinical issues related to diaphragm dysfunction in the ICU and the potential importance of
diaphragm function monitoring. Finally, the latest developments on diaphragm function
monitoring will be described before discussing translation of recent knowledge into clinical

practice.



Why diaphragm function monitoring is important in the ICU?

Diaphragm dysfunction is a common condition

A landmark study published by Levine et al. demonstrated rapid disuse-induced
atrophy of diaphragm fibers in brain-dead adult donors exposed to several hours of
mechanical ventilation (5). This observation is consistent with a core of animal studies and
more recent ultrasound-based analysis demonstrating the impact of ventilator-induced
diaphragm disuse on diaphragm atrophy (6) and dysfunction. ICU patients are exposed to
several other risk factors of diaphragm dysfunction in addition to mechanical ventilation-
induced disuse (i.e. sepsis, critical illness severity) making it difficult to determine the
specific contribution of mechanical ventilation to the development of diaphragm dysfunction
(7). Regardless of the risk factors involved, various studies have reported a high prevalence of
diaphragm dysfunction in the ICU, as more than two-thirds of mechanically ventilated
patients are diagnosed with diaphragm dysfunction at the time of the first weaning attempt
(.
Diaphragm dysfunction is a major concern

Diaphragm dysfunction has major implications for ICU patients. Firstly, as the
diaphragm is a major determinant of the load/capacity respiratory balance, diaphragm
dysfunction may increase the risk of weaning failure and subsequently prolong the duration of
mechanical ventilation. Importantly, a recent study has suggested that diaphragm function is
predominantly a key determinant for the outcome of the spontaneous breathing trial rather
than the outcome of extubation. Secondly, diaphragm dysfunction has been associated with
complications such as reintubation, tracheostomy and prolonged ventilation (2), and
postoperative complications (8,9). It is also associated with ICU mortality (7).

Diaphragm-ventilator interaction



Under certain circumstances, patients may struggle against the ventilator, which
generates asynchrony. In turn, asynchrony may be associated with discomfort, dyspnea and
poor prognosis. However, detection of asynchrony is not an easy task for clinicians. While
visual inspection of airway pressure, volume and flow waveforms allows the detection of
gross asynchronies, this method is not sufficiently reliable and sensitive. The reference
method is based on the use of an esophageal catheter to visualize mismatches between
changes in pleural pressure and changes in airway pressure and flow waveforms. Diaphragm
contraction plays a crucial role in changes in pleural pressure, suggesting that monitoring
diaphragm function simultaneously with the breathing pattern could facilitate the detection of

patient-ventilator asynchrony (10).

What is diaphragm function and how can it be monitored in the ICU?

The diaphragm is a musculotendinous structure stretched between the thorax and the
abdomen, making direct examination impossible (Figure 1). Bedside investigation of
diaphragm function requires costly equipment and involves semi-invasive approaches. For
these reasons, apart from research purposes, diaphragm function monitoring has rarely been
performed in clinical practice in recent years. However, things have changed with the
emergence of techniques such as diaphragm ultrasound and recording of the electrical activity
of the diaphragm by means of a dedicated esophageal catheter. Before describing these
techniques, we will discuss the definition of diaphragm function and the reference method
used to diagnose diaphragm dysfunction.

Pressure-generating capacity

The physiological function of the diaphragm is to shorten and produce a force.

Although this force cannot be measured directly, the capacity of the diaphragm to generate a

pressure can be measured. When the diaphragm contracts, it descends towards the abdomen,



which simultaneously generates increased abdominal pressure and decreased thoracic
pressure, resulting in a transdiaphragmatic pressure (Pdi). The maximum Pdi, which is the Pdi
generated by a forced inspiratory effort, is considered to be the most physiological approach
to assessment of diaphragm function. However, ICU patients are generally unable to produce
maximum effort due to lack of cooperation induced by sedation or delirium. To overcome this
issue, it has been proposed to measure Pdi in response to supramaximal bilateral magnetic
phrenic nerve stimulation (Pdi,twitch). While Pdi in response to magnetic stimulation is not a
substitute for maximum Pdi, it has the advantage of being independent of the patient’s
cooperation and is able to provide standardized measurements. As measuring
transdiaphragmatic pressure requires both esophageal and gastric balloons, it is acceptable to
exclusively use changes in tracheal pressure during magnetic phrenic nerve stimulation
(Ptr,stim) to evaluate diaphragm function. A Ptr,stim less than -11 cmH,0 is used to define
diaphragm dysfunction in the ICU (Table 1).
Diaphragm ultrasound

Over the last 10 years, diaphragm ultrasound has been increasingly used in the ICU
and several studies have been published on this topic in adults (11) and children (12-14).
When the diaphragm contracts, it shortens, thickens, displaces and stiffens. Ultrasound can
measure diaphragm thickness, thickening and displacement (also called excursion) (Figure 1).
For reasons of feasibility, diaphragm ultrasound is mainly performed on the right hemi-
diaphragm via two approaches: subcostal and intercostal (Figure 2). The subcostal approach
visualizes caudal displacement of the hemi-diaphragm. Measurement of the excursion of the
right hemi-diaphragm is associated with high intra- and inter-observer reliability (15). The
lower limit of normal is greater than 3.6 cm in women and greater than 4.7 cm in men during
maximum inspiratory effort (15). In healthy subjects, there is a moderate correlation between

diaphragm excursion and markers of pressure-generating capacity (16). In mechanically



ventilated patients, diaphragm excursion is poorly correlated with markers of pressure-
generating  capacity  (pressure-time  product of transdiaphragmatic  pressure,
transdiaphragmatic pressure, twitch pressure), but has been associated with weaning outcome
(the greater the excursion, the better the outcome) (17). In contrast, diaphragm thickness is not
correlated with either markers of pressure-generating capacity or weaning outcome (17).
Diaphragm ultrasound can detect a decrease in diaphragm thickness, suggesting diaphragm
atrophy (2), but increased thickness has also been reported (2) although the significance of
this observation remains unclear. A remarkable observation on the relationship between
histological diaphragm atrophy and pulmonary function tests was recently reported in patients
with amyotrophic lateral sclerosis (18). The authors failed to demonstrate any significant
correlation between markers of pressure-generating capacity and severity of diaphragm
atrophy (18). These findings suggest that atrophy is only one of several markers of diaphragm
dysfunction.

Changes in thickness between expiration and inspiration can be used to determine the
diaphragm thickening fraction, defined as the difference between end-inspiratory and end-
expiratory diaphragm thickness over the end-expiratory diaphragm thickness, expressed as a
percentage. Measurement of diaphragm thickening fraction is less reproducible than
measurement of diaphragm thickness (19). There is a poor correlation between diaphragm
thickening fraction and diaphragm function (17) because thickening is a one-dimensional
parameter, whereas diaphragm contraction results from active three-dimensional displacement
of muscle volume (4). The correlation between diaphragm thickening fraction and markers of
pressure-generating capacity is therefore only moderate, ranging from r’=0.28 in healthy
subjects (19) to rho=0.87 in mechanically ventilated patients (20). This wide range indicates a
limited validity of diaphragm thickening fraction to quantify diaphragm effort. Of note, the

validity of TFdi to estimate diaphragm effort has been recently questioned in a study in which



TFdi remained unchanged in healthy subjects exposed to a stepwise threshold inspiratory
loading protocol from 0 to 50% of maximum inspiratory pressure (21). However, the poor
intra-operator reproducibility coefficient (85%) in this study could explained the lack of
change in TFdi during the protocol. In the ICU, diaphragm thickening fraction (and
diaphragm excursion) should be measured, whenever possible, with the lowest ventilatory
assistance and ideally under continuous positive airway pressure set to zero or via a T-tube to
avoid underestimation of diaphragm thickening fraction and excursion. A cut-off < 29% for
diaphragm thickening fraction has been associated with diaphragm dysfunction in
mechanically ventilated patients (20) and cut-off values for predicting successful weaning
(success of the spontaneous breathing trial and/or extubation success) range between 25% and
35% (17,22-24). A study comparing diaphragm ultrasound and phrenic nerve stimulation
showed that both methods accurately predicted weaning outcome (22). However, discordant
results have been reported for the performance of diaphragm thickening fraction to predict
weaning outcome. One study reported that diaphragm thickening fraction measured before
starting the weaning trial was significantly higher in patients who failed the weaning trial
compared to patients who had passed the weaning trial with no other between-group
differences until the end of the trial (25). The maximum diaphragm thickening fraction and
maximum excursion were also similar in both groups before starting the weaning trial (25). In
contrast, other authors have observed a lower diaphragm thickening fraction in patients who
subsequently failed the weaning trial (17). Another study that enrolled patients who had
successfully passed the weaning trial reported no difference in terms of diaphragm thickening
fraction or diaphragm excursion between patients successfully extubated and those who failed
extubation (26). Altogether, these findings emphasize the importance of standardizing the use
of diaphragm ultrasound during weaning. Such standardization could take into account the

timing of the measurement (before or during the weaning trial), the patient population of



interest (those at highest risk of weaning failure), the conditions of ventilation (unassisted
ventilation may be preferred) and the measurements (tidal or during maximum effort
depending on the level of patient cooperation). Some authors have suggested combining an
ultrasound-derived index with the breathing pattern (27,28). Spadaro et al. observed that the
ratio of diaphragm excursion over respiratory rate performed better than the rapid shallow
breathing index, diaphragm excursion alone and maximum inspiratory pressure to predict
weaning outcome (27). Other authors have sought to evaluate the performance of changes in
the excursion-time index (a product of diaphragm excursion and inspiratory time) between
assist-control mode and spontaneous breathing trial to predict extubation outcome (28). In this
study, a decrease in excursion-time index less than 3.8% between assist-control mode and
spontaneous breathing trial had a sensitivity of 79.2% and a specificity of 75% to predict
successful extubation (28).

In another study, diaphragm ultrasound was used to identify patients presenting to the
emergency room with acute exacerbation of chronic obstructive pulmonary disease to predict
the risk of non-invasive ventilation failure (29). Patients with diaphragm dysfunction, defined
by a diaphragm thickening fraction < 20% on tidal ventilation, were found to be more likely
to fail noninvasive ventilation (risk ratio= 4.4; p <0.001) (29).

Apart from classical ultrasound-derived indices, longitudinal shortening of the
diaphragm (strain) can also be measured by speckle tracking (21) and diaphragm stiffness can
be measured by shear wave elastography (Figure 3) (30). A moderate to strong correlation
between strain and isometric contractions has been demonstrated in skeletal muscles (31).
Preliminary findings indicate a strong correlation between strain and transdiaphragmatic
pressure (> = 0.72 (P < 0.0001) (21). Shear wave elastography is an ultrasound-based
imaging technique that noninvasively measures shear wave velocity propagating in a target

tissue and shear wave velocity is directly correlated with stiffness index (shear modulus) (32).



Because of the strong linear relationship between muscle shear modulus and active muscle
force, ultrasound shear wave elastography provides an index of change of individual muscle
force. A strong correlation (r* > 0.95) between submaximal inspiratory mouth pressure and
diaphragm shear modulus is observed in healthy subjects (30) and a strong correlation is
observed between transdiaphragmatic pressure and shear modulus during isovolumetric
inspiratory effort against closed airways (r = 0.82) and during ventilation (r = 0.70) against
inspiratory loading (32). Diaphragm strain and diaphragm shear modulus may be able to
provide complementary data in the evaluation of diaphragm function but no study in ICU
patients has yet been published.
Diaphragm electrical activity

Diaphragm electrical activity can be measured by surface electromyography (EMG) or
multi-array esophageal electrodes. The main advantage of monitoring diaphragm function by
surface EMG is that it is continuous and noninvasive, but it is frequently contaminated by the
electrocardiogram or neighboring muscle activity and it is subject to power and
electromagnetic interferences. Multi-array esophageal electrodes can facilitate recording of
the electrical activity of the diaphragm by using a dedicated nasogastric feeding tube,
allowing continuous monitoring of EAdi. However, EAdi values are difficult to interpret, as
only very limited data concerning “normal” values are currently available. A recent study
reported a broad range of median EAdi peaks in spontaneously breathing healthy subjects
(from 5 pV to 30 uV), but usually around 15 uV (33). Interestingly, surface EMG of the
diaphragm correlates very well with EAdi after averaging breaths into deciles (34). EAdi can
be interpreted together with the breathing pattern in order to evaluate the transformation of
drive (EAdi) into pressure or tidal volume (VT) (neuromechanical coupling). A strong
correlation has been reported between EAdi and transdiaphragmatic pressure (Pdi), notably

during end-expiratory occlusion, suggesting that the neuromechanical efficiency ratio
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(APdi/AEAdI) could be useful to estimate inspiratory effort on breath-by-breath analysis (35).
Similar findings have also been recently reported in children (36). However, the repeatability
of the measurements of the neuromechanical efficiency ratio recently has been questioned, as
these measurements currently exhibit marked within-subject variability (37). This poor
repeatability could potentially constitute a major limitation and clinicians must use several
measurements to select occlusions with the lowest variability in order to estimate inspiratory
muscle effort from EAdi (37). The transformation of EAdi into VT can also be studied by
calculating the neuroventilatory efficiency index (VT/EAdi). The VT/EAdi ratio can allow
early distinction between patients likely to pass or fail the spontaneous breathing trial (38).
Lastly, the patient-ventilator breath contribution (PVBC) index can be used to determine the
respective contribution of the patient and the ventilator to total inspiratory VT. This index is
calculated as the ratio of inspiratory VT/EAdi during unassisted breaths (no pressure support)
over the same ratio during assisted breaths (with pressure support). A higher PVBC index
indicates a higher contribution of the patient. Once again, poor reliability has been reported
for measurements of the PVBC index using the currently available methods (39). However,
after using a new algorithm for EAdi matching between assisted and unassisted breaths (in
order to select assisted and unassisted breaths displaying similar EAdi), the authors

significantly improved the reliability of the measurements (39).

What are the indications for diaphragm function monitoring?

Taking into account both the effects of excessive ventilatory assistance on the risk of
diaphragm dysfunction and the effects of insufficient ventilatory assistance on the risk of
patient self-inflicted lung injury (40), the main objective of diaphragm function monitoring
would be to closely tailor the appropriate level of assistance to the patient’s needs and

comfort. Some strategies designed to protect the lungs and mitigate the effects of diaphragm
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disuse have been proposed, but they now need to be tested before they can be generalized
(41). In particular, ultrasound may be useful to monitor diaphragm function together with
airway or esophageal pressure recordings to assess patient-ventilator asynchrony (10). A
possible application of diaphragm ultrasound in this context could be monitoring of patients
with acute respiratory distress syndrome treated by deep sedation or neuromuscular blocking
agents to ensure that they do not exhibit hidden asynchronies. However, in order to be
clinically relevant, this type of monitoring would need to be displayed continuously, which
would require further technological improvements before it can be used in a clinical decision
support system (42). Another application of diaphragm monitoring would be the weaning
from mechanical ventilation (17). Diaphragm monitoring could be particularly useful in
patients presenting difficult and prolonged weaning and could help to diagnose diaphragm
dysfunction that can interfere with the weaning process, but it could also be used as a
predictor of extubation failure in order to implement appropriate preventive strategies. Lastly,
diaphragm function monitoring could be used to evaluate inspiratory effort in order to titrate
the level of ventilator assistance in patients requiring prolonged weaning. Normal ranges of
inspiratory effort would need to be available before this technique could be used in routine

clinical practice.
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Conclusion

Monitoring diaphragm function in the ICU could help physicians to more clearly
understand the interaction between the patient’s effort and the ventilator. It could participate
in the ventilator setting decision-making process. Ultimately, diaphragm function monitoring
could be very useful in patients with difficult and prolonged weaning by predicting weaning
failure and diagnosing diaphragm dysfunction. Future research into diaphragm monitoring in
the ICU must investigate the correlation (and its determinants) between standard markers of
diaphragm function and ultrasound-derived indices and electrical activity. The reproducibility
of clinical measurements must also be improved. Standardization in the form of specific good
practice guidelines for diaphragm ultrasound and electrical activity recording in mechanically

ventilated patients is also necessary.

Key bullet points
e Diaphragm dysfunction is common in the ICU and is associated with prolonged
duration of mechanical and respiratory complications.
e Diaphragm ultrasound and diaphragm electrical activity recording are useful to
monitor the diaphragm function at the bedside.
e Diaphragm monitoring may be used to tailor the ventilator settings in order to provide

a diaphragm protective ventilation — between over and under diaphragm use.
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Figure 1. Panel A is a schematic representation of the diaphragm (in red) and phrenic nerves
(black) in the chest wall. Panel B is an anatomic representation of the phrenic nerves across

the mediastinum (Credit Robin Jacqueline).

Figure 2. Description of diaphragm ultrasound intercostal and subcostal windows.

Figure 3. Shear wave elastography on the right hemi-diaphragm via the intercostal approach.

Note the increase in shear modulus (SMdi) (+17.8 kPa) between end-expiration (left panel)

and end-inspiration (right panel), illustrating the increase in diaphragm stiffness.
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Figure 2.
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Figure 3.
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Table 1. Diaphragm function monitoring techniques

Description

Advantages

Limitations

Normal values

Absolute sum of Peso and Pga during

Reference method for diaphragm

Esophageal and gastric balloon
are required

Between 100 and 150

Pfess“fe' RER maximum inspiratory effort. function outside the ICU Requires the patient’s cmH,0 (4)
generating ti
capacity - - = cooperation
Pt stim Tracheal pressure during supramaximal Reference method for diaphragm | Not widely available >~ 11 cmH,0 (7)
' magnetic phrenic nerve stimulation function in the ICU Requires skills 2
Electrical signal obtained by a dedicated Continuous monitorin
. esophageal catheter with multi-array : - g High inter-patient variability > 10 uVolts during
Crural diaphragm - . Noninvasive . . .
electrodes that capture the electrical activity . . Not available on all ventilators | spontaneous breathing (33)
EMG . Correlated with Pdi
of the diaphragm.
Electrical signal obtained by surface Noninvasive ECG contamination No normal values
Surface EMG : . N
electrodes placed on the skin. Continuous monitoring
Intercostal approach between the 8" and Noninvasive Not continuous
Thickening fraction | 10" intercostal space. It is calculated as the Correlated with Pdi Poor reproducibility > 20-25% in the ICU (22)
ratio of (Ti-Te)/Te and expressed as %. Difficult acquisition
Subcostal approach through the liver Women > 3.6 cm
Ultrasound window. It is measured as the maximum Noninvasive Poor correlation with pressure- '

Excursion

displacement of the right hemi-diaphragm
during the respiratory cycle.

Easy to measure

generating capacity indices

Men > 4.7 cm
During maximum effort (15)

Combined indices

e Diaphragm excursion time index (28)
¢ Diaphragmatic-RSBI (27)

Combined evaluation of
diaphragm and breathing pattern

More studies are needed to
confirm their usefulness

Not reported

Pdi, transdiaphragmatic pressure; Ptr,stim, change in tracheal pressure induced by magnetic phrenic nerve stimulation, Peso, esophageal pressure;
Pga, gastric pressure; EMG, electromyogram; ICU, intensive care unit; ECG, electrocardiogram; Tins, inspiratory time; Ti, diaphragm
inspiratory thickness; Te, diaphragm expiratory thickness.
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