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Introduction 

In the past decade, multiple important studies have 
underlined that maintaining patient breathing effort 
during mechanical ventilation is a double-edged sword 
(1-5). Positive effects of patient breathing effort may 
include improved recruitment of basal lung fields and 
facilitated oxygenation (5,6). Furthermore, preserving 
patient breathing effort might protect against development 
of diaphragm atrophy and contractile dysfunction 
resulting from disuse (2). On the other hand, patients 
with high respiratory drive can generate pressures that 
are incompatible with lung protective-ventilation, a 
phenomenon termed patient self-inflicted lung injury 
(P-SILI) (7). Additionally, studies in the early course of acute 
respiratory distress syndrome (ARDS) have demonstrated 
that continuous infusion of the neuromuscular blocker 
cisatracurium improves survival, possibly by abolishing 
breathing effort (4). Striking a balance between the 

beneficial and detrimental effects of breathing effort is one 
of the contemporary challenges in mechanical ventilation 
management (8). It has been proposed that ventilator assist 
should be titrated to the individual patient’s disease state, 
based on the respiratory drive, pressure output of the 
muscles and lung mechanics (5,8-10). 

However, it is difficult to assess activity of the respiratory 
muscle pump during mechanical ventilation without specific 
diagnostic techniques (11). The “gold standard” parameters 
are the work of breathing (WOB) and pressure-time product 
(PTP), which are based on pressure measurements (12). These 
measurements can be difficult to obtain and interpret. As 
such, the PTP and WOB are rarely used in clinical care and 
are mostly considered to be a research tool (13). Recently, 
diaphragm electromyography (9) and ultrasound (14) have 
become increasingly popular to assess breathing effort 
in research and clinical care. The aim of this review is 
to describe the physiological basis of breathing effort 
assessment. We will discuss how esophageal pressure 
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(Pes), gastric pressure (Pga), PTP, WOB, ultrasound and 
electromyography can be used to quantify breathing effort 
during mechanical ventilation, and highlight the technical 
issues related to these measurements. Furthermore, we will 
discuss which levels of breathing effort may be considered 
desirable during mechanical ventilation at different stages 
of critical illness.

Physiology 

Definition of breathing effort

Although the term breathing effort feels intuitive there is 
no clear definition, and many authors and textbooks define 
it differently. In this review we have defined breathing effort 
as any energy-consuming activity of the respiratory muscles 
aimed at driving respiration. 

Function of the respiratory muscle pump 

The respiratory muscle pump compromises multiple 
skeletal muscles that act in a coordinated fashion to 
maintain alveolar ventilation under different metabolic 
demands. Breathing effort is tightly controlled to match the 

respiratory demands of the body. An imbalance between 
breathing effort and the respiratory demands of the body 
will result in respiratory failure. Mechanical ventilation is 
life-saving in respiratory failure by taking over the patient’s 
WOB, restoring the balance between respiratory load and 
capacity. During partially supported ventilation, the WOB 
is shared by the patient and the ventilator. To assess the 
patient’s relative contribution to ventilation, it is useful to 
separate the inspiratory and expiratory muscle pump. See 
Figure 1 and Table 1 for a schematic representation of the 
respiratory system, muscle pressures and pressure gradients. 

Inspiratory muscle pump
Inspiration is mainly driven by the diaphragm in healthy 
individuals during tidal breathing (15). The diaphragm 
is a thin (±2.0 mm) dome-shaped muscle that forms the 
boundary between the thorax and the abdomen (16). 
The muscle fibers are conventionally divided into two 
main components: the crural portion inserts into the first 
three lumbar vertebrae, and the costal portion projects 
onto the rib cage and xiphoid process. The muscle 
fibers of the costal diaphragm that directly appose to 
the lower rib cage constitute the “zone of apposition”  
(16-18). In simplified form, the diaphragm acts like a 
piston in a barrel. Shortening of the muscle fibers in the 
zone of apposition descends the dome of the diaphragm, 
increasing the size of the thoracic cavity and compressing 
the abdominal cavity. Consequently, intrapleural pressure 
(Ppl) falls and abdominal pressure (Pab) rises, creating a 
pressure gradient called the transdiaphragmatic pressure  
(Pdi) (19,20). 

Pdi (cmH2O) = Pab (cmH2O) – Ppl (cmH2O) [1]

The drop in pleural pressure will generate a pressure 
gradient over the lungs, the transpulmonary pressure (PL), 
which can be calculated by subtracting Ppl from the airway 
opening pressure (Pao): 

PL (cmH2O) = Pao (cmH2O) – Ppl (cmH2O) [2]

The cyclic rises and falls in PL ultimately drive alveolar 
ventilation. 

Clinically, Ppl and Pab are often estimated by Pes and 
Pga. The assessment of Ppl and Pab requires placement 
of esophageal and/or gastric balloons (Figure 1), which 
may be perceived as too invasive for some patients. Today, 
balloon catheters are available that can be used for gastric 
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Figure 1 Schematic representation of the respiratory system 
and relevant pressures. Note the single catheter equipped with 
an esophageal pressure balloon, gastric pressure balloon and an 
electrode array in between the two balloons. Orange lines represent 
the phrenic nerves. For calculations of the pressure gradients refer 
to the text. Pao, airway opening pressure; Paw, airway pressure; 
Pbs, pressure at body surface; Palv, alveolar pressure; Ppl, pleural 
pressure; Pes, esophageal pressure; Pga, gastric pressure.
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feeding as well and thus assessing Pes and/or Pga is not 
more invasive than routine clinical care (13). It is important 
to note that the balloon catheters provide an estimation of 
pleural pressure, but the actual pressure in the pleural space 
differs from region to region due to gravity and differences 
in spatial respiratory mechanics (21). Nevertheless, Pes 
measurements provide a useful estimation of the mean 
pleural pressure at the dependent lung regions (21,22). The 
advantages, limitations and technical aspects of Pes and Pga 
measurements in critically ill patients have been discussed 
in two excellent review articles (23,24).

Additional muscle groups are recruited when the 
respiratory load is elevated. The most important accessory 
inspiratory muscles are the sternomastoid, parasternal, 
scalene and rib cage muscles (25). Like the diaphragm, 
contraction of the accessory inspiratory muscles expands 
the thorax and lowers Ppl, promoting a rise in PL and 
subsequent lung inflation. Contraction of accessory 
inspiratory muscles does not generate a pressure gradient 
between the abdominal and thoracic compartment if the 
diaphragm is relaxed (12). At any time, Ppl depends on the 
pressure generated by all the respiratory muscles (Pmus) 
and the pressure gradient over the chest wall (Pcw): 

Ppl (cmH2O) = Pmus (cmH2O) + Pcw (cmH2O) [3]

Accordingly,

Pmus (cmH2O) = Ppl (cmH2O) – Pcw (cmH2O) [4]

Pmus provides a global assessment of all inspiratory 
muscles, while Pdi is specific to the diaphragm (12,26). Pcw 
is often calculated by dividing the inspired volume by the 
theoretical compliance of the chest wall (Ccw), estimated 
as 4% of vital capacity. Accordingly, a (predicted) vital 

capacity of 4,000 mL will reveal an estimated Ccw 
of 160 mL/cmH2O (12). Reference values for Ccw are 
between 150 and 200 mL/cmH2O (12). However, these 
values were obtained in healthy subjects and might not be 
accurate in critical illness. The actual Ccw of a patient can 
be determined by constructing a pressure-volume curve for 
Pes during passive inflation; Pmus is zero during passive 
inflation and muscle paralysis, meaning the observed Pes is 
completely determined by Pcw {Eq. [3]} (26). 

Expiratory muscle pump
Expiration is a passive process during quiet breathing 
(19,26,27). When the inspiratory muscles relax, the 
elastic energy build up in the structures of the respiratory 
system drives lung deflation. The expiratory muscles are 
recruited to assist in expiration when the load posed on 
the inspiratory muscles is elevated (28). Additionally, the 
expiratory muscles are recruited when passive expiration 
is hampered by reduced elasticity of the lungs (e.g., 
emphysema) or elevated expiratory resistance [e.g., 
exacerbation of chronic obstructive pulmonary disease 
(COPD)] (29). The abdominal wall muscles are the 
principal muscles of expiration. The internal interosseous 
intercostal and the triangularis sterni muscles are accessory 
expiratory muscles (25). Contraction of the abdominal wall 
muscles compresses the abdominal compartment, increasing 
Pab. If the diaphragm is relaxed, the increased Pab will be 
transmitted to the thorax and increase Ppl, facilitating lung 
deflation. Contraction of the accessory expiratory muscles 
directly increases Ppl by compressing the thorax. Notably, 
the expiratory muscles can also facilitate inspiration. By 
contracting during the expiratory phase, lung volume 
is reduced below functional residual capacity and the 
diaphragm is shifted cephalad to a more optimal position 
(30,31). When the expiratory muscles relax during the 

Table 1 Pressure gradients of the respiratory system 

Gradient name Abbreviation Formula Clinical assessment

Transpulmonary pressure PL Pao – Ppl Paw – Pes

Transalveolar pressure/elastic recoil pressure of the lung Pel(L) Palv – Ppl Paw (zero flow) – Pes

Transdiaphragmatic pressure Pdi Pab – Ppl Pga – Pes

Pressure gradient over the chest wall Pcw Ppl – Pbs Pes (as Pbs is conventionally 0)

Pressure gradient over the respiratory system Prs Pao – Pbs Paw (as Pbs is conventionally 0)

Pab, abdominal pressure; Pao, pressure at airway opening; Palv, alveolar pressure; Pbs, pressure at body surface; Ppl, pleural pressure; 
Paw, airway pressure; Pes, esophageal pressure; Pga, gastric pressure.
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subsequent inspiration, the diaphragm will descend and 
Ppl will fall, facilitating lung inflation (30). During high 
respiratory loads the expiratory muscles might generate 
more pressure than the diaphragm (32). Therefore, 
assessment of breathing effort at high loads should also take 
the expiratory muscles into account. 

Quantifying breathing effort 

Physical examination and graphical inspection of 
ventilator waveforms

Physicians may rely on physical examination to assess 
breathing effort in clinical practice. For instance, 
recruitment of accessory muscles is a sign of increased 
respiratory workload (32). Inward movement of the 
abdomen during inspiration (abdominal paradox) means 
the accessory muscles exert more force than the diaphragm, 
which is often interpreted as a sign of impending diaphragm 
fatigue (33). Most patients develop a breathing pattern 
characterized by low tidal volumes and high respiratory 
frequency during prolonged fatiguing loads (34). However, 
these breathing patterns suggest an increased workload and 
impending fatigue, but do not allow quantitative assessment 
of breathing effort (35). The pressure and flow waveforms 
displayed on the ventilator are also inadequate in assessing 
breathing effort during partially supported ventilation, as 

they cannot distinguish between patient breathing effort 
and work of the ventilator (11). 

Pressure-based quantification of breathing effort 

Because the respiratory muscles exert their function by 
generating pressure, breathing effort can be assessed by 
analysis of these pressures. The requirements and reference 
values of pressure-based assessment of breathing effort are 
summarized in Table 2. 

Pressure amplitudes
If an esophageal and a gastric balloon are present, the 
amplitude of tidal swings in Pes, Pdi and Pga can be studied 
during partially supported ventilation by using the following 
calculation: 

ΔP (cmH2O) = P, expiration (cmH2O) 
− P, inspiration (cmH2O) [5]

The formula can be used with Pes, Pga and Pdi to obtain 
their respective amplitude swings during inspiration and 
expiration. If the patient’s respiratory muscles are active, 
Pes will fall and Pga and Pdi will rise during inspiration 
(Figure 2A,B,C,D). A rise in Pga during expiration is a sign 
of expiratory muscle recruitment. 

Pressure amplitude assessment is relatively straightforward 

Table 2 Techniques for the assessment of breathing effort 

Technique Parameters Reference values Comments

Pressure 
amplitudes

Pes, Pga, Pdi Pdi and Pes: absolute differences of 
5–10 cmH2O per breath in healthy 
subjects at rest (10,20,36,37)

Suitable for bedside evaluation without the need for 
dedicated software

Work of 
breathing (WOB)

Pes, volume 2.4–4 J/min (38,39) and 0.35–0.7 J/L 
(12,38) in healthy subjects at rest

Advanced breathing effort assessment. Can be 
divided into elastic, resistive and PEEP components. 
Viable during high minute ventilation and flow. Not 
sensitive to isometric contractions

Further analysis: Ccw, 
CL,dyn

Pressure-time 
product (PTP)

Pes, Pga, Pdi 50–150 cmH2O*s/min in healthy 
subjects at rest (23,40,41)

Advanced breathing effort assessment

Further analysis: Ccw, 
CL,dyn

Can be divided into elastic, resistive and PEEP 
components. Sensitive to isovolumetric contractions

Tension-time 
index (TTI)

Pes, Pga, Pdi, Pi,max,  
Ti/Ttot

0.03 in healthy subjects at rest (42) Useful to predict whether the observed effort is 
sustainable. Corrects for reduced muscle efficiency

TTIdi up to 0.15–0.18 can be 
continued indefinitely (43)

Pimax can be difficult to obtain in ICU patients

Pdi, transdiaphragmatic pressure; Pes, esophageal pressure; Pga, gastric pressure; Pi,max, maximal inspiratory pressure; Ccw, 
compliance of the chest wall; CL,dyn, dynamic lung compliance; PEEP, positive end-expiratory pressure; ICU, intensive care unit; Ti, 
inspiratory time; Ttot, respiratory cycle time; TTIdi, diaphragmatic tension-time index. 
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and can be performed real-time at the bedside, making 
it especially useful to observe trends within a patient. 
However, there are several limitations to assessment of 
breathing effort based solely on Pes and Pga swings. 
Amplitude of pressure swings neglects the duration 
and frequency of contractions. Additionally, Pes swings 
are usually not corrected for the recoil pressure of 
the chest wall and intrinsic positive end-expiratory 
pressure (PEEPi), which can result in both under- 
and overestimation of Pmus. Consequently, pressure 
measurements show a rather poor correlation to energy 
expenditure (35). More in-depth analysis of breathing 
effort may be warranted in selected critically ill patients. 

PTP
A more sophisticated parameter to quantify breathing effort 
is the PTP. The PTP is calculated as the time-integral of 
the Pmus (12): 

PTP = P (cmH2O) × t(s) = ∫ Pdt (cmH2O*s) [6]

PTP is commonly reported over a 1-minute interval. 
The PTP of the respiratory muscle pressure (PTPmus) 
can be constructed if Pes measurements are available as an 
assessment of global respiratory muscle activity (Figure 2D). 
If Pga is also available, the PTP of the diaphragm pressure 
(PTPdi) can be constructed as a specific measurement of 
diaphragm effort (Figure 2C). Because the PTP is sensitive 
to the frequency and duration of contractions it correlates 
well with energy expenditure during a broad range of 
inspiratory loads (44). The PTP is insensitive to changes 
in volume, meaning that it is also valid when effort does 
not result in volume generation, such as during isometric 
contractions. This is especially relevant in ICU patients with 
PEEPi and poor interaction with the ventilator, that exhibit 
ineffective efforts (45). The PTP of the esophageal pressure 
(PTPes) can be divided into parts to overcome elastic, 
resistive and threshold (i.e., PEEPi) forces (Figure 2D). This 
subdivision may be of clinical interest in patients difficult 
to wean the ventilator, or to monitor effects of ventilator 
management and pharmacological interventions. The 
technical aspects of measuring the PTP have been covered 
recently (23,24). It is also possible to construct a PTP of 
the expiratory muscles (PTPex) (46), but this technique is 
seldom used and reference values are not available. More 
research is required before overall recommendations on 
PTPex can be made. 

There are limitations to the PTP. Volume and flow are 

not considered, even though contractions at higher flows 
and volumes are less efficient and thus require more effort. 
This has been demonstrated in studies where equal PTPs 
were generated at different flows and volumes. This resulted 
in widely different levels of the oxygen cost of breathing at 
equal PTPs (44,47). Furthermore, calculation of PTPmus 
requires measurement of Ccw, which is cumbersome in 
patient on partially supported ventilation as it requires 
passive inflation and muscle paralysis (12). Despite these 
limitations, the PTP is very useful as it is linearly related to 
activity and energy expenditure of the respiratory muscle 
pump during relatively constant ventilation. This was 
demonstrated in conditions of flow below 1 L/s (48) and 
duty cycles between 0.3 and 0.6 (44), which is applicable to 
most ICU patients (36). 

Tension-time index (TTI)
Another method to assess breathing effort is the TTI, 
which relates the average inspiratory pressure (Pi,mean) to 
the maximal inspiratory pressure (Pi,max) that a patient can 
generate:

TTI = (Pi,mean/Pi,max)*(Ti/Ttot) [7] 

In which Pi,mean can be either Pdi,mean or Pmus,mean, 
and Ti/Ttot is the relative duration of inspiration to a 
full breath cycle. For example, generating a Pdi,mean 
equal to 30% of Pi,max at a duty cycle of 0.5 would 
yield a diaphragmatic TTI (TTIdi) of 0.15. Some 
ventilators can calculate Pi,mean over a time period of 
a few breaths. Additionally, it is possible to obtain the 
Pi,mean by dividing the inspiratory PTP by the sampling  
period (12). The advantage of TTI over other indices is 
that the TTI partially corrects for reductions in muscle 
efficiency and weakness by relating the observed pressures 
to the maximal pressures. The TTI correlates well with 
oxygen consumption of the respiratory muscle pump (43,44). 
The TTI is also correlated with the time a certain load can 
be upheld by the diaphragm. In healthy individuals a TTIdi 
below 0.15–0.18 can be sustained indefinitely, while higher 
values will eventually lead to fatigue and task failure (43,49). 

There are some technical and theoretical limitations 
of the TTI. Technically, it is difficult to obtain reliable 
Pi,max-measurements in critically ill patients as it requires 
maximal voluntary effort which is hindered by sedation 
and motivation (12). Furthermore, the TTI does not take 
volume and flow into account. This was illustrated in two 
studies where the maximal sustainable TTIdi ranged from 
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0.11 to 0.22 and maximal sustainable TTI of the respiratory 
muscles (TTImusc) ranged from 0.16 to 0.32 within the 
same subject, depending on flow, volume and duty cycles 
(50,51). Despite these limitations, the TTI is a clinically 
useful parameter especially to assess whether a load posed 
on the patient’s respiratory muscle pump is sustainable. 

WOB 
The classic method to assess breathing effort is the WOB. 
Work is done when a force moves its point of application 
over a distance. In case of the respiratory system work is 
done when a pressure changes the volume of the system (26).

WOB = P (cmH2O) × V (L) = ∫ P dv (J) [8]

WOB is often reported as work per liter (J/L), 
obtained by dividing the work per breathing cycle by the 
tidal volume. Increased work per liter means that more 
pressure is required to generate an equal volume. This 
can be caused by several factors, such as reduced lung 
compliance or the presence of PEEPi (52). Detailed analysis 
of the WOB is possible using the Campbell diagram to 
divide work into resistive, elastic and PEEPi components  
(Figure 2E) (23,26,52). Furthermore, WOB of the expiratory 
muscles can be assessed by attributing any observed 

Fl
ow

 (m
L/

s)

0               0.5                1                1.5               2

0                0.5               1                1.5               2

0                0.5               1                1.5               2

Time (s)

Time (s)

Time (s)

1,000

0

–1,000

20

10

0

20

10

0

P
ga

 (c
m

H
2O

)
P

di
 (c

m
H

2O
)

–20         –15         –10          –5            0             5

600

500

400

300

200

100

0

△Pes (cmH2O)

△
lu

ng
 v

ol
um

e 
fr

om
 F

R
C

 (m
L)

Ccw CcwCL,dyn

Time (s)
0           0.5          1          1.5          2

20

15

10

5

0

–5

P
es

 (c
m

H
2O

)

Ccw

Ccw

CL,dyn

A

B

C

D

E

Figure 2 Pressure-based assessment of breathing effort during the inspiratory phase. Dashed lines represent moments of zero flow. (A) 
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Pes above the Ccw curve to expiratory muscle activity. 
Additionally, work per breathing cycle can be multiplied by 
the respiratory rate (in breaths per minute) to obtain the 
power of breathing or work rate (12). This is an interesting 
parameter from a physiological point of view, as it combines 
time and volume dimensions. Work rate correlates closely 
to oxygen consumption of the respiratory muscles in a 
wide range of flows, volumes and duty cycles (44,47). It has 
been proposed that the work rate, or mechanical power, 
is a unifying factor that might predict development of 
ventilator-induced lung injury (VILI) (53,54).

There are limitations to WOB. First, as work is only 
performed when a volume is displaced, the WOB is 
insensitive to isometric contractions. Second, duration 
and frequency of contractions are also not considered. For 
example, the same breath might generate the same tidal 
volume at the same Pes, but could take twice as long. Work 

would not be different between these two breaths, even 
though the longer breath will consume substantially more 
energy. 

Other methods to quantify breathing effort 

Other techniques to quantify breathing effort that do 
not depend on direct assessment of pressure have been 
developed, including the electrical activity of the diaphragm 
(EAdi) and ultrasound. See Tables 3,4 for details, including 
reference values on these techniques. 

Respiratory muscle electromyography
Neural control of breathing effort is tightly matched to 
the respiratory demands of the body. As such, both surface 
electrodes and electrodes placed on a nasogastric tube 
have been used to acquire electromyographic signals of the 

Table 3 Parameters, reference values, and comments of electromyographic assessment of breathing effort

Technique Parameters Reference values Comments

Electrical activity of the 
diaphragm (EAdi) 

EAdi during inspiration 
and expiration

Amplitude of 5–20 µV per breath 
in ICU patients (expert opinion)

Parameter of respiratory drive. Allows 
assessment of patient-ventilator interaction 

Neuromuscular efficiency index 
(NME)

EAdi, Pes, Pga 0.5–2 cmH2O/µV in ICU patients 
(expert opinion)

Parameter of muscle efficiency

Patient-ventilator breath 
contribution (PVBC)

EAdi and Vt during 
assisted and unassisted 
breath

Unavailable Not yet validated in larger ICU cohorts

Surface electromyography Electrical activity of 
surface electrodes 
during inspiration and 
expiration

Unavailable Non-invasive, but hampered by cross-talk of 
adjacent muscles and movement artifacts 

EAdi, electrical activity of the diaphragm; EMG, electromyography; Pes, esophageal pressure; Pga, gastric pressure; NME, neuromuscular 
efficiency index; PVBC, patient-ventilator breath contribution; Vt, tidal volume.

Table 4 Parameters, reference values and comments of ultrasound assessment of breathing effort 

Technique Parameter Reference values Comments

Diaphragm thickness (Tdi) Diaphragm thickness 
at end-expiration 

1.5–2.4 mm (55,56) at end-
expiration 

Non-invasive and useful to assess development of 
atrophy. Not a measurement of effort per se. Left 
hemidiaphragm may be difficult to visualize

Thickening fraction (TFdi) TFdi = (Tdi,ei − 
Tdi,ee)/Tdi,ee

24–53% during quiet  
breathing (57), up to 157% during 
vigorous effort (58)

Does not allow for direct quantification of muscle 
pressures 

Caudal displacement M-mode of diaphragm 
displacement during 
tidal breathing 

1.6–1.8 cm during quiet breathing, 
up to 7.5 cm during deep 
breathing (59) 

Cannot distinguish patient work from ventilator 
work during partially supported ventilation

US, ultrasound; Tdi (ee/ei), diaphragm thickness (at end-expiration/end-inspiration); TFdi, thickening fraction of the diaphragm. 
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respiratory muscles in order to assess breathing effort in 
research and clinical care. 

Surface electrodes have been used to measure activity 
of the diaphragm, accessory respiratory muscles and 
expiratory muscles. Although non-invasive, the quality of 
the recordings can be heavily impaired by cross-talk of 
adjacent muscles and other factors such as fat, edema and 
movement artifacts (60,61). Furthermore, there are no 
standardized procedures for placement and analysis of the 
surface electrode signals and no reliable reference values 
are available. Therefore, further study is required before 
this technique can be used to quantify breathing effort in 
clinical care. 

The EAdi-signal circumvents some of the technical 
difficulties of surface electromyography. The EAdi-signal 
can be monitored real-time using a dedicated naso-gastric 
tube with wired electrodes positioned at the level of the 
crural diaphragm (Figure 1) (62). This catheter was originally 
designed to control the ventilator in a specific ventilation 
mode [neurally adjusted ventilatory assist (NAVA)], but 
recent reports indicate that EAdi-recordings are useful to 
monitor breathing effort and patient-ventilator interaction  
(63-65). Measurement of EAdi does generally not require 
additional invasive procedures as most ventilated ICU 
patients are instrumented with a feeding tube for regular 
care. The electrodes acquire the spatial and temporal 
summation of action potentials from the motor units in 
the crural diaphragm. There is a close correlation between 
electrical activity from the crural and costal parts of the  
diaphragm (66).  Furthermore,  the EAdi-signal  is 
independent of changes in lung volume (67). EAdi 
correlates well to Pdi in healthy individuals and ICU 
patients (67). Thus, EAdi appears to be a reliable estimate 
of global diaphragm muscle activity in ICU patients (68-70). 

Electrical activity is not synonymous with muscle 
contraction and force generation. The coupling between 
electrical activity and pressure is expressed as the 
neuromuscular efficiency index (NME):

NME (cmH2O/µV) = Pdi (cmH2O)/EAdi (µV) [9]

The NME can be used to calculate pressure from EAdi 
when assuming constant coupling over time. NME obtained 
during expiratory holds and multiplied by the observed 
EAdi appeared to be a reliable estimation of Pmus under 
different conditions of ventilator assistance (9). Another 
index derived from the EAdi is the patient-ventilator breath 
contribution (PVBC). The PVBC estimates the patient’s 

relative contribution to tidal volume generation during 
NAVA by comparing EAdi peaks with tidal volume in 
assisted and non-assisted breaths (71). The PVBC reliably 
predicted the fraction of breathing effort generated by the 
patient in a small group of ARDS patients (72). 

Although promising, there are still limitations of EAdi-
derived parameters to assess breathing effort. The EAdi-
derived parameters are not necessarily a direct measure 
of breathing effort, but are more closely related to neural 
drive. EAdi is insensitive to recruitment of accessory 
muscles, making it less suited to assess breathing effort 
at high workloads. Furthermore, reference values for 
EAdi-derived parameters are not yet known. NME and 
PVBC indices need to be further evaluated in larger ICU 
populations before both indices can be widely implemented 
in daily clinical practice. 

Ultrasound 
Ultrasound has gained in popularity as a diagnostic tool 
in clinical management and research in the ICU (14). The 
role of ultrasound to evaluate respiratory muscle function 
and effort have been discussed in recent articles (65,73). 
Components of the respiratory muscle pump, including the 
diaphragm, abdominal wall muscles and accessory muscles, 
are positioned relatively superficial and are readily accessible 
for ultrasound. Changes in the absolute thickness of the 
respiratory muscles over time within a patient can be used 
to recognize the development of atrophy (2,74,75). The 
thickening fraction of the diaphragm (TFdi) in the zone of 
apposition during inspiration can be used as a measure of 
contractile activity (76,77). This requires measurement of 
diaphragm thickness (Tdi) at end-expiration (Tdi,ee) and 
end-inspiration (Tdi,ei) (73): 

TFdi = (Tdi,ei − Tdi,ee)/Tdi,ee*100% [10]

TFdi has shown fair correlation to the Pdi (78), PTPdi 
and PTPes (76,77) in some studies, but was not significantly 
correlated to Pdi in another study (55). Movement of the 
diaphragm dome during inspiration has also been used 
to evaluate diaphragm function and reference values are 
available (Table 4). To study diaphragm movement, the 
ultrasound probe is placed at the subcostal position, using 
the liver as a window on the right side and the spleen 
on the left side. In contrast to the TFdi, assessment of 
diaphragm movement should only be conducted in patients 
disconnected from the ventilator, as ventilator assistance 
will result in caudal movement of the diaphragm, even in a 
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patient on neuromuscular blockers. As such, there is a poor 
correlation between diaphragm excursion and TFdi, PTPes 
and PTPdi during partially supported ventilation (77). 

Advantages of ultrasound include the non-invasive 
nature, low-costs, steep learning curve and straightforward 
calculations which allows bedside evaluation of breathing 
effort (73). However, several technical and methodological 
limitations apply to ultrasound assessment of breathing 
effort. Because the diaphragm is very thin, small errors 
in measurement can result in large overestimation and 
underestimation of thickness and thickening fraction (73). 
Additionally, the left hemidiaphragm is harder to visualize 
than the right side (78). Furthermore, TFdi is insensitive 
to duration and frequency of contractions and does not 
account for recruitment of accessory and expiratory 
muscles (59). Despite these limitations, ultrasound is a very 
promising technique in clinical care, especially as a bedside 
evaluation tool. 

Clinical implications 

Although assessment of breathing effort has been applied 
in physiological research and clinical studies for decades, 
the optimal range of breathing effort in critically ill patients 
remains to be established. Trials that compare different 
levels of effort have not been published so far. Therefore, 
we are dependent on physiological principles and reasoning 
to guide lung-protective and diaphragm-protective 
ventilation (79). 

Insufficient breathing effort

Studies in the past decade have promoted the idea that 
insufficient breathing effort leads to atrophy and weakness 
of the diaphragm, a process termed ventilator-induced 
diaphragm dysfunction (VIDD) (80,81). For instance, 
significant diaphragm atrophy has been observed after 
complete inactivity of the diaphragm for 18 to 69 hours 
in brain-dead organ donors (1). Subsequent studies 
demonstrated that diaphragm atrophy also occurs during 
partially supported ventilation (82-85), and that the extent 
of atrophy is related to the level of assistance provided by 
the ventilator (2). Recently, development of diaphragm 
atrophy has been associated with prolonged ICU admission 
and an increased risk of complications (86), further 
supporting the idea of ventilator over-assistance and VIDD. 

Additional factors can play a role in the development of 
muscle weakness and atrophy in ICU patients including 

inflammation (87), myotoxic drugs (88), nutritional 
deficiency and catabolic state (89). The term critical illness-
associated diaphragm weakness (CIADW) is now preferred 
over VIDD to describe respiratory muscle weakness in 
critically ill patients (90). Remarkably, clinical studies 
have shown that neuromuscular blockers administered in 
the first 48 hours of moderate to severe ARDS improves 
outcome without the development of clinically relevant 
muscle weakness (4,91-93). Recently, it was observed that 
patients on assist-control ventilation regularly exhibited 
contractions of the diaphragm, a type of asynchrony 
called reversed triggering (94). This mechanism prevents 
complete inactivity of the diaphragm, and possibly hampers 
the development of disuse atrophy during controlled 
ventilation. Indeed, short daily sessions of low-frequency 
pacing prevents development of disuse atrophy in peripheral 
skeletal muscles of ICU patients (95,96). In a case study on 
a single patient receiving controlled ventilation for eight 
months, pacing one hemidiaphragm 30 minutes a day 
prevented the development of disuse atrophy (97). Although 
further study is warranted, it is possible that levels below 
resting breathing effort can prevent development of disuse 
atrophy (40).

Excessive breathing effort

Prevention of excessive breathing effort by unloading 
the respiratory muscles is a cornerstone of mechanical 
ventilation. Excessive effort can be detrimental to lung 
mechanics and the function of the respiratory muscle pump. 

Detrimental effects on the lungs 
Vigorous efforts can generate substantial negative pleural 
pressures (98), potentially leading to injurious PL in 
ventilated patients (7,99-101). As such, it is advised to keep 
the peak PL below 25 cmH2O and tidal amplitude swings 
below 12 cmH2O based on the physiological principles of 
stress and strain (23,102). Furthermore, vigorous patient 
effort could result in poor synchrony with the ventilator and 
impairs oxygenation and comfort (103), warranting sedation 
and paralysis (91). Reduced Ppl can cause intrapulmonary 
air shifts from non-dependent to dependent regions 
(pendelluft), potentially leading to injurious alveolar over-
distention and rupture (3). Additionally, the reduced Ppl 
brought on by vigorous patient effort increases the vascular 
transmural pressure and can lead to elevated lung perfusion 
and development of alveolar edema (22,23). Increased 
activity of the expiratory muscles could result in elevated 
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Ppl during expiration. If the Ppl is higher than alveolar 
pressure (Palv) the alveoli have a tendency to collapse, 
promoting atelectasis and possibly cyclic recruitment 
of alveoli (atelectrauma) (99,104). It is possible that the 
beneficial effects of muscle relaxants during the early course 
of ARDS can be attributed to the prevention of excessive 
muscle effort (4,92,93), although effort was not measured in 
these studies. 

Detrimental effects on respiratory muscles
Excessive breathing effort could incite eccentric contractions 
of antagonizing muscle groups, for example concomitant 
activation of the diaphragm and abdominal muscles. 
Eccentric contractions were found to cause sarcolemmal 
disruption and inflammation on a microscopic level in 
animal models (105,106). Furthermore, sarcolemmal 
disruption has been observed in animal models of mechanical 
ventilation after high breathing effort (107-109) and in 
patients with COPD (110). Infiltration of inflammatory 
cells has been observed in diaphragm fibers obtained 
from ventilated ICU patients (83). Additionally, patients 
exhibiting high efforts as assessed by diaphragm ultrasound 
showed increased Tdi over time, which could be a sign 
of muscle inflammation and/or injury (2). However, both 
studies were observational, so whether vigorous breathing 
effort leads to sarcolemmal damage in critically ill patients, 
and at which levels of effort this occurs, warrants further 
study. 

Appropriate effort during different stages of illness

Based on the aforementioned considerations we recommend 
monitoring of breathing effort in selected mechanically 
ventilated patients (65,111). During the very early course 
of critical illness respiratory drive can be excessive, leading 
to injurious respiratory muscle contractions and damaging 
PL, especially in ARDS (98). In this early phase, high effort 
occurs in a “muscle hostile environment” characterized 
by systemic and local inflammation. It is reasonable to 
prioritize unloading of the respiratory muscles to prevent 
the lung injury and diaphragm dysfunction under these 
conditions (7,79). Employing a partially supported mode to 
regain patient breathing activity is advisable after the initial 
phase of critical illness, although strenuous efforts should 
still be prevented (79,101). This strategy has the potential 
to allow simultaneous lung-protective and diaphragm-
protective ventilation. 

Conclusions

Both ventilator over-assistance and under-assistance may 
have adverse effects on respiratory muscle function. As 
outlined in this review the desired level of respiratory 
muscle effort depends on patient characteristics, in 
particular the phase of critical illness and mechanical 
output of the respiratory muscles. Quantification of 
breathing effort requires specific monitoring techniques 
and calculations. This is a developing field, and new studies 
will help us to better define optimal levels of respiratory 
muscle activity in ICU patients. The fact that we do not 
have clinical studies to demonstrate that monitoring of 
respiratory muscle function improves outcome should not 
be used as a reason to withhold such techniques in selected 
patients. Future clinical trials will provide data if guiding 
ventilator management on breathing effort improves 
outcome of critically ill patients. 
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