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OBJECTIVES: Lung- and diaphragm-protective ventilation is a novel concept that 
aims to limit the detrimental effects of mechanical ventilation on the diaphragm 
while remaining within limits of lung-protective ventilation. The premise is that low 
breathing effort under mechanical ventilation causes diaphragm atrophy, whereas 
excessive breathing effort induces diaphragm and lung injury. In a proof-of-con-
cept study, we aimed to assess whether titration of inspiratory support based 
on diaphragm effort increases the time that patients have effort in a predefined 
“diaphragm-protective” range, without compromising lung-protective ventilation.

DESIGN: Randomized clinical trial.

SETTING: Mixed medical-surgical ICU in a tertiary academic hospital in the 
Netherlands.

PATIENTS: Patients (n = 40) with respiratory failure ventilated in a partially-sup-
ported mode.

INTERVENTIONS: In the intervention group, inspiratory support was titrated 
hourly to obtain transdiaphragmatic pressure swings in the predefined “diaphragm-
protective” range (3–12 cm H2O). The control group received standard-of-care.

MEASUREMENTS AND MAIN RESULTS: Transdiaphragmatic pressure, 
transpulmonary pressure, and tidal volume were monitored continuously for 24 
hours in both groups. In the intervention group, more breaths were within “dia-
phragm-protective” range compared with the control group (median 81%; inter-
quartile range [64–86%] vs 35% [16–60%], respectively; p < 0.001). Dynamic 
transpulmonary pressures (20.5 ± 7.1 vs 18.5 ± 7.0 cm H2O; p = 0.321) and tidal 
volumes (7.56 ± 1.47 vs 7.54 ± 1.22 mL/kg; p = 0.961) were not different in the 
intervention and control group, respectively.

CONCLUSIONS: Titration of inspiratory support based on patient breathing 
effort greatly increased the time that patients had diaphragm effort in the pre-
defined “diaphragm-protective” range without compromising tidal volumes and 
transpulmonary pressures. This study provides a strong rationale for further stud-
ies powered on patient-centered outcomes.

KEY WORDS: critical illness; diaphragm; esophageal pressure measurement; 
mechanical ventilation; work of breathing

New approaches are needed to limit the adverse effects of invasive 
mechanical ventilation on the diaphragm of critically ill patients, as 
diaphragm weakness in these patients is common and has been as-

sociated with poor clinical outcomes (1, 2). The level of diaphragm effort has 
been proposed to play a role in the development of critical illness-associated 
diaphragm weakness (3): inactivity of the diaphragm causes disuse atrophy and 
diaphragm weakness (4–6), whereas excessive diaphragm effort has been impli-
cated to contribute to diaphragm injury in observational (5) and preclinical 
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studies (7–9). Prospective clinical trials are required to 
confirm this hypothesis (10). Additionally, excessive 
diaphragm effort might worsen lung injury by increas-
ing stress and strain imposed on the lung (self-inflicted 
lung injury) (11, 12) and by the hemodynamic conse-
quences of large intrathoracic pressure swings (13–15). 
Preventing low and excessive diaphragm effort by 
titrating inspiratory support might thus limit the com-
plications associated with mechanical ventilation on 
the diaphragm and lungs (5, 12, 16).

Lung- and diaphragm-protective mechanical venti-
lation is a novel concept to managing patients on me-
chanical ventilation, aimed at achieving physiologic 
diaphragm effort while remaining within limits of 
lung-protective ventilation (17, 18). Although incor-
porating diaphragm effort into management of ven-
tilated patients has gained attention in the past years, 
the feasibility of this concept and its compatibility with 
lung-protective ventilation strategies have not been 
investigated.

We performed a randomized clinical trial to estab-
lish the feasibility of a lung- and diaphragm-protective 
ventilation approach in invasively ventilated, critically 
ill patients. We hypothesized that titrating inspiratory 
support to diaphragm effort would increase the time 
that patients have effort in a predefined “diaphragm-
protective” range, without compromising lung-protec-
tive ventilation.

MATERIALS AND METHODS

Study Design

We performed a randomized clinical trial in a mixed 
medical-surgical ICU of an academic hospital in the 
Netherlands. The trial was registered at ClinicalTrails.
gov (NCT03527797). The study protocol was approved 
by the institutional review board (NL62486.029.17). 
The patient or their legal representatives provided 
written informed consent. The study was performed in 
accordance with the 2008 Declaration of Helsinki and 
its later amendments. No commercial support was re-
ceived for this project.

Patients

Adult patients were eligible if they were intubated 
and mechanically ventilated in a partially supported 
mode and if the attending physician expected invasive 

ventilation would be required for at least 24–48 hours 
at the time of screening. Exclusion criteria were as fol-
lows: past medical history of neuromuscular disorders 
(including diaphragm paralysis), contraindications for 
placement of a nasogastric catheter, active air leak in 
the pleural space, or abnormal anatomy of the esoph-
agus or stomach.

Randomization and Masking

Enrollment, randomization, and clinical data collec-
tion were handled in an online system (Castor EDC; 
Castor, Amsterdam, the Netherlands). Patients were 
allocated to the control or intervention group in a 1:1 
ratio using variable block randomization with blocks of 
size 4, 6, or 8. Patients and their families were blinded 
to group allocation. Blinding was not possible for the 
investigators and the clinical team given the study de-
sign. Patients excluded before randomization were 
replaced.

Procedures

Flow, airway opening pressure (Pao), esophageal 
pressure (Pes), gastric pressure (Pga), transdiaphrag-
matic pressure (Pdi, calculated as Pga–Pes), and dy-
namic transpulmonary pressure (PLdyn, calculated 
as Pao–Pes) (13) were recorded continuously during 
the 24-hour study period and stored for later analyses 
(Fig. 1).

The first hour of measurements in both groups  
(T = 0 hr) was conducted before adjusting the inspira-
tory support to serve as baseline.

Patients in the control group received standard clin-
ical care following local protocols for lung-protective 
ventilation and sedation (online supplement, http://
links.lww.com/CCM/G924) from T = 0 hour to T = 24 
hours. In the intervention group, ventilatory support 
was adjusted from T = 1 hour to T = 24 hours based 
on diaphragm effort according to the algorithm pre-
sented in Figure 2 (“diaphragm-protective ventilation”). 
A study investigator (H.J.d.V., A.H.J., L.M.H.) measured 
the mean Pdi in the first 2 minutes of every hour in real 
time using the data capture software (Acknowledge; 
BIOPAC, Goleta, CA). The steps of the algorithm were 
repeated until the mean Pdi was between 3 and 12 cm 
H2O or if a predefined limit for lung-protective venti-
lation was crossed. The lower limit (3 cm H2O) for di-
aphragm effort was selected because we could reliably 
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differentiate pressure swings of 3 cm H2O from cardiac 
oscillations, and very low diaphragm effort was found to 
prevent disuse atrophy in animal models (19) and pre-
liminary clinical studies (20, 21). The upper limit (12 cm 
H2O) was based on the upper range of tidal swings in Pes 
in healthy subjects (13, 22). This range is in agreement 
with the opinion of a group of international experts pub-
lished recently (17, 18). The investigators only adjusted 
the inspiratory support; other ventilator settings (in-
cluding positive end-expiratory pressure [PEEP], Fio2, 
cycle criteria, trigger settings) and all other aspects of 

care (including drugs) were managed by the clinical 
team according to local protocols. Study data were not 
available to the clinical team. Blood samples (5–10 mL) 
were drawn from the indwelling arterial catheter at  
T = 0 hour, T = 12 hours, and T = 24 hours.

Outcomes

The primary outcome was the proportion of breaths 
in the “diaphragm-protective” range per patient, 
calculated as (number of breaths with Pdi swings 

Figure 1. Analysis of the physiologic signals. Flow, volume, airway opening pressure (Pao), esophageal pressure (Pes), gastric pressure 
(Pga), transdiaphragmatic pressure (Pdi), and transpulmonary pressure (PL,dyn) during the first 30 s of an hour of recordings. An end-
expiratory occlusion was administered at the arrow to confirm adequate positioning and filling of the catheter. The asterisks mark the 
maximal volume, Pdi, and PL identified by the script in each breath, respectively, whereas the circles mark the minimal values. The delta in 
each breath was calculated as maximum–minimum (dynamic pressures).
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between 3 and 12 cm H2O)/(all recorded breaths) × 
100%. Secondary outcome variables included the tidal 
volume normalized to predicted bodyweight (mL/kg), 
and the dynamic and driving transpulmonary pres-
sures measured in every breath in the 24-hour study 
period (Fig. 1). Additional measures of lung-protective 
ventilation, including the pressure-time product of the 
diaphragm and the concentrations of protein biomark-
ers for endothelial function, lung injury, and systemic 
inflammation are described in the online supplement 
(http://links.lww.com/CCM/G924).

Statistical Analysis

A convenience sample of 40 patients (20 per group) 
was recruited, because the distribution of respiratory 
effort during a 24-hour period was not well character-
ized in the target population and because no previous 
study had titrated diaphragm effort to this specific 
range. All statistical analyses were performed on the 

intention-to-treat popula-
tion, consisting of all ran-
domized patients that had 
completed at least 1 hour 
of measurements. Baseline 
characteristics were sum-
marized as mean ± sd, me-
dian (interquartile range 
[IQR]), or frequency (per-
centages) as appropriate. 
Aggregated outcome data 
were compared between 
groups using the Wilcoxon 
rank-sum test or Student t 
test, as appropriate. For the 
nonparametric variables, 
the effect size is reported 
as the difference in medi-
ans with bootstrapped 
95% CIs. Normality was 
assessed with normal-
probability plots. When 
required, a suitable trans-
formation was used to 
achieve normality. A 
two-tailed significance 
level of 5% was used for all 
statistical analysis. All the 

statistical analyses were performed in R Version 4.0.1 
(R Foundation for Statistical Programming, Vienna, 
Austria). Additional details on the statistical analyses 
are available in the online resources.

RESULTS

In total, 451 patients on partially supported ventilation 
were assessed between April 25, 2018, and July 16, 2020 
(Fig. E1, http://links.lww.com/CCM/G924). The trial 
was stopped because the intended number of partici-
pants was included. The intention-to-treat analysis in-
cluded 39 patients (19 intervention, 20 control). Patient 
characteristics are summarized in Table 1 and Table E1  
(http://links.lww.com/CCM/G924). The two groups 
were similar at baseline. Expected hospital mortality 
based on the Acute Physiology and Chronic Health 
Evaluation IV score was 45%. Thirty-five patients 
(90%) met criteria for acute respiratory distress syn-
drome (ARDS) according to the Berlin definition (23).

Figure 2. Titration algorithm. An increase in tidal volume greater than 2 mL/kg predicted 
bodyweight compared with a subject’s own baseline was also considered a breach of lung-
protective ventilation. Pdi = transdiaphragmatic pressure, Pplat = plateau airway pressure,  
RR = respiratory rate, Vt = tidal volume.
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Inspiratory Support Adjustments

Inspiratory support was adjusted a median of 2 (IQR, 1–2)  
times per subject in the control group (by the clinical 
team) and median of 8 (IQR, 4–11) times per subject in 
the intervention group (by the investigators according 
to the titration algorithm) in the 24-hour study period  
(p < 0.001) (Fig. E2, http://links.lww.com/CCM/G924). 

Most of the adjustments in the intervention group 
(52%) were required in the first 4 hours of the study 
period (Fig. E3, http://links.lww.com/CCM/G924), 
and most subjects received a net increase in support 
(median 3 cm H2O; IQR, 2–6 cm H2O). Median differ-
ence in PLdyn was equal in both groups, with two no-
table outliers in the intervention group (Fig. E2, http://
links.lww.com/CCM/G924).

TABLE 1. 
Baseline Characteristics

Variables
Overall  
(N = 39)

Control  
(N = 20)

Intervention  
(N = 19)

Biometrics    

 Age, yr, mean (sd) 65 (14) 66 (14) 65 (13)

 Gender = male, n (%) 26 (68) 13 (65) 13 (68)

 Body mass index kg/m2, median (IQR) 27 (26–29) 28 (26–30) 26 (25–28)

Risk scores    

 Simplified Acute Physiology Score II, mean (sd) 50 (12) 51 (13) 49 (11)

 Sequential Organ Failure Assessment score  
 at enrollment, median (IQR)

9 (8–11) 9 (8–10) 10 (9–12)

 Acute Physiology and Chronic Health Evaluation IV,  
 mean (sd)

85 (28) 84 (30) 87 (26)

Mechanical ventilation    

 Ventilation prior to study, d, median (IQR) 8 (4–15) 8 (4–15) 9 (5–16)

  Controlled ventilation, median (IQR) 3 (1–5) 3 (1–4) 3 (1–8)

  Partially supported ventilation, median (IQR) 4 (2–10) 4 (2–10) 3 (2–9)

 PEEP, cm H2O, median (IQR) 10 (8–12) 10 (8–12) 10 (8–10)

 Pressure above PEEP, cm H2O, mean (sd) 9.5 (4.8) 8.5 (4.7) 10.7 (4.8)

 Fio2, median (IQR) 0.45 (0.40–0.50) 0.45 (0.40–0.50) 0.45 (0.40–0.50)

Gas exchange, mean (sd)    

 pH 7.42 (0.08) 7.42 (0.08) 7.42 (0.07)

 Pao2, mm Hg 79.5 (13.5) 78.8 (15.0) 79.5 (12.8)

 Paco2, mm Hg 45.0 (9.0) 44.2 (8.2) 45.0 (10.5)

 Pao2/Fio2 ratio, mm Hg 190 (54) 185 (50) 198 (60)

 Ventilatory ratio 2.1 (0.6) 2.1 (0.6) 2.1 (0.6)

Respiratory mechanics    

 Compliance of respiratory system, mL/cm H2O,  
 median (IQR)

36 (23–40) 33 (23–41) 35 (26–47)

 Lung compliance, mL/cm H2O, median (IQR) 48 (28) 45 (29–64) 48 (33–71)

 Chest wall compliance, mL/cm H2O, mean (sd) 150 (57) 143 (58) 159 (56)

 Intrinsic PEEP, cm H2O, mean (sd) 2.6 (2.2) 2.3 (1.7) 2.9 (2.7)

Neurologic, median (IQR)    

 Richmond Agitation and Sedation Score at enrollment –1 (–3 to 0) –1 (–2 to 0) –2 (–3 to 0)

IQR = interquartile range, PEEP = positive end-expiratory pressure.
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Diaphragm Effort

More than 1 million breaths were analyzed for the primary 
and secondary outcome variables (mean 28,894 ± 9,796  
breaths per subject). Seventy-two hours (7.7% of the 
total) had missing data (online supplement, http://links.
lww.com/CCM/G924). At baseline, 7% of breaths had 
effort below and 37% of breaths had effort above the 
target range (Fig. E4, http://links.lww.com/CCM/G924).

The evolution of diaphragm effort from T = 0 hour 
to T = 24 hours is shown in Figure 3. Proportions 
of breaths within the target range of diaphragm 
effort, summarized over the total study period, 
were higher for patients in the intervention group 
compared with patients in the control group (me-
dian 81% [64–86%] vs 35% [16–59%], respectively, 
difference in median 46%; 95% CI, 24–64%; p < 
0.001). The longitudinal course differed significantly 

between the groups (p < 0.001). Post hoc subgroup 
analyses showed that the inspiratory support titra-
tion was equally effective in patients with a compli-
ance below and above the median (35 mL/cm H2O)  
and in patients included within 7 days after onset of 
ventilation or later (Table E2, http://links.lww.com/
CCM/G924). Distribution of breaths below and above 
the target range for diaphragm effort, pressure-time 
product of the diaphragm, and patient-level data on di-
aphragm effort are available in the online supplement 
(Figs. E5–E7, http://links.lww.com/CCM/G924).

Markers for Lung Injury

Tidal volumes were similar in the intervention 
and control groups (7.56 ± 1.47 vs 7.54 ± 1.22 mL/
kg predicted body weight; p = 0.959) (Fig. 4A). The 
proportion of breaths in lung-protective range, 

Figure 3. Proportion of breaths in diaphragm-protective range, defined as 3–12 cm H2O per breath, in each group. Dots represent the 
mean; bars represent the se of the mean; asterisks represent the hours with a significant difference between the groups in the post hoc 
analysis. Shaded area represents the 95% CI obtained with Loess regression.
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C

Figure 4. Tidal volume (A), dynamic transpulmonary pressures (B)‚ and transpulmonary driving pressures (C) over time. Dots represent 
the mean; bars represent the sem. None of the hours differed significantly between both groups in the post hoc analysis.
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defined as (number of breaths with tidal volumes 
< 8 mL/kg)/(all breaths), was found to be sim-
ilar in the intervention and control groups (me-
dian 96% [54–99%] vs 83% [35–86%], respectively;  
p = 0.255) (Fig. E8, http://links.lww.com/CCM/G924)  
in a post hoc analysis. The cutoff (< 8 mL/kg)  
was based on a recent expert statement (17).

The PLdyns, the sum of pressures used to overcome 
airflow resistance and elastance of the lungs, were sim-
ilar in the intervention and control groups (20.5 ± 7.1 vs 
18.5 ± 7.0 H2O cm H2O, respectively; p = 0.373) (Fig. 4B).  
The transpulmonary “driving” pressure, the pressure 
used to overcome the elastance of the lungs, was meas-
ured in 28 subjects and calculated in 11 subjects in a 
post hoc analysis (online supplement, http://links.
lww.com/CCM/G924). The transpulmonary driving 
pressures were similar in the intervention and control 
groups (11.2 ± 5.6 vs 12.4 ± 4.4 cm H2O, respectively;  
p = 0.295) (Fig. 4C).

The doses of sedatives, pH, Paco2, and Pao2 did not 
differ between the groups (Table E3, http://links.lww.
com/CCM/G924). Longitudinal course of 12 protein 
biomarkers of lung endothelial cell function, lung in-
jury and systemic inflammation, did not differ between 
the groups for any of the tested biomarkers (Table E4,  
http://links.lww.com/CCM/G924). Longitudinal 
course of minute volume was not different in both 
groups (Fig. E9, http://links.lww.com/CCM/G924).

Patient Outcomes and Adverse Events

Weaning outcome and mortality were similar in both 
groups (Table E5, http://links.lww.com/CCM/G924). 
One subject developed subcutaneous emphysema 10 
hours after study titration commenced. Subcutaneous 
emphysema did not lead to cardiovascular or ventila-
tory complications and resolved without a chest tube. 
Severity of the event was categorized as mild. More 
information is available in the online supplement  
(Fig. E10, http://links.lww.com/CCM/G924).

DISCUSSION

This is the first study to investigate the feasibility and 
efficacy of a bedside titration algorithm to obtain dia-
phragm effort in a predefined “diaphragm-protective” 
range in a heterogeneous group of invasively ventilated 
critically ill patients, while maintaining tidal volume 
and transpulmonary pressures in ranges considered as 

lung protective. We found that titration of ventilatory 
support guided by Pdi resulted in higher proportions 
of breaths in the predefined “diaphragm-protective 
range” compared with standard of care (81% vs 35%, 
respectively). This approach did not compromise 
key characteristics of lung-protective ventilation, in-
cluding tidal volumes, transpulmonary pressures, and 
biomarkers for lung injury.

Diaphragm Effort, Diaphragm Weakness, and 
ICU Outcomes

The evidence for disuse atrophy caused by ventilator 
over-assist in critically ill patients is convincing (24, 25).  
However, load-induced diaphragm injury is an attrac-
tive concept but is not yet supported by strong evi-
dence. Animal studies have demonstrated that loaded 
breathing during mechanical ventilation can induce 
diaphragm injury, but the load imposed was generally 
very high (8, 26, 27). Also, it has been demonstrated 
that high inspiratory loading is associated with di-
aphragm sarcomeric disruption (7), indicating that 
the diaphragm is susceptible to load-induced injury. 
Interestingly, we have reported sarcomeric injury in the 
diaphragm of ventilated ICU patients (6, 28). Finally, 
high diaphragm contractile activity assessed indirectly 
with ultrasound was associated with increases in di-
aphragm thickness in an observational study (1, 5). 
Whether the increased diaphragm thickness is reflects 
muscle injury remains to be investigated. For more ex-
tensive discussion, we refer to recent articles (3, 10). 
Second, the relationship between diaphragm weakness 
and ICU outcomes, including difficult weaning and ICU 
mortality, has been observed to various degrees in ob-
servational studies (2, 29–35), but whether diaphragm 
weakness is a causal contributor to poor ICU outcomes 
or a merely a marker for disease severity remains to be 
established (36). A causal relationship seems plausible, 
as the diaphragm is the main muscle of inspiration 
and improving diaphragm strength led to improved 
weaning outcome in selected patients (37). A recent 
mediation analysis of observational data has strength-
ened the hypothesis that inappropriate diaphragm 
effort contributes to poor clinical outcomes (10).  
Nevertheless, large interventional trials that target op-
timization of diaphragm effort are required to assess 
the whether inappropriate diaphragm effort leads to 
diaphragm “myotrauma” and poor outcomes, and this 
current study might aid in designing such trials.
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Effectiveness of the Titration Algorithm

At baseline, 49% of the subjects (19/39) had in-
sufficient or excessive diaphragm effort according 
to our predefined limits (Fig. E3, http://links.lww.
com/CCM/G924). The high occurrence rate of ex-
cessive diaphragm effort matches an observational 
study in patients on partially supported mechan-
ical ventilation (38). Other cohorts have found more 
patients with low respiratory effort (5). The lower 
proportion of patients with ventilator over-assis-
tance in our study may be explained by our local 
clinical protocol that promotes reducing inspira-
tory support as much as tolerated by the patient. 
The titration algorithm effectively prevented both 
insufficient and excessive diaphragm effort in the in-
tervention group; 10% of the subjects (2/19) in the  
intervention group had diaphragm effort outside  
the predefined range in the total study period versus 
60% (12/20) in the control group (Fig. E5, http://
links.lww.com/CCM/G924). Notably, this reduction 
in excessive diaphragm effort was achieved without 
changing the level of sedation.

Markers for Lung Injury

The tidal volumes in both groups of our trial closely 
match the tidal volumes reported for patients on par-
tially-supported mechanical ventilation with ARDS 
(39) and without ARDS (40) in large observational 
cohorts (40), demonstrating that the titration algo-
rithm did not compromise lung-protective ventila-
tion. This is further supported by the observation 
that biomarkers for lung injury and systemic inflam-
mation did not differ significantly between the con-
trol and intervention groups during the course of the 
study. Application of the titration algorithm did not 
lead to lower diaphragm effort at all in two subjects 
in the intervention group and instead led to tidal vol-
umes incompatible with lung-protective ventilation. 
Interestingly, both subjects had a pH greater than 7.48, 
suggesting that their respiratory drive did not origi-
nate from pH and Paco2. Their elevated drive might 
have originated from mechano- and irritant-receptors 
in the alveoli and chest wall, or pain and agitation. 
Instead of increasing support, these patients might re-
quire sedatives, analgesics, or partial neuromuscular 
blockade to achieve lung- and diaphragm-protective 
ventilation (41).

Strengths

This is the first randomized clinical trial to investigate 
the feasibility of a lung- and diaphragm-protective 
ventilation approach in ventilated critically ill patients. 
The target range for diaphragm effort that we selected 
is in agreement with the opinion of a group of interna-
tional experts published recently (17, 18). Additionally, 
we used the reference standard to measure diaphragm 
effort (42) and employed a detailed analysis of every 
single breath in the 24-hour study period. Although 
the study was single blinded, the clinical team did not 
have access to results from Pes monitoring. We used 
a simple algorithm to titrate inspiratory ventilatory 
support to achieve respiratory effort within physio-
logic limits without modifying sedation levels, because 
higher sedation levels are associated with delirium and 
prolonged mechanical ventilation (43).

Limitations

This study has several limitations. First, this study was 
not designed to detect a meaningful impact of “dia-
phragm-protective” ventilation on diaphragm func-
tion, markers for lung injury, or patient outcomes but 
instead focused on the feasibility of such an approach 
and its compatibility with lung-protective ventila-
tion. The relatively small number of subjects allowed 
us to collect in-depth physiologic data but restricted 
the analysis to physiologic variables. Future stud-
ies will have to assess whether this approach indeed 
reduces the development of diaphragm weakness 
and improves ICU outcomes. Second, the precise 
range of diaphragm effort to prevent both disuse at-
rophy and load-induced injury remains to be estab-
lished. Especially the upper limit for safe diaphragm 
effort is subject of discussion and probably depends 
on several factors including patient characteristics, 
such as maximal diaphragm strength (44) and the 
phase of critical illness (33). Third, the study popu-
lation was heterogeneous. Patients varied consider-
ably in the duration of mechanical ventilation before 
study inclusion and in their respiratory system com-
pliance. Nevertheless, additional analyses revealed 
that the titration algorithm was equally effective in 
patients with a compliance below and above 35 cm 
H2O and in patients included in the first week of ven-
tilation or thereafter (Table E2, http://links.lww.com/
CCM/G924). Future studies may start inspiratory 
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support titration as soon as a patient exhibits respi-
ratory effort, as in the early phase of critical illness, 
the diaphragm may be more susceptible to injury 
(3, 5). Additionally, the total duration of ventilation 
and the reintubation rate were high in our cohort be-
cause we selected patients in whom prolonged me-
chanical ventilation was expected. However, it can be 
argued that this is the population in which protec-
tion of the diaphragm can have most impact. Fourth, 
the study protocol requires Pes and Pga monitoring, 
which limits generalizability. Recent reports evalu-
ated readily available metrics of respiratory effort 
based on airway pressure, including the P0.1 and the 
airway occlusion pressure during a full breath (38, 
45). If further research has validated these indirect 
measurements of respiratory muscle effort, and when 
the optimal range of effort is better defined, they may 
be useful to screen for patients who can benefit from 
invasive measurement techniques (46). Fifth, addi-
tional ventilator settings such as the cycle-off crite-
rion, trigger sensitivity, Fio2, and PEEP could have 
been incorporated in the algorithm as these variables 
influence diaphragm effort (10). However, the role of 
these settings in lung injury and diaphragm dysfunc-
tion is currently less established (3, 10).

CONCLUSIONS

We found that titration of inspiratory support guided 
by Pdi increases the time that patients have diaphragm 
effort in a predefined “diaphragm-protective” range 
without compromising lung-protective ventilation. 
Larger trials are required to establish the clinical im-
pact of titrating diaphragm effort on patient-centered 
outcomes.

ACKNOWLEDGMENTS

We would like to thank all patients for their valu-
able contributions, R. H. Driessen for data manage-
ment support, T. Dekker and B. Dierdorp from the 
Department of Experimental Immunology for their 
technical support in the execution and analysis of the 
biomarker assay, and T. van de Poll for advice on the 
protein biomarker analysis.

 1 Department of Intensive Care Medicine, Amsterdam UMC 
location VUmc, Amsterdam, the Netherlands.

 2 Amsterdam Cardiovascular Sciences Research Institute, 
Amsterdam, the Netherlands.

 3 Center for Experimental and Molecular Medicine, Amsterdam 
UMC, location AMC, Amsterdam, the Netherlands.

 4 Department of Physiology, Amsterdam UMC location VUmc, 
Amsterdam, the Netherlands.

 5 Department of Intensive Care Medicine, Amsterdam UMC 
location AMC, Amsterdam, the Netherlands.

 6 Nuffield Department of Medicine, Mahidol University, 
Bangkok, Thailand.

 7 Mahidol-Oxford Tropical Medicine Research Unit (MORU), 
Mahidol University, Bangkok, Thailand.

 8 Department of Epidemiology and Data Science, Amsterdam 
UMC, Location VUmc, Amsterdam, the Netherlands.

 9 Department of Critical Care Medicine, Fujian Provincial 
Hospital, Fujian Provincial Center for Critical Care Medicine, 
Fujian Medical University, Fuzhou, Fujian, China.

Supplemental digital content is available for this article. Direct 
URL citations appear in the printed text and are provided in the 
HTML and PDF versions of this article on the journal’s website 
(http://journals.lww.com/ccmjournal).

Drs. de Vries, Jonkman, de Man, Ottenheijm and Heunks 
designed the study. Drs. de Vries, Jonkman, de Grooth, and 
Zhang conducted study measurements. Drs. de Vries, Jonkman, 
and van de Ven conducted statistical analyses. Drs. de Vries and 
Heunks drafted the article. Drs. de Vries, Jonkman, Duitman, 
Girbes, Ottenheijm, Schultz, de Man, Tuinman, and Heunks crit-
ically revised the article. All authors have read and accepted 
the final version of the article.

Supported, in part, by a PhD research grant from the Amsterdam 
Cardiovascular Sciences research institute.

Drs. de Vries’ and Heunks’ institutions received funding from 
Amsterdam Cardiovascular Sciences. Dr. de Vries has received 
speaker fees from the Dutch Ultrasound Center (the Netherlands) 
and travel and speaker fees from the Chinese Organization of 
Rehabilitation Medicine (China). Dr. Jonkman has received per-
sonal fees from Liberate Medical (United States). Dr. Heunks 
received research support from Liberate Medical (United States), 
Fisher and Paykel, and Orion Pharma (Finland), and speakers 
fee from Getinge (Sweden). Dr. de Man disclosed the off-label 
product use of oxidation-reduction potential measurement with 
the RedoxSYS System from Aytu Biosciences. The remaining 
authors have disclosed that they do not have any potential con-
flicts of interest.

Address requests for reprints to: Leo M. A. Heunks, MD, PhD, 
Amsterdam UMC, location VUmc, Postbox 7505, 1007 MB 
Amsterdam, The Netherlands. E-mail: L.Heunks@amsterda-
mumc.nl

A deidentified dataset included the aggregated data per hour 
and the baseline and outcome parameters will be made available 
upon request to the corresponding authors 1 year after publica-
tion of this study. Requests must include a rationale and statis-
tical plan, which will be evaluated by the corresponding author.

This work was performed at the Department of Intensive Care 
Medicine of Amsterdam UMC, location VUmc, in Amsterdam, the 
Netherlands.

http://journals.lww.com/ccmjournal
mailto:L.Heunks@amsterdamumc.nl
mailto:L.Heunks@amsterdamumc.nl


de Vries et al

202     www.ccmjournal.org February 2022 • Volume 50 • Number 2

REFERENCES
 1. Goligher EC, Dres M, Fan E, et al: Mechanical ventilation–in-

duced diaphragm atrophy strongly impacts clinical outcomes. 
Am J Respir Crit Care Med 2018; 197:204–213

 2. Dres M, Dubé BP, Mayaux J, et al: Coexistence and impact 
of limb muscle and diaphragm weakness at time of libera-
tion from mechanical ventilation in medical intensive care unit 
patients. Am J Respir Crit Care Med 2017; 195:57–66

 3. Dres M, Goligher EC, Heunks LMA, et al: Critical illness-
associated diaphragm weakness. Intensive Care Med 2017; 
43:1441–1452

 4. Levine S, Nguyen T, Taylor N, et al: Rapid disuse atrophy of 
diaphragm fibers in mechanically ventilated humans. N Engl J 
Med 2008; 358:1327–1335

 5. Goligher EC, Fan E, Herridge MS, et al: Evolution of diaphragm 
thickness during mechanical ventilation. Impact of inspiratory 
effort. Am J Respir Crit Care Med 2015; 192:1080–1088

 6. Hooijman PE, Beishuizen A, Witt CC, et al: Diaphragm muscle 
fiber weakness and ubiquitin-proteasome activation in critically 
ill patients. Am J Respir Crit Care Med 2015; 191:1126–1138

 7. Orozco-Levi M, Lloreta J, Minguella J, et al: Injury of the human di-
aphragm associated with exertion and chronic obstructive pulmo-
nary disease. Am J Respir Crit Care Med 2001; 164:1734–1739

 8. Ebihara S, Hussain SN, Danialou G, et al: Mechanical ventila-
tion protects against diaphragm injury in sepsis: Interaction of 
oxidative and mechanical stresses. Am J Respir Crit Care Med 
2002; 165:221–228

 9. Jiang TX, Reid WD, Belcastro A, et al: Load dependence of 
secondary diaphragm inflammation and injury after acute 
inspiratory loading. Am J Respir Crit Care Med 1998; 
157:230–236

 10. Goligher EC, Brochard LJ, Reid WD, et al: Diaphragmatic 
myotrauma: A mediator of prolonged ventilation and poor pa-
tient outcomes in acute respiratory failure. Lancet Respir Med 
2019; 7:90–98

 11. Yoshida T, Torsani V, Gomes S, et al: Spontaneous effort 
causes occult pendelluft during mechanical ventilation. Am J 
Respir Crit Care Med 2013; 188:1420–1427

 12. Brochard L, Slutsky A, Pesenti A: Mechanical ventilation to 
minimize progression of lung injury in acute respiratory failure. 
Am J Respir Crit Care Med 2017; 195:438–442

 13. Mauri T, Yoshida T, Bellani G, et al; PLeUral pressure working 
Group (PLUG—Acute Respiratory Failure section of the European 
Society of Intensive Care Medicine): Esophageal and transpul-
monary pressure in the clinical setting: Meaning, usefulness and 
perspectives. Intensive Care Med 2016; 42:1360–1373

 14. Lemaire F, Teboul JL, Cinotti L, et al: Acute left ventricular dys-
function during unsuccessful weaning from mechanical venti-
lation. Anesthesiology 1988; 69:171–179

 15. Teboul JL: Weaning-induced cardiac dysfunction: Where are 
we today? Intensive Care Med 2014; 40:1069–1079

 16. Heunks L, Ottenheijm C: Diaphragm-protective mechanical 
ventilation to improve outcomes in ICU patients? Am J Respir 
Crit Care Med 2018; 197:150–152

 17. Goligher EC, Dres M, Patel BK, et al: Lung- and diaphragm-
protective ventilation. Am J Respir Crit Care Med 2020; 
202:950–961

 18. Goligher EC, Jonkman AH, Dianti J, et al: Clinical strategies 
for implementing lung and diaphragm-protective ventilation: 
Avoiding insufficient and excessive effort [Internet]. Intensive 
Care Med 2020; 46:2314–2326

 19. Gayan-Ramirez G, Testelmans D, Maes K, et al: Intermittent spon-
taneous breathing protects the rat diaphragm from mechanical 
ventilation effects. Crit Care Med 2005; 33:2804–2809

 20. Martin AD, Joseph AM, Beaver TM, et al: Effect of intermittent 
phrenic nerve stimulation during cardiothoracic surgery on mi-
tochondrial respiration in the human diaphragm. Crit Care Med 
2014; 42:e152–e156

 21. Ahn B, Beaver T, Martin T, et al: Phrenic nerve stimulation 
increases human diaphragm fiber force after cardiothoracic 
surgery. Am J Respir Crit Care Med 2014; 190:837–839

 22. de Vries H, Jonkman A, Shi ZH, et al: Assessing breathing 
effort in mechanical ventilation: Physiology and clinical impli-
cations. Ann Transl Med 2018; 6:387

 23. Ranieri VM, Rubenfeld GD, Thompson BT, et al.: Acute respi-
ratory distress syndrome: The Berlin definition. JAMA 2012; 
307:2526–2533

 24. Levine S, Nguyen T, Taylor N, et al: Rapid disuse atrophy of 
diaphragm fibers in mechanically ventilated humans. N Engl J 
Med 2008; 358:1327–1335

 25. Jaber S, Petrof BJ, Jung B, et al: Rapidly progressive dia-
phragmatic weakness and injury during mechanical ventilation 
in humans. Am J Respir Crit Care Med 2011; 183:364–371

 26. Reid WD, Huang J, Bryson S, et al: Diaphragm injury and myo-
fibrillar structure induced by resistive loading. J Appl Physiol 
(1985) 1994; 76:176–184

 27. Reid WD, Belcastro AN: Time course of diaphragm injury and 
calpain activity during resistive loading. Am J Respir Crit Care 
Med 2000; 162:1801–1806

 28. van den Berg M, Hooijman PE, Beishuizen A, et al: Diaphragm 
atrophy and weakness in the absence of mitochondrial dys-
function in the critically Ill. Am J Respir Crit Care Med 2017; 
196:1544–1558

 29. Kim WY, Suh HJ, Hong SB, et al: Diaphragm dysfunction 
assessed by ultrasonography: Influence on weaning from me-
chanical ventilation. Crit Care Med 2011; 39:2627–2630

 30. Supinski GS, Callahan LA: Diaphragm weakness in mechani-
cally ventilated critically ill patients. Crit Care 2013; 17:R120

 31. Laghi F, Cattapan SE, Jubran A, et al: Is weaning failure caused 
by low-frequency fatigue of the diaphragm? Am J Respir Crit 
Care Med 2003; 167:120–127

 32. Laghi F, Shaikh H, Littleton SW, et al: Inhibition of central ac-
tivation of the diaphragm: A mechanism of weaning failure. J 
Appl Physiol 2020; 129:366–376

 33. Demoule A, Jung B, Prodanovic H, et al: Diaphragm dysfunc-
tion on admission to the intensive care unit. Prevalence, risk 
factors, and prognostic impact-A prospective study. Am J 
Respir Crit Care Med 2013; 188:213–219

 34. Supinski GS, Westgate P, Callahan LA: Correlation of maximal 
inspiratory pressure to transdiaphragmatic twitch pressure in 
intensive care unit patients. Crit Care 2016; 20:77

 35. Hermans G, Agten A, Testelmans D, et al: Increased duration 
of mechanical ventilation is associated with decreased dia-
phragmatic force: A prospective observational study. Crit Care 
2010; 14:R127



Feature Articles

Critical Care Medicine www.ccmjournal.org     203

 36. Laghi F, Sassoon CS: Weakness in the critically ill: “Captain of 
the men of death” or sign of disease severity? Am J Respir Crit 
Care Med 2017; 195:7–9

 37. Martin AD, Smith BK, Davenport PD, et al: Inspiratory 
muscle strength training improves weaning outcome in 
failure to wean patients: A randomized trial. Crit Care 2011;  
15:R84

 38. Bertoni M, Telias I, Urner M, et al: A novel non-invasive method 
to detect excessively high respiratory effort and dynamic 
transpulmonary driving pressure during mechanical ventilation. 
Crit Care 2019; 23:346

 39. Bellani G, Laffey JG, Pham T, et al; LUNG SAFE Investigators; 
ESICM Trials Group: Epidemiology, patterns of care, and 
mortality for patients with acute respiratory distress syn-
drome in intensive care units in 50 Countries. JAMA 2016; 
315:788–800

 40. Simonis FD, Serpa Neto A, Binnekade JM, et al: Effect of 
a low vs intermediate tidal volume strategy on ventilator-
free days in intensive care unit patients without ARDS: A 
randomized clinical trial. JAMA - J Am Med Assoc 2018; 
320:1872–1880

 41. Doorduin J, Nollet JL, Roesthuis LH, et al: Partial neuromus-
cular blockade during partial ventilatory support in sedated 
patients with high tidal volumes. Am J Respir Crit Care Med 
2017; 195:1033–1042

 42. Bellani G, Grasselli G, Teggia-Droghi M, et al: Do spontaneous 
and mechanical breathing have similar effects on average 
transpulmonary and alveolar pressure? A clinical crossover 
study. Crit Care 2016; 20:142

 43. Bourenne J, Hraiech S, Roch A, et al: Sedation and neuromus-
cular blocking agents in acute respiratory distress syndrome. 
Ann Transl Med 2017; 5:291

 44. Bellemare F, Grassino A: Effect of pressure and timing of con-
traction on human diaphragm fatigue. J Appl Physiol Respir 
Environ Exerc Physiol 1982; 53:1190–1195

 45. Telias I, Junhasavasdikul D, Rittayamai N, et al: Airway occlu-
sion pressure as an estimate of respiratory drive and inspir-
atory effort during assisted ventilation. Am J Respir Crit Care 
Med 2020; 201:1086–1098

 46. Tobin MJ, Jubran A, Laghi F: Respiratory drive measurements 
do not signify conjectural patient self-inflicted lung injury. Am 
J Respir Crit Care Med 2021; 203:142–143


