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Mechanical power normalized 
to lung‑thorax compliance predicts prolonged 
ventilation weaning failure: a prospective study
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Abstract 

Background:  Mechanical power (MP) of artificial ventilation, the energy transferred to the respiratory system, is a 
chief determinant of adequate oxygenation and decarboxylation. Calculated MP, the product of applied airway pres-
sure and minute ventilation, may serve as an estimate of respiratory muscle workload when switching to spontane-
ous breathing. The aim of the study was to assess MP’s discriminatory performance in predicting successful weaning 
from prolonged tracheostomy ventilation.

Methods:  Prospective, observational study in 130 prolonged mechanically ventilated, tracheotomized patients in 
a specialized weaning center. Predictive weaning outcome ability of arterial blood gas analyses and indices derived 
from calculated MP at beginning and end of weaning was determined in terms of area under receiver operating char-
acteristic curve (AUROC) and measures derived from k-fold cross-validation (likelihood ratios, diagnostic odds ratio, F1 
score, and Matthews correlation coefficient [MCC]).

Results:  Forty-four (33.8%) patients experienced weaning failure. Absolute MP showed poor discrimination in 
predicting outcome; whereas specific MP (MP normalized to dynamic lung-thorax compliance, LTCdyn-MP) had 
moderate diagnostic accuracy (MCC 0.38; AUROC 0.79, 95%CI [0.71‒0.86], p < 0.001), further improved by correction 
for corresponding mechanical ventilation PaCO2 (termed the power index of the respiratory system [PIrs]: MCC 0.52; 
AUROC 0.86 [0.79‒0.92], p < 0.001). Diagnostic performance of MP indices increased over the course of weaning, with 
maximum accuracy immediately before completion (LTCdyn-MP: MCC 0.49; AUROC 0.86 [0.78‒0.91], p < 0.001; PIrs: MCC 
0.68; AUROC 0.92 [0.86‒0.96], p < 0.001).

Conclusions:  MP normalized to dynamic lung-thorax compliance, a surrogate for applied power per unit of ven-
tilated lung volume, accurately discriminated between low and high risk for weaning failure following prolonged 
mechanical ventilation.
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Background
Weaning from prolonged tracheostomy ventilation is 
often seen as an art rather than a scientifically based, 
standardized process. The main reason may be that 
these patients have so far attracted little attention from 
scientists, resulting in a lack of evidence-based recom-
mendations, with significant differences in approaches at 
dedicated weaning and home ventilation centers [1‒3]. 
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Furthermore, predictors of weaning and extubation 
outcome have so far been predominantly validated in 
patients following short-term mechanical ventilation [4]. 
Diagnostic accuracy of such predictors (e.g. maximum 
inspiratory pressure, minute ventilation, respiratory rate) 
varies considerably, perhaps due to limited agreement 
between these parameters and the underlying patho-
physiology of weaning failure, in prolonged ventilated 
patients namely an imbalance between work of breathing 
and capacity of respiratory muscles [5, 6]. The mechani-
cal power (MP) of artificial ventilation, the energy 
transferred to the respiratory system per time unit, is a 
chief determinant for the establishment of adequate gas 
exchange. Calculated MP, the product of the applied air-
way pressure and minute ventilation, may therefore serve 
as an estimate for the workload imposed on respiratory 
muscles when switching to spontaneous breathing, which 
is a crucial factor when evaluating patients’ ability to 
wean from mechanical ventilation. In a recent study, MP 
normalized to dynamic lung thorax compliance, assessed 
immediately before the first spontaneous breathing trial 
(SBT) upon admission to the weaning center, was inde-
pendently associated with failure of prolonged weaning 
[7].

The aim of the present study was to assess the diag-
nostic accuracy of MP in predicting the outcome of pro-
longed weaning in tracheotomized patients, treated at a 
specialized weaning center.

Methods
This was a prospective, observational study conducted 
at a national weaning center in Germany. The study 
was approved by the local institutional review board for 
human studies (Ethics Committee of the State Chamber 
of Physicians of Baden-Wuerttemberg, Germany, file 
number F-2018-116), and written informed consent was 
obtained from all patients or a legal representative.

Patient selection
Patients were included in the analyses if they were 
referred because of evident failure to wean from tra-
cheostomy ventilation, and if they met the criteria of 
prolonged weaning, classified as Category 3 as defined 
by Boles and colleagues [8]. Exclusion criteria were a 
confirmed diagnosis of neuromuscular disease, death 
prior to weaning completion, and declined consent for 
participation.

Ventilator weaning
Weaning was systematically performed according to the 
recommendations of Boles and colleagues [8], and the 
national guidelines on prolonged weaning [9], including 
protocol-based increasing periods of unassisted breath-
ing through a tracheostomy collar (weaning trials) [10]. 
In the intervals between SBT, all patients were ventilated 
in the pressure-controlled, assisted-controlled (A/C) 
mode (Vivo 50/55, Breas Medical AB, Moelnlycke, Swe-
den) to recover from the imposed work of breathing 
during SBT (further details can be found in the online 
supplement).

Variables analyzed to predict weaning outcome
Ventilator variables and the corresponding arterial blood 
gas analysis were collected 48 h after the first SBT upon 
admission to the weaning center and 48 h before weaning 
completion, with the median of these values used for the 
analyses (Fig. 1).

The following parameters were calculated from the 
collected variables: dynamic lung-thorax compliance 
(LTCdyn) [11], mechanical power [12, 13], and ventila-
tory ratio (VR) [14]. Specific MP indices were calcu-
lated by normalizing absolute values to predicted body 
weight (a surrogate of the total lung capacity, PBW-MP) 
[15], and to LTCdyn (reflecting actual ventilated lung vol-
ume, LTCdyn-MP) [7]. Finally, LTCdyn-MP was corrected 
for the corresponding mechanical ventilation PaCO2 [7] 

Fig. 1  Study flow and timeline regarding the assessment of variables used to predict weaning outcome. Weaning success was defined 
as spontaneous breathing without signs of ventilatory failure for more than seven consecutive days after last ventilator attachment. NMD 
neuromuscular disease, SBT spontaneous breathing trial
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(simulating isocapnic conditions), termed the “power 
index of the respiratory system” (PIrs), a surrogate of 
applied specific power necessary to provide adequate 
decarboxylation (further details can be found in the 
online supplement).

Classification of outcomes
Patients were classified at the end of ventilator weaning 
into two categories: patients with weaning success, and 
those with weaning failure.

Successful weaning was defined as spontaneous 
breathing for more than seven consecutive days without 
concomitant clinical or laboratory signs of chronic ven-
tilatory insufficiency after weaning completion. Weaning 
completion was determined by the last day on which the 
patient was attached to the ventilator. Weaning failure 
referred to a state of chronic ventilatory insufficiency in 
the course of weaning, defined as recurrent hypercapnia 
during daily weaning trials, preventing the extension of 
spontaneous respiration (PaCO2 > 45.0 mmHg on at least 
two occasions), or hypercapnia occurring during spon-
taneous breathing within seven consecutive days after 
weaning completion [7] (median PaCO2 > 45.0  mmHg 
derived from the highest measured PaCO2 on each of the 
seven days), usually requiring resumption of ventilation 
with transition to home mechanical ventilation (either by 
face mask or by tracheostomy tube).

Based on these criteria, the decision to terminate the 
weaning process was finally made by an interdisciplinary 
team including the attending physician and the respira-
tory therapist. Domiciliary ventilation was prescribed 
for at least 6  h per day [16], with the duration adjusted 
to patients’ need, aiming at sufficiently unloading res-
piratory muscles, indicated by normocapnia during both 
mechanical and self-ventilation.

Sample size determination and statistical analysis
Descriptive and frequency statistics were used to sum-
marize patients’ demographics and baseline characteris-
tics. Differences between groups in categorical variables 
were analyzed using Chi-square or Fisher’s exact tests, 
as appropriate. Continuous variables were subjected to 
Kolmogorov–Smirnov normality test for homogeneity 
of variance, and, depending on statistical distribution, 
either Student’s t-test or Mann–Whitney U-test was used 
to examine differences in these parameters.

To assess the ability of the variables to predict weaning 
outcome, we performed a receiver operating character-
istic (ROC) curve analysis in the entire study population 
with diagnostic performance expressed as area under the 
ROC curve (AUROC). We also performed a prospective, 
stratified, 2-times repeated, twofold cross-validation [17] 
(see Additional file 1: Figure S1, Figure S2, Table S1), with 

the resulting performance of each index derived from the 
test sets expressed as sensitivity, specificity, positive/neg-
ative predictive value, accuracy, positive/negative like-
lihood ratio, diagnostic odds ratio (DOR), F1 score, and 
Matthews correlation coefficient (MCC).

Pearson’s r was used for assessment of correlation 
between the index tests and daily duration of mechanical 
ventilation following (unsuccessful) weaning completion.

Based on an α-level (type-I error) of 0.05 with power 
(1‒β) of 80% and prevalence of weaning failure (as 
defined above) of 40% [7], we calculated a sample size 
of 124 patients to capture variables with at least moder-
ate diagnostic accuracy (AUROC > 0.70) from the train-
ing sets. All tests were two-tailed; statistical significance 
was indicated by p < 0.05. All analyses were performed 
using MedCalc statistical software version 19.2.5 (Med-
Calc Software Ltd, Ostend, Belgium). Further details 
on the statistical methods can be found in the online 
supplement.

Results
Of 139 consecutive patients screened for eligibility 
between March 2019 and August 2020, 130 (93.5%) were 
included in the analyses. Reasons for exclusion were a 
confirmed diagnosis of neuromuscular disease in three 
patients, four patients died during weaning, and two 
patients declined consent.

Clinical characteristics differed between patients with 
successful and unsuccessful weaning mainly in terms of 
smoking history, presence of chronic obstructive pulmo-
nary disease (COPD) as a comorbidity, and acute exac-
erbation of COPD as the reason for respiratory failure 
(Table 1).

Weaning failure occurred in 44 patients (33.8%), 42 of 
whom remained ventilated on hospital discharge (19 on 
non-invasive home mechanical ventilation and 23 dis-
charged with permanent tracheostomy ventilation) (see 
Additional file 1: Table S2).

Patients’ baseline clinical characteristics and outcomes 
were equally distributed after each randomization to one 
of the two groups (see Additional file 1: Table S1). Table 2 
shows the mean threshold values derived from the train-
ing sets that best predicted weaning failure.

A good diagnostic performance in predicting failure of 
prolonged weaning from values collected 48  h after the 
first SBT was shown for PaCO2 on mechanical ventilation 
(DOR 11.1, MCC 0.50, AUROC 0.81 [0.73‒0.87]), and 
the PIrs (DOR 15.3, MCC 0.52, AUROC 0.86 [0.79‒0.92]) 
(Tables 3 and 4).

An excellent performance in predicting unsuccessful 
weaning from values assessed 48 h before weaning com-
pletion was observed for LTCdyn-MP (DOR 18.5, MCC 
0.49, AUROC 0.86 [0.78‒0.91]) and especially for PIrs 
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(sensitivity 88%, specificity 83%, DOR 52.8, MCC 0.68, 
AUROC 0.92 [0.86‒0.96]). In contrast, absolute mechani-
cal power had moderate diagnostic accuracy for both 
timepoints, whereas PIrs predicted weaning failure sig-
nificantly better than MP or LTCdyn-MP (Fig. 2).

In the 62 patients with median PIrs
2.0 < 3704 cmH2O2/

min (corresponding to the mean threshold 48 h before 

weaning completion derived from the training sets, 
Table 2) at both the beginning and the end of weaning, 
only three patients (4.8%) remained ventilator-depend-
ent on discharge.

Since the diagnostic accuracy of an index derived 
from cross-validation largely depends on the selected 
threshold, a second analysis was performed using the 
criteria associated with the Youden index, resulting 

Table 1  Clinical characteristics on admission to the weaning center— comparison of patients with weaning success and weaning 
failure

Continuous variables are presented as arithmetic means (± standard deviation) or median (– interquartile range [IQR]); categorical variables are presented as number 
(%)

BMI body mass index, APACHE-II Acute Physiology and Chronic Health Evaluation II score, ECLA extracorporeal lung assistance (in acute respiratory failure), SARS-CoV-2 
severe acute respiratory syndrome-Coronavirus 2, COPD chronic obstructive pulmonary disease
a P value for differences between patients with weaning success and weaning failure
b Student’s t-test
c Mann–Whitney U-test
d Chi-squared test
e Fisher’s exact test

Clinical characteristics All patients
(n = 130)

Weaning success
(n = 86)

Weaning failure
(n = 44)

P valuea

Age (years) 69 (60–76) 68 (59–76) 70 (63–75) 0.609c

Gender (male) 82 (63.1) 59 (68.8) 23 (52.3) 0.069d

Body mass index (kg/m2) 27.9 (± 6.9) 27.3 (± 6.6) 29.1 (± 7.4) 0.369c

 Obesity (BMI ≥ 30 kg/m2) 40 (30.8) 24 (27.9) 16 (36.4) 0.325d

Smoking history 48 (36.9) 21 (24.5) 27 (61.4)  < 0.001d

APACHE-II (points) 15.9 (± 5.3) 15.8 (± 5.3) 15.9 (± 5.4) 0.905b

Albumin (g/dL) 2.2 (± 0.5) 2.2 (± 0.6) 2.2 (± 0.5) 0.338c

Ventilator days on admission 25 (16–34) 27 (17–35) 23 (16–30) 0.123c

Time from Intubation to tracheostomy (days) 12 (7–18) 13 (7–19) 10 (6–15) 0.057c

ECLA 14 (10.8) 13 (15.1) 1 (2.3) 0.026d

Reason for mechanical ventilation

Pneumonia 51 (39.2) 31 (36.0) 20 (45.5) 0.300d

 SARS-CoV-2 infection 4 (3.1) 4 (4.7) 0 (0.0) –

Surgery 32 (24.6) 25 (29.1) 7 (15.9) 0.101d

Cardiopulmonary resuscitation 10 (7.7) 8 (9.3) 2 (4.5) 0.337d

Acute exacerbation of COPD 10 (7.7) 2 (2.3) 8 (18.2) 0.001d

Acute heart failure 6 (4.6) 5 (5.8) 1 (2.3) 0.663e

Sepsis (including septic shock) 7 (5.4) 5 (5.8) 2 (4.5) 1.000e

Other 17 (13.1) 10 (11.6) 7 (15.9) 0.495d

Comorbidities

Charlson comorbidity index (points) 5.5 (± 2.3) 5.4 (± 2.4) 5.6 (± 2.1) 0.611c

Renal insufficiency 46 (35.4) 36(41.9) 10 (22.7) 0.032d

 Hemodialysis 24 (18.5) 21 (24.4) 3 (6.8) 0.289d

Diabetes mellitus 35 (26.9) 20 (23.3) 15 (34.1) 0.189d

Coronary artery disease 33 (25.4) 23 (26.7) 10 (22.7) 0.620d

COPD 30 (23.1) 5 (5.8) 25 (56.8)  < 0.001d

Chronic heart failure 17 (13.1) 14 (16.3) 3 (6.8) 0.132d

Malignancy 10 (7.7) 7 (8.1) 3 (6.8) 0.790d

Hepatopathy 7 (5.4) 5 (5.8) 2 (4.5) 1.000e

Interstitial lung disease 8 (6.2) 6 (7.0) 2 (4.5) 0.716e
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in similar diagnostic performance of variables derived 
from mechanical power (see Additional file 1: Table S3).

When comparing the discriminatory performance 
of PBW-MP and LTCdyn-MP, both of which are indices 
relating transferred power to surrogates of lung volume, 
LTCdyn-MP consistently performed better in predicting 
weaning outcome (Table 4). These differences in AUROC 
reached statistical significance 48 h before weaning com-
pletion (0.75 [0.66‒0.82] vs 0.86 [0.78‒0.91], p = 0.004).

Comparison of the diagnostic performance of PIrs
2.0 

from patients with less and more than 50% of variables 
recorded during pressure-assisted ventilation revealed 
neither a significant difference in predicting weaning 
outcome from values collected 48  h after the first SBT 
(AUROC 0.92 [0.83‒0.98] vs 0.80 [0.69‒0.89], p = 0.056), 
nor from values assessed 48 h before weaning completion 
(0.95 [0.85‒0.99] vs 0.91 [0.83‒0.96], p = 0.423).

Finally, Pearson’s r showed a significant correlation of 
LTCdyn-MP (r = 0.44, 95%CI 0.29‒0.57; p < 0.001) and PIrs 
(0.61 [0.49‒0.71]; p < 0.001) at end of weaning with the 
duration of daily home ventilation (12.0 ± 7.9 h in wean-
ing failure patients).

Further details on differences in ventilator variables and 
mechanical power indices between the successful and 

Table 2  Threshold values of variables used to predict weaning 
outcome—mean values derived from the training sets

 > / ≤ indicate whether values above/below the threshold value predicted 
failure of prolonged weaning. The associated criterion is the threshold value 
that minimized the difference between sensitivity and specificity of the test, 
graphically corresponding to the intersection of the line connecting the left-
upper corner and the right-lower corner of the unit square and the ROC curve

SBT spontaneous breathing trial, MV mechanical ventilation, VR ventilatory 
ratio, LTCdyn dynamic lung-thorax compliance, MP mechanical power, PBW-MP 
mechanical power normalized to predicted body weight, LTCdyn-MP mechanical 
power normalized to dynamic lung-thorax compliance, PIrs power index of the 
respiratory system

Variables Failure of prolonged weaning

Post-SBT Pre-
weaning 
completion

PaCO2 on MV (mmHg)  > 35.3  > 34.6

VR  > 1.23  > 1.23

LTCdyn (mL/cmH2O)  ≤ 31.2  ≤ 33.6

MP (J/min)  > 20.8  > 20.3

PBW-MP (J/min/kg)  > 0.3164  > 0.3158

LTCdyn-MP (cmH2O2/min)  > 6496  > 6341

PIrs
1.0 (cmH2O2/min)  > 5020  > 4915

PIrs
2.0 (cmH2O2/min)  > 3895  > 3704

Table 3  Cross-validated performance of variables analyzed to predict weaning outcome—mean values derived from the test sets

Assessment of mean sensitivity and specificity, positive and negative predictive value, positive and negative likelihood ratio, diagnostic odds ratio, F1 score, and 
Matthews correlation coefficient (with 95% confidence intervals)

SBT spontaneous breathing trial, Sens sensitivity, Spec specificity, PPV positive predictive value, NPV negative predictive value, PLR positive likelihood ratio, NLR 
negative likelihood ratio, DOR diagnostic odds ratio, F1 F1 score, MCC Matthews correlation coefficient, MV mechanical ventilation, VR ventilatory ratio, LTCdyn dynamic 
lung-thorax compliance, MP mechanical power, PBW-MP mechanical power normalized to predicted body weight, LTCdyn-MP mechanical power normalized to 
dynamic lung-thorax compliance, PIrs power index of the respiratory system

Variables Failure of prolonged weaning

Sens Spec PPV NPV Accuracy PLR NLR DOR F1 MCC

Post-SBT

PaCO2 on MV 78 (56–93) 73 (58–85) 61 (47–73) 87 (75–94) 75 (63–85) 3.1 (1.7–5.5) 0.3 (0.7–0.1) 11.1 0.68 0.50

VR 73 (50–89) 71 (55–84) 56 (43–69) 84 (72–91) 72 (59–82) 2.6 (1.5–4.4) 0.4 (0.8–0.2) 7.2 0.63 0.42

LTCdyn 68 (46–85) 71 (55–84) 54 (40–67) 82 (71–89) 70 (57–81) 2.4 (1.4–4.1) 0.4 (0.8–0.3) 7.7 0.60 0.38

MP 66 (44–84) 64 (48–78) 48 (36–53) 79 (67–87) 65 (52–76) 1.8 (1.1–3.0) 0.5 (1.0–0.3) 4.5 0.55 0.28

PBW-MP 68 (45–86) 68 (52–81) 53 (40–66) 81 (69–89) 68 (55–79) 2.3 (1.3–4.1) 0.5 (0.9–0.3) 5.6 0.59 0.35

LTCdyn-MP 73 (51–88) 67 (54–80) 53 (41–65) 83 (71–90) 69 (56–80) 2.3 (1.4–3.9) 0.4 (0.8–0.2) 7.3 0.61 0.38

PIrs
1.0 74 (52–89) 73 (58–86) 58 (45–71) 85 (73–92) 73 (61–84) 2.9 (1.6–4.1) 0.4 (0.7–0.2) 11.3 0.65 0.45

PIrs
2.0 78 (56–92) 76 (61–88) 63 (49–75) 87 (75–94) 77 (65–86) 3.4 (1.9–6.2) 0.3 (0.6–0.1) 15.3 0.70 0.52

Pre-weaning completion

PaCO2 on MV 77 (55–92) 76 (60–87) 62 (48–74) 87 (75–93) 76 (64–86) 3.2 (1.8–5.8) 0.3 (0.7–0.1) 11.6 0.69 0.51

VR 70 (47–88) 66 (50–79) 52 (39–64) 81 (69–90) 67 (55–78) 2.1 (1.3–3.5) 0.5 (0.9–0.2) 4.8 0.59 0.35

LTCdyn 69 (44–88) 76 (61–87) 56 (41–69) 86 (75–92) 74 (62–84) 3.2 (1.7–6.3) 0.4 (0.8–0.2) 9.4 0.61 0.43

MP 70 (48–87) 60 (44–74) 48 (37–59) 80 (67–89) 63 (51–75) 1.8 (1.1–2.9) 0.5 (1.0–0.2) 3.8 0.57 0.29

PBW-MP 68 (45–86) 67 (51–80) 51 (39–64) 81 (68–89) 67 (55–78) 2.1 (1.2–3.5) 0.5 (0.9–0.3) 4.6 0.58 0.33

LTCdyn-MP 74 (53–88) 77 (62–89) 62 (47–75) 86 (75–92) 76 (64–86) 3.3 (1.8–6.2) 0.3 (0.7–0.2) 18.5 0.67 0.49

PIrs
1.0 82 (61–94) 81 (66–91) 68 (53–81) 90 (78–95) 81 (70–90) 4.4 (2.3–8.5) 0.2 (0.6–0.1) 42.9 0.74 0.61

PIrs
2.0 88 (67–97) 83 (69–93) 73 (58–84) 93 (81–97) 85 (74–92) 5.9 (2.8–13) 0.2 (0.5–0.1) 52.8 0.79 0.68
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unsuccessful weaning group (Additional file 1: Table S4), 
and ROC curves of selected variables (Additional file  1: 
Figure S3) can be found in the online data supplement 
(see Additional file 1).

Discussion
The aim of the present study was to determine the diag-
nostic accuracy of MP in predicting successful wean-
ing from prolonged tracheostomy ventilation. Absolute 
MP showed poor discriminatory performance, whereas 

specific MP (MP normalized to surrogates of lung dimen-
sion, including well-inflated lung tissue determined by 
computed tomography analysis [18], functional residual 
capacity, PBW or LTCdyn) had good diagnostic accuracy, 
further improved by correction for the corresponding 
PaCO2 on mechanical ventilation. Moreover, discrimina-
tory performance of the MP indices increased over the 
course of weaning, with maximum accuracy observed 
immediately before weaning completion.

The concept of MP is relatively new and has been stud-
ied mainly in the context of acute respiratory distress syn-
drome, since calculated MP includes all ventilator-related 
variables (e.g. respiratory rate, tidal volume, inspira-
tory pressure) that, if inexpertly applied, may result in 
ventilator-induced lung injury [19]. In a previous obser-
vational study in prolonged mechanically ventilated, tra-
cheotomized patients, LTCdyn-MP was independently 
associated with weaning outcome [7], most probably 
because it agrees well with the pathophysiological basis 
of prolonged weaning, which is mainly perceived as an 
imbalance between load (equal to the MP generated by 
respiratory muscles necessary to provide adequate gas 
exchange) and capacity of the respiratory pump [5‒6].

Specific MP, given it considers lung volume, adjusts 
for age, gender, and body height [20]. Furthermore, 
LTCdyn-MP accounts for changes in airway resistance and 
chest wall elastance, both of which substantially contrib-
ute to the total energy required to inflate the lungs. From 
a physical perspective, LTCdyn-MP represents a pressure–
time quotient (referred to as “stress intensity”) describing 
the relationship between respiratory rate, pressure and 

Table 4  Area under the ROC curve for each variable—all 
patients

The accuracy of each variable in the whole study population presented as the 
area under the ROC curve with 95% confidence intervals

SBT spontaneous breathing trial, MV mechanical ventilation, VR ventilatory 
ratio, LTCdyn dynamic lung-thorax compliance, MP mechanical power, PBW-MP 
mechanical power normalized to predicted body weight, LTCdyn-MP mechanical 
power normalized to dynamic lung-thorax compliance, PIrs power index of the 
respiratory system

Variables Failure of prolonged weaning

Post-SBT Pre-weaning completion

PaCO2 on MV 0.81 (0.73–0.87) 0.86 (0.78–0.91)

VR 0.78 (0.70–0.85) 0.74 (0.66–0.81)

LTCdyn 0.74 (0.65–0.81) 0.82 (0.75–0.89)

MP 0.74 (0.65–0.81) 0.70 (0.61–0.77)

PBW-MP 0.76 (0.68–0.83) 0.75 (0.66–0.82)

LTCdyn-MP 0.79 (0.71–0.86) 0.86 (0.78–0.91)

PIrs
1.0 0.84 (0.76–0.90) 0.91 (0.84–0.95)

PIrs
2.0 0.86 (0.79–0.92) 0.92 (0.86–0.96)

Fig. 2  Comparison of ROC curves for mechanical power, LTCdyn-MP, and the power indexrs
2.0 predicting the outcome of prolonged weaning—all 

patients. ROC receiver operating characteristic curve, LTCdyn-MP mechanical power normalized to dynamic lung-thorax compliance
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power. Increasing respiratory rate leads to a linear rise in 
energy transfer, while an increase in pressure (concomi-
tantly increasing tidal volume) results in an exponential 
increment in power [19].

The formula also reveals the effects of a change in 
PEEP on the applied specific power in the pressure-
controlled ventilation mode. Provided all other variables 
remain constant, an increase in PEEP (accompanied by a 
decrease in driving pressure) results in a reduction in the 
specific power. Even if an increase in PEEP would lead to 
recruitment of lung tissue (accompanied by an increase 
in tidal volume), absolute MP might increase but specific 
power remains constant, since ventilated lung volume 
increases to the same extent (reflected by the change in 
respiratory system compliance). If PEEP reaches the pre-
set inspiratory pressure (driving pressure equals zero), 
there is no more power transfer from the ventilator to the 
respiratory system.

The PIrs further normalizes applied specific MP to the 
associated PaCO2 (a surrogate for alveolar ventilation), 
simulating isocapnic conditions and thereby resulting 
in improved accuracy in predicting the outcome of pro-
longed weaning. However, this only approximates res-
piratory physiology, since an increase in pressure (despite 
increasing tidal volume) will probably not decrease 
PaCO2 when applying an extremely high inspiratory pres-
sure above the upper inflection point of the respiratory 
system pressure–volume curve, resulting in increased 
dead space ventilation due to regional lung over-disten-
sion [21]. Moreover, PIrs does not account for another 
phenomenon called pendelluft, which may occur during 
assisted ventilation with low pressure support, leading to 
increased inspiratory effort with pendular movement of 
gas between different lung regions, thereby decreasing 
CO2 removal [22]. Nevertheless, our results suggest that 
PIrs is sufficiently accurate in estimating the MP gener-
ated either by the ventilator or by respiratory muscles 
necessary to provide adequate gas exchange, with the 
observed increase in diagnostic accuracy of MP indices 
over the course of weaning most probably explained by 
our therapeutic interventions, which aimed at improv-
ing respiratory mechanics and pulmonary gas exchange, 
leading to a fall of respiratory muscle workload below 
the individual fatigue threshold in successfully weaned 
patients. The observed correlation between specific MP 
and daily duration of prescribed domiciliary ventilation, 
which was necessary to sufficiently unload the respira-
tory pump, further indicates the utility of these indi-
ces in estimating respiratory muscle workload during 
self-ventilation.

Several predictors of weaning and extubation outcome 
have previously displayed substantial differences in diag-
nostic accuracy in short-term mechanically ventilated 

patients [4]. In general, these parameters are determined 
after a short period of spontaneous breathing (a few 
minutes after the beginning or at the end of a weaning 
trial) with or without minimal ventilator assistance. Sev-
eral of these parameters showed only poor to moderate 
diagnostic performance in predicting weaning outcome 
(e.g. maximum inspiratory pressure [23], respiratory rate, 
tidal volume, or oxygenation [24]). Several attempts have 
been made to increase accuracy by combining individual 
parameters into integrative indices. Examples are the 
CROP [23, 24], CORE [26], Weaning [27], and Integrative 
weaning [28] indices. CROP and CORE unify respiratory 
system compliance, (maximum) inspiratory pressure, 
tidal volume, oxygenation, and respiratory rate, thereby 
significantly increasing discriminatory performance in 
predicting the outcome of a weaning trial [25, 26]. How-
ever, assessment of some of these variables is complex 
(depending on patient’s respiratory drive), and none of 
these indices account for the exponential relationship 
between pressure and power, and none have been vali-
dated in prolonged mechanically ventilated patients. In 
contrast, mechanical power indices (LTCdyn-MP and PIrs) 
derive from a physical equation, have a sound patho-
physiological rationale, and can be easily assessed during 
mechanical ventilation without disconnecting the patient 
from the ventilator.

PIrs approximates the load imposed on respiratory 
muscles during spontaneous breathing. However, since 
development of hypercapnic respiratory failure is deter-
mined by an imbalance between work of breathing and 
respiratory pump capacity [5, 6], one also has to consider 
the latter when judging a patient’s ability to wean from 
prolonged ventilation. Several studies have assessed tra-
jectories of respiratory muscle function in patients in 
intensive care, and the impact of this trajectory on mor-
tality and ventilator weaning. While development of, and 
risk factors for, ventilator-induced diaphragmatic weak-
ness are well described [29‒31], little is known about 
potential reversibility. In a physiological study, Grassi and 
co-workers demonstrated a correlation between mode of 
ventilation and changes in diaphragmatic thickness [32]. 
After early thinning during a short period of controlled 
ventilation, thickness and thickening fraction recuperated 
in about 50% of patients within one week after switching 
to assisted ventilation. Moreover, Jubran and colleagues 
showed that respiratory strength (assessed by maximum 
inspiratory pressure) was well maintained in prolonged 
mechanically ventilated, tracheotomized patients, and 
did not significantly change between hospital admission 
and discharge. They concluded that an increase in mus-
cle strength was not the major determinant of ventilator 
detachment, but that reduced strength may be a factor 
in weaning failure [1]. Both studies indicate that in most 
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patients respiratory muscle strength recovers early in 
the course of weaning (e.g. from the moment of switch-
ing to assisted ventilation), with weaning outcome mainly 
determined by the load imposed during spontaneous 
breathing, consistent with the present results. Never-
theless, prevalence and magnitude of respiratory muscle 
weakness related to ventilator-associated diaphragmatic 
dysfunction, bilateral phrenic nerve injury, or pre-exist-
ing neuromuscular disease significantly impact the indi-
vidual fatigue threshold above which ventilatory failure 
occurs, consequently determining the diagnostic accu-
racy of MP indices in predicting weaning outcome.

Our study has several strengths. The broad range of 
medical and surgical patients included increases the 
applicability of the results. Threshold values and their 
(internal) validation were assessed prospectively, with the 
cross-validation technique providing a more thorough 
estimation of diagnostic performance and generaliz-
ability by reducing selection bias (compared to allocat-
ing patients to groups based on the time they entered 
the study). Both the index tests and the reference stand-
ard (PaCO2 during spontaneous breathing) are objective 
criteria, further reducing the likelihood of bias when 
determining diagnostic accuracy in predicting wean-
ing outcome. However, this study also has some limita-
tions. Since this was a single-center analysis, external 
validity is uncertain, despite the broad range of patients 
we recruited. In addition, MP was calculated using a sur-
rogate formula, proposed for pressure-controlled ven-
tilation [12]. However, in a recent study this simplified, 
surrogate formula, working under the assumption of a 
perfectly squared delivered pressure wave, performed 
better than a more comprehensive formula, without the 
need for complex calculations [13]. Furthermore, 50.5% 
of all variables analyzed were recorded during assisted-
ventilation. Since in a single patient the same inspiratory 
pressure and PEEP was applied during both a controlled 
and an assisted breath (in the assisted-controlled mode), 
leading to identical transrespiratory pressures, absolute 
MP simply depended on the resulting minute ventilation. 
In contrast, at a given inspiratory and expiratory pres-
sure, LTCdyn-MP does not account for changes in minute 
ventilation when increasing tidal volume due to activa-
tion of the diaphragm on assisted-ventilation, potentially 
leading to a distortion of PaCO2 and consequently PIrs.

Conclusions
In conclusion, mechanical power normalized to 
dynamic lung thorax compliance, a surrogate for the 
applied power per unit of ventilated lung volume, 
may serve as an estimate of the workload imposed on 
respiratory muscles during spontaneous breathing, 

thereby predicting patients’ ability to wean from pro-
longed tracheostomy ventilation. Future changes 
in clinical practice of tracheostomy weaning could 
involve weaning protocols including this new predic-
tor in order to help clinicians in guiding the weaning 
process (e.g. to control the degree of daily extension 
of spontaneous breathing), with the aim of reducing 
weaning duration. Further studies are needed to con-
firm our results.
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