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Background: Mechanical power (MP) has been reported to be associated with clinical outcomes. 
Because the original MP equation is derived from paralyzed patients under volume-controlled ven-
tilation, its application in practice could be limited in patients receiving pressure-controlled venti-
lation (PCV). Recently, a simplified equation for patients under PCV was developed. We investigated 
the association between MP and intensive care unit (ICU) mortality.  
Methods: We conducted a retrospective analysis of Korean data from the Fourth International 
Study of Mechanical Ventilation. We extracted data of patients under PCV on day 1 and calculated 
MP using the following simplified equation: MPPCV = 0.098 ∙ respiratory rate ∙ tidal volume ∙ (ΔPinsp 
+ positive end-expiratory pressure), where ΔPinsp is the change in airway pressure during inspira-
tion. Patients were divided into survivors and non-survivors and then compared. Multivariable lo-
gistic regression was performed to determine association between MPPCV and ICU mortality. The in-
teraction of MPPCV and use of neuromuscular blocking agent (NMBA) was also analyzed. 
Results: A total of 125 patients was eligible for final analysis, of whom 38 died in the ICU. MPPCV 
was higher in non-survivors (17.6 vs. 26.3 J/min, P<0.001). In logistic regression analysis, only MP-
PCV was significantly associated with ICU mortality (odds ratio, 1.090; 95% confidence interval, 
1.029–1.155; P=0.003). There was no significant effect of the interaction between MPPCV and use 
of NMBA on ICU mortality (P=0.579). 
Conclusions: MPPCV is associated with ICU mortality in patients mechanically ventilated with PCV 
mode, regardless of NMBA use. 
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INTRODUCTION 

Mechanical ventilation is an essential component of critical care, but it can damage the 

lungs, an event called ventilator-induced lung injury (VILI). Therefore, the primary goal 

of mechanical ventilation is to maintain adequate gas exchange and to reduce the work of 

breathing while minimizing VILI [1]. To achieve this goal, lung protective strategies, in which 
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■ Mechanical power calculated using Becher’s simplified 
equation (MPPCV) was significantly associated with in-
tensive care unit (ICU) mortality in Korean patients on 
pressure-controlled ventilation.

■ The association between MPPCV and ICU mortality 
was not affected by the use of neuromuscular blocking 
agent.

KEY MESSAGES
tidal volume and plateau pressure are limited, have been 

widely adopted [2]. However, other ventilator variables such 

as respiratory rate and driving pressure have also been shown 

to be associated with the development of VILI [3,4]. Because 

of the interdependence of the variables and the requirement 

for adequate gas exchange, adjustment of one variable results 

in changes in the other variables. Thus, it is difficult to predict 

how the adjustment of one variable will affect VILI. 

Gattinoni et al. [5] proposed the mechanical power (MP) 

concept, which refers to the amount of energy transferred to 

the lungs as the result of mechanical ventilation and integrates 

various ventilator variables affecting VILI; these authors pro-

posed a calculation of MP based on the equation of motion. 

Experimental studies have found correlations between MP 

and lung injury [6-8]. In a large observational study, MP was 

associated with higher mortality, longer intensive care unit 

(ICU) and hospital lengths of stay, and fewer ventilator-free 

days [9]. Gattinoni and colleagues’ original equation for MP is 

based on volume-controlled ventilation with a linear increase 

in airway pressure and was validated in paralyzed patients [5]. 

Thus, this equation may not be useful in a significant num-

ber of mechanically ventilated patients because the use of 

pressure-regulated ventilation has been increasing [10], and 

restricted use of neuromuscular blocking agents (NMBAs) is 

advocated due to their detrimental effects [11,12]. 

Recently, Becher et al. [13] developed an equation to cal-

culate MP for patients under pressure-controlled ventilation 

(PCV) mode. This equation easily can be calculated with read-

ily available parameters and may serve as a useful monitoring 

index in patients on PCV but has not been studied extensively, 

especially in patients undergoing ventilation with or without 

NMBA. We aimed to examine the association between ICU 

mortality and MP calculated using Becher’s equation (MPPCV) 

in patients undergoing PCV and to investigate whether the use 

of NMBA affects this relationship. 

MATERIALS AND METHODS 

Design and Population 
This study was a retrospective analysis of a prospective Ko-

rean cohort that formed part of an international study [14]. 

The study protocol was approved by the Institutional Review 

Boards of all participating hospitals, and the need for informed 

consent was waived due to the non-interventional nature 

of the protocol. In 2016, 226 patients from 18 Korean ICUs 

participated in the Fourth International Study of Mechanical 

Ventilation of the VENTILA group [15]. That was a prospective, 

international, multicenter, non-interventional cohort study 

that enrolled adult patients who received invasive mechanical 

ventilation for at least 12 hours or non-invasive ventilation for 

more than 1 hour (https://clinicaltrials.gov/ct2/show/record/

NCT02731898). Patients who were ventilated with PCV on day 

1 were included in this study. 

Data Collection Time 
According to the parent study protocol, the day of initiation 

of mechanical ventilation was considered day 0, and the next 

day was considered day 1. Data were collected for the duration 

of mechanical ventilation or until day 28. For patients with 

invasive mechanical ventilation, blood gas analysis, ventilator 

mode and settings, and co-adjuvant therapies (sedatives, an-

algesics, NMBAs) were recorded daily at 8 am from day 1 (on 

day 0, data were collected within the first hour of starting me-

chanical ventilation). Documented ventilator settings were as 

follows: total and ventilator respiratory rates (per minute), tid-

al volume (mL), peak pressure (cm H2O), plateau pressure (cm 

H2O), and applied positive end-expiratory pressure (PEEP; cm 

H2O). We extracted and analyzed the day 1 data. Basal demo-

graphics, primary reasons for invasive mechanical ventilation, 

and discharge status were also collected. 

Calculation of MP 
We calculated the MP of patients under PCV using Becher’s 

simplified equation: 

MPPCV=0.098 ∙ RR ∙ VT ∙ (ΔPinsp + PEEP), 

where ΔPinsp is the change in airway pressure during inspira-

tion (cm H2O), RR is respiratory rate (per minute), VT is tidal 

volume (L), and 0.0998 is a correction factor to convert the 

units to J/min [13]. If the total respiratory rate and ventilator 

https://clinicaltrials.gov/ct2/show/record/NCT02731898
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respiratory rate were different, the total respiratory rate value 

was entered in the RR term of the equation. Peak pressure was 

substituted for the last term of the equation. 

Statistical Analysis 
Patients were divided into survivors and non-survivors. Cate-

gorical variables are reported as number and percentage and 

were compared using Fisher’s exact test or the chi-square test. 

Continuous variables are reported as median with interquar-

tile range and were compared using the t-test or Mann-Whit-

ney U-test, as appropriate. The normality of distributions was 

examined by the Kolmogorov-Smirnov test. Multivariable 

logistic regression analysis was performed to identify factors 

associated with ICU mortality. Variables with P-value less than 

0.2 in univariable analysis and clinical variables shown to be 

important in previous studies (age and sex) were included 

in the multivariable analysis to investigate prognostic factors 

for ICU mortality. We also analyzed the interaction between 

MPPCV and the use of NMBA to investigate an effect on the 

association between MPPCV and ICU mortality. Multivariable 

logistic regression analysis for ICU mortality was conducted 

and included the interaction term of MPPCV and NMBA use. 

In addition, we conducted subgroup analysis by categorizing 

patients based on the presence or absence of spontaneous 

breathing effort, using respiratory rate as the criterion. When 

the ventilator respiratory rate was equal to the total respiratory 

rate, this was considered absence of spontaneous breathing 

effort (controlled ventilation group). Conversely, if the total 

respiratory rate was higher than the ventilator respiratory rate, 

this was considered presence of spontaneous breathing effort 

(spontaneous breathing group). The logistic regression results 

are reported as odds ratio (OR) of each variable with 95% con-

fidence interval (CI). All tests were two-sided, and a P-value 

less than 0.05 was considered statistically significant. All statis-

tical analyses were performed using IBM SPSS ver. 20.0 (IBM 

Corp.) and SAS ver. 9.4 (SAS Institute Inc.). 

RESULTS 

Two hundred twenty-three patients were treated with invasive 

mechanical ventilation on day 1, and PCV mode was applied 

to 160 of them. MPPCV could be obtained for 125 patients. Of 

these, 87 survived and 38 died in the ICU (Figure 1). Overall, 

baseline characteristics were comparable between survivors 

and non-survivors (Table 1). Median age was 68 years, and 

two-thirds of patients were male. The majority of patients re-

ceived mechanical ventilation owing to acute respiratory fail-

ure. The use of analgesics was more frequent in non-survivors 

(72.4 % vs 92.1%, P=0.014). NMBA was used twice as frequent-

ly in non-survivors than survivors, but this difference was not 

significant (11.5% vs. 23.7%, P=0.081). 

MPPCV in the whole study population was 21.7 J/min and 

was significantly higher in non-survivors than survivors (17.6 

J/min vs. 26.3 J/min, P<0.001). Overall tidal volume per pre-

dicted body weight (VT/PBW) was 7.2 mL/kg and was high-

er in non-survivors than survivors (7.0 ml/kg vs. 8.2 ml/kg, 

P=0.025). PEEP was similar in the two groups (Table 2). 

Table 3 shows the results of logistic regression analysis. An-

algesic use, MPPCV, and VT/PBW were significantly associated 

with ICU mortality in univariable analysis and were included 

in the multivariable analysis. Age, sex, and other variables with 

p-value less than 0.2 in the univariable analysis were also in-

cluded in multivariable analysis. Among them, only MPPCV was 

significantly associated with ICU mortality (OR, 1.090; 95% CI, 

1.029–1.155; P=0.003). 

Regarding ICU mortality, there was no significant interaction 

Figure 1. Study flowchart. PCV: pressure-controlled ventilation; ICU: 
intensive care unit.

226 Patients who participated 4th international 
cohort study of mechanical ventilation

223 Patients who treated with invasive 
mechanical ventilation 

160 Patients under PCV mode

3 Non-invasive mechanical ventilation 

63 Ventilator mode other PCV 

35 Incomplete data for calculation of 
mechanical power 

125 Eligible for final analysis 

87 Survived in ICU 38 Died in ICU
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Table 1. Baseline characteristics
Variable All (n=125) Survivor (n=87) Non-survivor (n=38) P-value
Age (yr) 68 (57–78) 68 (58–78) 66 (55–75) 0.425
Male 83 (66.4) 58 (66.7) 25 (65.8) 0.924
Weight (kg) 60.0 (50.0–68.0) 60.0 (49.0–68.0) 60.0 (53.0–68.5) 0.531
Height (cm) 165.0 (158.0–170.0) 164.0 (157.0–170.0) 165.5 (159.8–170.0) 0.503
BMI (kg/m2) 22.0 (19.0–24.0) 22.0 (19.0–25.0) 22.0 (20.0–24.0) 0.851
SAPS II 50 (40–61) 50 (42–63) 48.5 (36–60) 0.205
Primary reason for mechanical ventilationa) 0.435
 Acute on chronic respiratory failure 8 (7.3) 5 (6.7) 3 (8.6)
  COPD 4 (3.6) 3 (4) 1 (2.9)
  Asthma 2 (1.8) 2 (2.7) 0
  Other chronic respiratory disease 2 (1.8) 0 2 (5.7)
 Acute respiratory failure 91 (82.7) 60 (80) 31 (88.6)
  ARDS 6 (5.5) 2 (2.7) 4 (11.4)
  Postoperative 0 0 0
  Congestive heart failure 11 (10.0) 9 (12.0) 2 (5.7)
  Aspiration 14 (12.7) 12 (16) 2 (5.7)
  Pneumonia 30 (27.3) 16 (21.3) 14 (40)
  Sepsis 20 (18.2) 12 (16) 8 (22.9)
  Trauma 1 (0.9) 1 (1.3) 0
  Cardiac arrest 5 (4.5) 5 (6.7) 0
  Other acute respiratory failure 4 (3.6) 3 (4) 1 (2.9)
  Coma 9 (8.2) 8 (10.7) 1 (2.9)
  Neuromuscular disease 2 (1.8) 2 (2.7) 0
pHb) 7.36 (7.29–7.45) 7.38 (7.29–7.46) 7.34 (7.27–7.41) 0.230
PaCO2 (mm Hg)b) 39.0 (31.0–46.0) 38.0 (31.0–51.0) 40.0 (31.0–43.3) 0.642
PaO2 (mm Hg)b) 87.0 (68.5–116.5) 85.0 (67.0–120.0) 89.5 (77.8–114.5) 0.239
PaO2/FiO2 ratiob) 157 (106–230) 165 (114–256) 137 (95–211) 0.105
Analgesicb) 98 (78.4) 63 (72.4) 35 (92.1) 0.014
Sedativeb) 86 (68.8) 57 (65.5) 29 (76.3) 0.231
NMBAb) 19 (15.2) 10 (11.5) 9 (23.7) 0.081

Values are presented as median (interquartile range) or number (%).
BMI: body mass index; SAPS: Simplified Acute Physiology Score; COPD: chronic obstructive pulmonary disease; ARDS: acute respiratory distress syndrome; PaCO2: 
partial pressure of carbon dioxide; PaO2: partial pressure of oxygen; FiO2: fraction of inspired oxygen; NMBA: neuromuscular blocking agent.
a) Data were not available in 12 patients among survivors and 3 patients among non-survivors; b) Data were collected at 8 am on day 1.

between the MPPCV and the use of NMBA (P=0.579). In patients 

who were not treated with NMBA, MPPCV was significantly as-

sociated with ICU mortality (OR, 1.081; 95% CI, 1.017–1.149; 

P=0.013). In patients who received NMBA, ICU mortality also 

tended to increase with higher MPPCV, although significance 

was not achieved (OR, 1.125; 95% CI, 0.987–1.283; P=0.078) 

(Table 4). 

In subgroup analysis, 51 patients (42.5%) were assigned 

to the controlled ventilation group. The MPPCV was higher 

in non-survivors than survivors (21.6 J/min vs. 26.7 J/min, 

P=0.045) in the controlled ventilation group (Supplementary 

Table 1). In multivariable analysis, we observed a significant 

association between high MPPCV and an increase in ICU mor-

tality rate (OR 1.177, 95% CI, 1.030–1.344; P=0.016) (Supple-

mentary Table 2). Similar results were found in the sponta-

neous breathing group (Supplementary Tables 3 and 4). 

DISCUSSION 

In the present study, we found that MPPCV, which can be cal-

culated with universally monitored parameters at the bedside, 

was significantly associated with ICU mortality. In fact, MPPCV 
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Table 2. Comparison of day 1 ventilator variables between survivors and non-survivors
Variable All (n=125) Survivor (n=87) Non-survivor (n=38) P-value
Mechanical power (J/min) 21.7 (14.3–26.6) 17.6 (12.7–23.7) 26.3 (20.7–33.9) <0.001
VT/PBW (ml/kg) 7.2 (6.2–8.7) 7.0 (6.0–8.1) 8.2 (6.6–9.2) 0.025
PEEP (cm H2O)a) 5.0 (5.0–8.0) 5.0 (5.0–8.0) 7.0 (5.0–8.0) 0.176

Values are presented as median (interquartile range).
VT/PBW: tidal volume per predicted body weight; PEEP: positive end-expiratory pressure.
a) Data were not available in one patient in survivors.

Table 3. Logistic regression analysis for intensive care unit mortality

Variable
Univariable analysis Multivariable analysis

OR (95% CI) P-value OR (95% CI) P-value
Age (yr) 0.989 (0.963–1.016) 0.423 0.992 (0.961–1.026) 0.652
Male 0.962 (0.430–2.150) 0.924 1.109 (0.441–2.789) 0.826
BMI (kg/m2) 1.009 (0.915–1.113) 0.850 - -
SAPS II 0.985 (0.963–1.008) 0.205 - -
Primary reason for mechanical ventilation, acute 

respiratory ailure
1.937 (0.592–6.337) 0.274 - -

pHa) 0.127 (0.004–3.683) 0.230
PaCO2 (mm Hg)a) 0.978 (0.948–1.009) 0.158 0.975 (0.938–1.013) 0.191
PaO2 (mm Hg)a) 1.003 (0.996–1.010) 0.426 - -
PaO2/FiO2 ratioa) 0.997 (0.993–1.001) 0.129 1.000 (0.995–1.004) 0.844
Analgesica) 4.444 (1.249–15.816) 0.021 3.568 (0.834–15.256) 0.086
Sedativea) 1.696 (0.711–4.043) 0.233 - -
NMBAa) 2.390 (0.882–6.474) 0.087 1.935 (0.606–6.178) 0.265
Mechanical power (J/min)a) 1.105 (1.053–1.159) <0.001 1.090 (1.029–1.155) 0.003
VT/PBWa) 1.239 (1.022–1.502) 0.029 1.079 (0.835–1.395) 0.561
PEEP (cm H2O)a) 1.086 (0.920–1.283) 0.329 - -

Variables with P-value less than 0.2 in univariable analysis and clinical variables with important meanings (age, sex) were included in the multivariable analysis.
OR: odds ratio; CI: confidence interval; BMI: body mass index; SAPS: Simplified Acute Physiology Score; PaCO2: partial pressure of carbon dioxide; PaO2: partial 
pressure of oxygen; FiO2: fraction of inspired oxygen; NMBA: neuromuscular blocking agent; VT/PBW: tidal volume per predicted body weight; PEEP: positive end-
expiratory pressure.
a) Data were collected at 8 am on day 1.

Table 4. Association between MPPCV and intensive care unit mortality 
according to the use of neuromuscular blocking agents
Variable OR (95% CI) P-value
Non-use of NMBA 1.081 (1.017–1.149) 0.013
Use of NMBA 1.125 (0.987–1.283) 0.078
Interaction of MPPCV and NMBA - 0.579

A high OR (>1) indicates that as the MPPCV increases, intensive care unit 
mortality also increases.
MPPCV: mechanical power obtained by Becher’s equation; OR: odds ratio; CI: 
confidence interval; NMBA: neuromuscular blocking agent.

was the only independent predictor of ICU mortality in the 

multivariable logistic regression analysis. In addition, the asso-

ciation between MPPCV and ICU mortality was not affected by 

the use of NMBA, which suggests MPPCV as a predictor of mor-

tality regardless of the use of NMBA. 

One of the most important findings in this study is that MPPCV 

was associated with poor outcomes in Korean patients under-

going mechanical ventilation in PCV mode for respiratory fail-

ure. Although several studies have investigated the associations 

between MP and clinical outcomes, most of the studies have 

enrolled patients undergoing ventilation in volume-controlled 

mode and calculated MP using Gattinoni’s equation. For ex-

ample, in one study that reported an association between poor 

outcome and MP calculated with Gattinoni’s equation, 90% of 

patients were treated with volume-controlled ventilation [16]. 

Other large-scale studies either did not provide information 

on ventilation modes [9,17,18] or included some patients who 
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were ventilated in PCV mode [19] but used Gattinoni’s equa-

tion to calculate MP. Since the use of pressure-regulated ven-

tilation is increasing globally, especially in Korea, the results 

of our study can be clinically helpful [10,14,20]. Moreover, we 

used Becher's simplified equation, which is easy to calculate 

at the bedside because it incorporates only variables that are 

readily obtained from the ventilator. 

Another notable aspect of this study is that we analyzed 

the effect of NMBA on the relationship between MP and ICU 

mortality. If we want to use MP as a surrogate for risk for VILI, 

it should be calculated with patients under passive condi-

tions because published equations for MP cannot account for 

changes in values induced by spontaneous effort of the patient. 

In Becher’s equation, the effect of spontaneous breathing ef-

forts on calculated MPPCV can be variable. Tidal volume should 

increase if there is spontaneous breathing effort at the same 

peak inspiratory pressure; at the same time, lower peak inspi-

ratory pressure is needed to achieve the same tidal volume 

when the patient has spontaneous breathing efforts. However, 

only a subset of patients treated with mechanical ventilation 

receives NMBA, and this proportion is gradually decreasing 

[10,21], which would lessen the clinical usefulness of MP as a 

bedside monitoring tool or ventilator-adjustment target if it 

has value only in passive patients. Indeed, only 15% of partic-

ipants received NMBA in our study. Previous studies on the 

association between MP and clinical outcomes have either 

tried to exclude patients with spontaneous efforts by excluding 

patients with a higher measured respiratory rate than the set 

respiratory rate [18,19] or included patients with spontaneous 

breathing in their analysis as well [17]. Our study is meaningful 

in that we assessed spontaneous breathing (or paralysis) based 

on NMBA use and subsequently analyzed the impact of NMBA 

use on the association between MP and clinical outcomes. We 

demonstrated that MPPCV was independently associated with 

ICU mortality irrespective of the use of NMBA. Serpa Neto et 

al. [9] also found no interaction between NMBA use and clin-

ical outcomes, although they used the MP equation, which is 

based on volume-controlled ventilation. 

Interestingly, MPPCV was the only variable associated with 

ICU mortality in multivariable analysis. VT/PBW was signifi-

cantly higher in non-survivors than survivors and was signifi-

cantly associated with ICU mortality in univariable analysis, 

but this significance did not persist in multivariable analysis. 

This should not be interpreted to mean that VT/PBW does 

not affect clinical outcomes. It is well-known that different 

variables used to calculate MP have different impacts on MP, 

and tidal volume is one of the variables with the strongest in-

fluence. For example, tidal volume, PEEP, and respiratory rate 

can all contribute to MP; however, when each respective value 

is doubled, MP increases by 4 times, 2 times, and 1.4 times [5]. 

Moreover, the effect of VT/PBW would be diluted in studies 

involving a relatively small number of patients if a low tidal 

volume ventilation strategy is being universally applied [21]. 

There are several limitations to this study. First and foremost, 

MPPCV as calculated by Becher’s equation may not represent 

the true MP delivered to the patient by the ventilator. Since Be-

cher’s equation calculates MP under the assumption of an ide-

al “square wave,” this assumption may not hold true in a spon-

taneously breathing patient. Moreover, as spontaneous efforts 

increase, the airway pressure will tend to deviate increasingly 

from this assumption. Also when there is spontaneous effort, 

tidal volume will increase at the fixed inspiratory pressure, 

which might result in overestimation of the MP delivered by 

the ventilator. However, distending pressure and tidal volumes 

created by spontaneous effort could also be damaging [22], 

and MPPCV calculated by Becher’s equation may prove to have 

prognostic significance even in spontaneously breathing pa-

tients, as was shown in this study. Further studies are needed 

on this subject. Second, since this was a retrospective study, 

we are not able to exclude the possibility of residual confound-

ing factors. Third, only MPPCV on day 1 was used for analysis. 

Thus, we did not evaluate MPPCV on days other than day 1 or 

changes in MPPCV and their potential impact on patient out-

comes. Fourth, due to the relatively small size of the study 

population, caution should be used when generalizing the 

results, as there may be other potentially important differences 

that were not found due to lack of statistical power. However, 

all patients starting mechanical ventilation were prospectively 

included from 18 Korean ICUs during the study period accord-

ing to an established protocol. Fifth, the presence or absence 

of NMBA use may not completely distinguish passive ventila-

tion and spontaneous breathing. Finally, we did not compare 

the equation to calculate MP in this study with other equations 

proposed to calculate MP in PCV mode [13,23,24]. However, 

other equations are more complex, and we wanted to evaluate 

the usefulness of Becher’s simplified equation because it can 

be readily applied at the bedside. 

In conclusion, MPPCV was associated with ICU mortality in 

patients mechanically ventilated with PCV mode regardless of 

NMBA use. High MPPCV during the initial phase of mechanical 

ventilation could be predictive of a poor prognosis. Further 

prospective studies are needed to establish a specific cut-off 
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value and to confirm that MPPCV can serve as a monitoring in-

dex or therapeutic target. 
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