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normalized to predicted body weight

Background: Mechanical power (MP), defined as the amount of energy produced by mechanical ventilation and
released into the respiratory system, was reportedly a determining factor in the pathogenesis of ventilator-induced
lung injury. However, previous studies suggest that the effects of MP were proportional to their involvement in the
total lung function size. Therefore, MP normalized to the predicted body weight (norMP) should outperform the abso-
lute MP value. The objective of this research is to determine the connection between norMP and mortality in critically
ill patients who have been on invasive ventilation for at least 48 h.

Methods: This is a study of data stored in the databases of the MIMIC-III, which contains data of critically ill patients
for over 50,000. The study involved critically ill patients who had been on invasive ventilation for at least 48 h. norMP
was the relevant exposure. The major endpoint was ICU mortality, the secondary endpoints were 30-day, 90-day mor-
tality; ICU length of stay, the number of ventilator-free days at day 28.

Result: The study involved a total of 1301 critically ill patients. This study revealed that norMP was correlated with ICU
mortality [OR per quartile increase 1.33 (95% Cl 1.16-1.52), p< 0.001]. Similarly, norMP was correlated with ventila-
tor-free days at day 28, ICU length of stay. In the subgroup analysis, high norMP was associated with ICU mortality
whether low or high Vt (OR 1.31,95% CI 1.09-1.57, p=0.004; OR 1.32,95% C| 1.08-1.62, p=0.008, respectively). But
high norMP was associated with ICU mortality only in low PIP (OR 1.18,95% Cl 1.01-1.38, p=0.034).

Conclusion: Our findings indicate that higher norMP is independently linked with elevated ICU mortality and various
other clinical findings in critically ill patients with a minimum of 48 h of invasive ventilation.
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Background

When performing surgery or in critically ill patients,
mechanical ventilation is a vital component of sup-
portive treatment since it preserves respiratory func-
tion and minimizes respiratory effort [1-3]. However, in
mechanical ventilation, the mechanical force produced
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by the interaction between the ventilator and respiratory
tract, can damage the lungs. This is known as ventilator-
induced lung injury (VILI) [4-6].

The severity of VILI is determined by the ventila-
tor settings [7]. Variables, such as tidal volume (Vt),
respiratory rate (RR), and positive end-expiratory
pressure (PEEP), are set directly on the ventilator by
the clinician [1]. Others, such as peak pressure (PIP)
and plateau pressure, rely on the patient’s respiratory
system or their interaction with the ventilator. Up to
now, all these factors have been assessed separately
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[8]; however, VILI may be unified into a single variable
as mechanical power (MP), which is energy per unit
of time applied to the respiratory system by the ven-
tilator [7, 9, 10]. Energy generated by the mechanical
ventilator is related to Vt, RR, PEEP, plateau pressure,
and flow [9], demonstrating that MP can be calculated
accurately through combining Vt, plateau pressure,
PEEP, and RR [7]. The introduction of this “power
equation” shows MP has a stronger modulating effect
on VILI than individual ventilator settings owing to
the incorporation of multiple aspects of mechanical
ventilation [7, 9].

Increases in MP measured on the second day after
intensive care unit (ICU) admission was correlated with
increased hospital mortality in a recent study on 8207
critically ill mechanically ventilated patients [11]. In
addition, previous studies [7, 8] have suggested that the
effects of MP were proportional to their involvement in
the total lung function size. We hypothesized that the
effect of MP relative to lung size can be calculated by
MP normalized to the predicted body weight (norMP)
[12]. This is similar to normalizing tidal volume to
predicted body weight (PBW) [13]. Therefore, norMP
should outperform the absolute MP value. In acute res-
piratory distress (ARDS) patients, Coppola et al. [14]
showed that elevated norMP led to increased mortal-
ity. However, few studies have determined the associa-
tion between norMP and the outcomes of critically ill
mechanically ventilated patients.

The objective of this study was to explore the prog-
nostic role of mechanical power normalized to the pre-
dicted body weight in the clinical outcomes of intensive
care patients.

Methods

Data source

The Massachusetts Institute of Technology’s Labora-
tory for Computational Physiology maintains the Mul-
tiparameter Intelligent Monitoring in Intensive Care
III (MIMIC III, V.1.4) database, which includes data on
over 50,000 patients admitted to the intensive care unit
at Beth Israel Deaconess Medical Center between 2001
and 2012 [15]. We attended a training course on ‘pro-
tecting human subjects’ in order to apply for access to
the database.

The establishment of the database was approved by
the institutional review boards of the Massachusetts
Institute of Technology (Cambridge, MA) and Beth
Israel Deaconess Medical Center (Boston, MA). The
author Jiang extracted the data for this study after pass-
ing the National Institutes of Health’s online training
course (certification number: 9322422).
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Population selection criteria

In total, 58,976 intensive care unit (ICU) patients were
recorded in the MIMICIII database, of these, we included
in our study patients who were older than 16 at the
time of their initial admission and who underwent inva-
sive ventilation for a minimum of 48 consecutive hours.
Patients were excluded if they met the criteria: had
incomplete ventilatory variables to calculate MP and
norMP, received pressure support ventilation, had >1%
missing data, were extubated, or had died during the first
48h. We used only data from the patient’s initial ICU
admission or initial hospitalization.

Data extraction
The structured query language (SQL) was used to extract
data from the database, and included tidal volume (Vt),
positive end—expiratory pressure (PEEP), peak inspira-
tory pressure (PIP), RR, and the inspired fraction of oxy-
gen (FiO,). The following equation was used to calculate
mechanical power [7, 11]:

MP(J/min) =0.098 x Vt x RR x (PIP — AP x 0.5), where
the driving pressure (AP) =PIP — PEEP [16].

norMP (x 10~ 3J/min/kg) = MP/PBW [12], where PBW
was the predicted body weight calculated by using the
equation as used in previous studies of ventilation [17]:

PBW = 50.0 + 0.91 (height [cm] — 152.4) in males,

PBW = 45.5 + 0.91 (height [cm] — 152.4) in females.

Due to the fact that the patients provided multiple
measurements, the mean values obtained during the sec-
ond 24 h was used. The norMP in the second day of ven-
tilation was chosen because during the first 24 h usually
mechanical ventilation is subjected to several changes
and may result in more noise. Moreover, a previous study
has shown that there was a decrease in MP from the first
to the second 24h of ventilation [11].

The following demographic data (using first 24h of
admission data) were collected: age, gender, ethnic-
ity (white, black, or other), height, weight, comorbidi-
ties, and disease severity scores (Acute Physiology and
Chronic Health Evaluation [APACHE] III) [18, 19]. Vital
signs and laboratory measurements were captured as
mean values in the first day of ventilation.

Clinical outcome

To gather information about ICU patients’ status, the fol-
low-up followed from ICU admission and ended at death.
The major endpoint was ICU mortality, the secondary
endpoints included 30-day, 90-day mortality; ICU length
of stay (ICU_LOS), the number of ventilator-free days
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at day 28 (VFD_28, specified as the days from effective
weaning to day 28; patients who died prior to weaning
were considered to have no ventilator-free days).

Statistical analyses

Continuous variables are presented in the tables as the
median with interquartile ranges. The required Mann-
Whitney U test, or Kruskal- Wallis test, was applied.
Chisquared test or Fisher’s exact test was used for cat-
egorical variables, which are presented as a percentage.
Patients were categorized into groups according to ICU
mortality.

The median and interquartile range of norMP was used
to classify all patients. For all outcomes, univariate and
multivariate regression were used to account for poten-
tial confounding variables. Relevant covariates known
to predict outcome were entered into the model includ-
ing age, sex, ethnicity, BMI, admission type, comorbidi-
ties, APACHE, heart rate, MAP, SpO,, temperature, pH,
PaO, / FiO,, PaCO,. These variables were selected due to
their clinical relevance. The final models were built using
a stepwise backward elimination method with a signifi-
cance level of 0.05. Additionally, subgroup analyses were
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conducted to determine the relationship between norMP
and the primary outcome according to the Vt and PIP
levels. According to the concepts of protective ventilation
[20] and a previous study [21], and the data was empiri-
cally adjusted to define low Vt as Vt<8 mL/PBW and low
PIP as PIP <30 cmH,0.

Statistical significance was described as a two-sided
p< 0.05. SPSS software was used for all statistical analysis
(SPSS-22.0; IBM Corp., Armonk, NY, USA).

Results
Finally, 1301 patients fulfilled the requirements for
the study (Fig. 1). Table 1 summarizes the demo-
graphic characteristics of survivors and non-survi-
vors. norMP was significantly lower for survivors
(222.1(161.3-288.0) x 10~ 3J/min/kg) than non-survivors
(245.4(183.8-333.4) x 10~ 3J/min/kg) (p< 0.001), but the
MP has no significant difference across the entire cohort.
Across the entire cohort, norMP had a median of
226.5 x 10"*J/min/kg and an interquartile range of
166.5-301.0 x 10~ 3J/min/kg, respectively. All patients
were divided into quartile according to their norMP
as follows: less than 166.4 x 10~ 3]/min/kg, quartile 1,

Patients from MIMIC III database (N =58976)

Exclude 8558 patients for missing characteristics data

Exclude 27442 patients without invasive ventilation

Patients from MIMIC IIT database (N=22976)

Exclude 16463 patients for MV< 48 hours

Patients with MV for at least 48h (N =6513)

Exclude 5212 patients for missing ventilation variables

associated to norMP

Including 1301 patients for analysis

Fig. 1 Data selection and exclusion process
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Table 1 Comparisons of demographics between survivors and non-survivors
Baseline characteristics Survivors Non-survivors p value
(n=936) (n=365)
Age, years 61.3 (48.5-74.0) 68.3 (56.0-79.0) < 0.001
Male gender 5087936 (54.3) 191 /365 (52.3) 0.527
Weight, kg 82.7 (69.0-99.0) 78.0 (65.0-92.0) < 0.001
Height, cm 170 (163-178) 168 (160-176) 0.015
BMI, kg/m2 284 (24.3-33.9) 26.8(23.2-32.1) 0.001
PBW, kg 63.9 (54.7-73.1) 61.7 (52.5-71.8) 0.026
Admission type 0.001
Selective 82/936(8.8) 117365 (3.0)
Emergency 836 /936 (89.3) 349 /365 (95.6)
Urgent 187936 (1.9) 5/365(1.4)
Ethnicity 0.005
White 647 /936 (69.1) 223/365(61.1)
Black 85/936(9.1) 31/365(8)5)
Other 204 /936 (21.8) 111/365 (304)
Comorbidities
CHF 170/936 (18.1) 78/365(21.4) 0.186
Cardiac arrhythmias 212/ 936 (22.6) 110/ 365 (30.1) 0.005
Valvular disease 53/936(5.7) 30/365(8.2) 0.090
Hypertension 143 /936 (15.3) 56/365(15.3) 0977
Diabetes 260/936 (27.8) 119/365 (32.6) 0.085
Neurological condition 139/936 (14.9) 46 /365 (12.6) 0.297
Chronic pulmonary condition 215/936(23.0) 88/ 365 (24.1) 0.662
Renal failure 160/936 (17.1) 75/ 365 (20.5) 0.146
Liver condition 95/936 (10.1) 50/365(13.7) 0.068
Severity of illness
APACHE Il 51 (38-69) 65 (50-85) < 0.001
Vital signs in the beginning of ventilation
Heart rate, bpm 89 (77-103) 89 (75-103) 0.496
MAP, mmHg 82 (76-91) 83 (76-91) 0465
SpO,, % 98 (96-99) 98 (96-99) 0.016
Temperature, °C 37.0(36.4-37.5) 36.7 (36.1-37.3) < 0.001
Laboratory in the beginning of ventilation
pH 7.36 (7.28-7.42) 734 (7.26-741) 0.002
Pa0, / FiO,, mmHg 238 (152-351) 213(132-334) 0.047
PaCO,, mmHg 41 (37-49) 40 (34-49) 0.059
Second day of ventilation parameters
Tidal volume, ml/kg PBW 7.8 (6.8-8.8) 79 (6.8-8.8) 0.880
PEEP, cmH,0 7(5-10) 7 (5-10) 0.016
PIP, cmH,0 24 (20-28) 26 (22-30) < 0.001
Respiratory rate, bpm 20(17-23) 21(18-24) < 0.001
Minute ventilation, L/min 92 (7.7-11.1) 9.6 (8.6-11.7) 0.009
MP, J/min 13.5(10.2-184) 14.7 (11.3-19.9) < 0.001
norMP, 1O’3J/min/kg 222.1(161.3-288.0) 2454 (183.8-333.4) < 0.001

Data are median (interquartile range) or No / Total (%)

BMI body mass index, PBW predicted body weight, CHF congestive heart failure, bpm beats per minute, SpO, pulse oximetry, MAP mean arterial blood pressure, FiO,
inspired fraction of oxygen, PEEP positive end-expiratory pressure, PIP peak inspiratory pressure, MP mechanical power, norMP mechanical power normalized to

predicted body weight
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(n =325); from 166.5 x 10~ J/min/kg to 226.4 x 10~ 3]/
min/kg, quartile 2 (n=325); from 226.5 x 10~ 3J/min/
kg to 300.9 x 10~%J/min/kg, quartile 3, (n=325);
greater than 301.0 x 107°]/min/kg, quartile 4
(n =326). The clinical outcomes of patients in various
groups were summarized in Table 2. ICU mortality (72
[22.2], 91 [28.0], 85 [26.2], 117 [35.9], respectively), ICU
length of stay (ICU_LOS: 7.7 [4.9-11.5], 8.1 [5.4-12.4],
9.7 [6.1-14.6], 9.8 [6.0-16.8], respectively), and venti-
lator-free days at day 28 (VFD_28: 21.5 [0-24.7], 21.1
[0-24.4], 19.6 [0-23.4], 15.6 [0-21.8], respectively)
showed statistically significant difference (p < 0.05, all).
However, there was no evidence that 30-day mortality
and 90-day mortality between the groups was statisti-
cally different (p >0.05).

Table 2 Clinical outcomes of subjects by the quartile of the norMP
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Figure 2 illustrates the results of the univariate and
multivariate analysis of the primary outcome. Crude
outcome shows that High norMP was associated with
increased ICU mortality (OR=1.22, 95% CI 1.09-1.36,
p< 0.001). In addition, norMP in the second 24h still
had a strong correlation with increased ICU mortality
even after adjustment for covariates (OR=1.33, 95% CI
1.16-1.52, p< 0.001).

Figure 3 illustrates the results of the multivariate analy-
sis of the 30-day mortality, 90-day mortality, ICU_LOS,
and VFD_28. norMP in the second 24h of ventilation
was also associated with ICU length of stay and the num-
ber of ventilator-free days (Fig. 3b). However, there was
no association between norMP and 30-day mortality or
90-day mortality (Fig. 3a).

In the subgroup analysis (Fig. 4), regardless of the Vt
level, high norMP was associated with ICU mortality

norMP, 103 J/min/kg p value

quartile 1 quartile 2 quartile 3 quartile 4

< 166.4 166.4-226.4 226.5-300.9 >301.0
ICU mortality 72 (22.2) 91 (28.0) 85 (26.2) 117 (35.9) 0.001
30-day mortality 102 (31.4) 105 (32.3) 104 (32.0) 123(37.7) 0.284
90-day mortality 119 (36.6) 122 (37.5) 123 (37.8) 138 (42.3) 0.442
ICU_LOS, day 7.7 (49-11.5) 8.1 (54-124) 9.7 (6.1-14.6) 9.8 (6.0-16.8) < 0.001
VFD_28, day 21.5(0-24.7) 21.1(0-24.4) 19.6 (0-23.4) 15.6 (0-21.8) < 0.001

Data are median (interquartile range) or No / Total (%)

norMP mechanical power normalized to predicted body weight, ICU intensive care unit, LOS length of stay, VFD_28 Ventilator-free days at day 28

OR per quartile Increase(95% ClI) p value
Model2 - & 1 1.33(1.16 t0 1.52)  <0.001
Model 1 —a— 1.29(1.15t0 1.44) <0.001
Non-adjusted ———H 1.22(1.09t0 1.36)  <0.001
T T T 1
0.8 1.0 1.2 1.4 1.6
< >
High norMP High norMP
Better Worse
Fig. 2 norMP in the second 24 h of ventilation and ICU mortality. Model 1 was adjusted for the confounders age, sex and ethnicity. Model 2 was
adjusted for the confounders, including age, sex, ethnicity, BMI, admission type, comorbidities, APACHE, heart rate, MAP, SpO,, temperature, pH,
Pa0, / FiO,, PaCO,. The odds ratio represents the odds of death per quartile increase in norMP. norMP: mechanical power normalized to predicted
body weight
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HR per quartile Increase(95% Cl) pvalue  Effect Estimate per quartile Increase(95% Cl) pvalue
N ity — »—-—l—«
90-Day Mortality : 1.05(0.97 to 1.14) 0.26 VFD_28- : -1.02(-1.59 0 -0.46) <0.001
30-Day Mortality - ———e——— 1.06(0.97 to 1.15) 0.22 i
: ICU_los] i —e—1  0.84{045t01.23)  <0.001
1 I 1 1
0.8 0.9 1.0 1.1 1.2 T " .
< » -1 0 1
High norMP High norMP
Better Worse

Fig. 3 norMP in the second day of ventilation and secondary outcomes. a Odds ratio represents the odds of death per quartile increase in norMP. b
Effect estimates and 95% confidence interval from the multivariable linear regression for VFD_28 and ICU_|os. Effect estimate refers to the change in
the outcome variable per quartile increase in norMP. norMP: mechanical power normalized to predicted body weight; VFD_28: Ventilator-free days

at day 28; ICU: intensive care unit; LOS: length of stay

volume; PIP: peak inspiratory pressure

OR per quartile Increase(95% Cl) p value
high PIP - - . | 1.58(0.91t02.58) 0.1
low PIP - o 1.18(1.01 to 1.38) 0.034
high Vt- e 1.32(1.08 to 1.62) 0.008
low Vt- —eo—i 1.31(1.09 to 1.57) 0.004
; 1 1
0 1 2 3
< >
High norMP High norMP
Better Worse

Fig. 4 Subgroup analysis of the association between norMP and ICU mortality according to different tidal volumes and airway pressure levels. The
odds ratio represents the odds of death per quartile increase in norMP. norMP: mechanical power normalized to predicted body weight; Vit: tidal

(OR=1.31, 95% CI 1.09-1.57, p=0.004; OR=1.32, 95%
CI 1.08-1.62, p=0.008, respectively). The analysis revealed
(Fig. 4) that high norMP was associated with ICU mortal-
ity only in patients with PIP<30 cmH,0 (OR=1.18, 95%
CI1.01-1.38, p=0.034). Our results also (¢Table 1) showed
the PEEP levels were significantly lower for patients with
low PIP levels (5 [5-8.5]; p=0.004) than for those with
high PIP levels (10 [7.5-15], p< 0.001).

Discussion

The essential findings of this research can be summarized
as follows: (a) norMP during the second 24h of ventila-
tion was independently correlated with increased ICU

mortality of critically ill patients, who received invasive
ventilation for more than 48 h; (b) increased norMP was
independently correlated with a longer ICU stay, a lower
number of ventilator-free days and alive at day 28; and (c)
high norMP was associated with ICU mortality regard-
less of Vt, but high norMP was associated with ICU mor-
tality in patients with low PIP only.

In invasive ventilation, a lung-protection ventila-
tion strategy that provides adequate gas exchange while
minimizing VILI should be used [22, 23]. VILI has been
primarily associated with excessive pressure, excessive
volume, and atelectasis [8, 24]. Therefore, mechani-
cal ventilation strategies to reduce VILI have sought to
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optimize all potential determinants including respira-
tory rate, tidal volume, and PEEP [17, 25-29]. While
individual ventilator parameters have been extensively
studied in previous research, few studies have consid-
ered these factors comprehensively. One study has shown
that MP can be computed from its components: Vt,
plateau pressure, flow, PEEP, and RR [7]. Since MP is a
composite of these variables, it may be a candidate vari-
able to improve prediction of clinical outcomes (such as
mortality) [11]. The authors believe that norMP is supe-
rior to MP because the effects of MP were proportional
to their involvement in total lung function size. Given
similar mechanical power values, different energies will
be delivered according to different ventilated lung sur-
faces. Hong et al. [30] have demonstrated that the effect
size of MP differs across subgroups of acute respiratory
failure (ARF) populations. The effect size of MP on mor-
tality is the smallest in class 1 (baseline) and the largest
in class 3 (refractory respiratory failure). The heteroge-
neity of patients with ARF supports the hypothesis that
the effect of MP on VILI is dependent on the functional
lung size. Additionally, a previous study [12], normaliz-
ing the mechanical power to the predicted body weight
as a proxy for lung size, demonstrated that norMP had
the highest area under the receiver operating character-
istic among all ventilator parameters, and it had a more
accurate prediction of in-hospital mortality. Similar to
a previous study, the results of this analysis proved that
norMP was a predictor of poor outcomes in ICU patients
undergoing invasive ventilation.

Since the two important factors of ventilator param-
eters are tidal volume and airway pressure, we evalu-
ated the effect of norMP on the prognosis of patients
with different tidal volumes and airway pressure levels.
In line with our hypothesis, we discovered that high
MP was correlated with ICU mortality, even when
Vt was low. This suggested that norMP added more
information aside from the volume. Our research also
demonstrated that a high norMP was associated with
ICU mortality in patients with low PIP only. We pro-
pose a possible explanation for this finding. Our results
showed that PEEP levels were higher in the group of
patients with high PIP levels than in their counterpart.
Patients with high PIP levels may be more severely ill,
as sicker patients may be default be receiving higher
PEEP levels. This may explain why low norMP was not
associated with decreased ICU mortality in patients
with high PIP. The majority of mechanical power in
patients with higher levels of PEEP may be secondary
to the applied PEEP. This further emphasizes the need
to consider the PEEP component in the analysis. We
failed to do a simple sensitivity analysis taking out the
PEEP (focused on patients without PEEP), because the
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sample became very small in this situation. However,
we have performed an analysis to determine the rela-
tionship between norMP and ICU mortality according
to the different level of PEEP. Considering this analy-
sis complicated the results so much, we decided not
to report. Therefore, further investigations (including
clinical trials) are necessary to explore the relation-
ship between norMP and mortality in patients without
applied PEEP.

These findings suggested that norMP might be a
useful marker to predict clinical outcomes because it
combines the effects of different ventilator parameters.
Modifying a single parameter has little effect on the
amount of energy transmitted to the lung tissue, and it
does not always protect the lungs [31]. According to the
concept of protective ventilation, a decrease in volume
necessitates an increase in the respiratory rate to off-
set the loss of minute volume. A higher respiratory rate
leads to higher norMP. Therefore, volume reduction
does not result in profit, according to our current study
and previous studies [32, 33]. In the future, ventilators
directly displaying the norMP applied to the respiratory
system will promote lung protection. The caregiver can
titrate ventilation to reduce the amount of energy sup-
plied to the lung tissue.

In addition to not considering the PEEP component
in the analysis, our current analysis had some limita-
tions. First, in order to determine patients with more
serious illnesses and ample exposure time, only patients
who underwent invasive ventilation for at least 48h
were selected. However, the current findings cannot
be generalized for patients who were extubated or died
within the first 48h. Second, norMP was calculated
only once and not during the ICU stay. Therefore, it
did not accurately represent the temporal changes in
norMP administered to the patient. Third, since the
datasets used in this study were from publicly available
data, the airway pressure may not have been collected
under consistent standard conditions. Such is the case
in patients without spontaneous breathing efforts.
Finally, it was difficult to quantify functional lung size.
In the present study, we indirectly described the func-
tional lung size through PBW. However, other condi-
tions leading to decreased functional lung size, such
as ARF and ARDS, were not considered. In the future,
further studies investigating normalizing MP to res-
piratory system compliance or lung volume determined
using CT [34] are necessary in subgroup of patients
with ARF or ARDS. In addition, it is hard to recognize
ARF patients without lung injury and those with ven-
tilation failure caused by neuromuscular dysfunction
in MIMIC III. Thus, this issue was not analyzed in this
study.
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Conclusions

High norMP is independently correlated with increased
ICU mortality and many other clinical outcomes in
critically ill patients who undergo invasive ventilation
for at least 48 h. Due to the ease with which norMP can
be determined using ventilator parameters, monitor-
ing norMP can help predict the early outcome of ICU
patients undergoing invasive ventilation.
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