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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

•	 Determination of the optimal timing of endotracheal intubation in 
patients presenting with respiratory failure from COVID-19 pneu-
monia based on objective physiologic parameters is controversial

•	 The authors performed a secondary analysis of such patients in 
which a baseline computed tomography scan was obtained on 
admission and a battery of routine clinical and more complex 
derived respiratory parameters were quantified using esopha-
geal manometry and transthoracic electrical impedance including 
mechanical power, its ratio to the expected baseline value, and the 
pressure-rate index (4 × driving pressure + respiratory rate)

•	 Associations of the studied parameters with treatment escalation to 
intubation and mechanical ventilation was assessed using the area 
under the receiver operator characteristic curve

What This Article Tells Us That Is New

•	 Despite similar spontaneous tidal volumes, escalated patients had 
higher respiratory rate, minute ventilation, pleural pressure, and 
mechanical power ratios

•	 Mechanical power, its ratio with the expected baseline value, and 
the pressure-rate index had the greatest associations with treat-
ment escalation

In patients with acute respiratory failure, the direct mea-
surement of tidal volume, minute ventilation, and esoph-

ageal pressure, as well as their integration with other data 
such as gas-exchange or radiological variables, provides 
valuable clinical information to determine the diagno-
sis and to monitor the clinical response to a therapeutic 
intervention.1 Furthermore, such a clinical monitoring may 
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ABSTRACT 
Background: Under the hypothesis that mechanical power ratio could 
identify the spontaneously breathing patients with a higher risk of respira-
tory failure, this study assessed lung mechanics in nonintubated patients with 
COVID-19 pneumonia, aiming to (1) describe their characteristics; (2) com-
pare lung mechanics between patients who received respiratory treatment 
escalation and those who did not; and (3) identify variables associated with 
the need for respiratory treatment escalation.

Methods: Secondary analysis of prospectively enrolled cohort involving 111 
consecutive spontaneously breathing adults receiving continuous positive 
airway pressure, enrolled from September 2020 to December 2021. Lung 
mechanics and other previously reported predictive indices were calculated, 
as well as a novel variable: the mechanical power ratio (the ratio between the 
actual and the expected baseline mechanical power). Patients were grouped 
according to the outcome: (1) no-treatment escalation (patient supported in 
continuous positive airway pressure until improvement) and (2) treatment 
escalation (escalation of the respiratory support to noninvasive or invasive 
mechanical ventilation), and the association between lung mechanics/predic-
tive scores and outcome was assessed.

Results: At day 1, patients undergoing treatment escalation had sponta-
neous tidal volume similar to those of patients who did not (7.1 ± 1.9 vs. 
7.1 ± 1.4 ml/kg

IBW
; P = 0.990). In contrast, they showed higher respiratory rate 

(20 ± 5 vs. 18 ± 5 breaths/min; P = 0.028), minute ventilation (9.2 ± 3.0 vs. 
7.9 ± 2.4 l/min; P = 0.011), tidal pleural pressure (8.1 ± 3.7 vs. 6.0 ± 3.1 cm 
H

2
O; P = 0.003), mechanical power ratio (2.4 ± 1.4 vs. 1.7 ± 1.5; P = 0.042), 

and lower partial pressure of alveolar oxygen/fractional inspired oxygen ten-
sion (174 ± 64 vs. 220 ± 95; P = 0.007). The mechanical power (area under 
the curve, 0.738; 95% CI, 0.636 to 0.839] P < 0.001), the mechanical power 
ratio (area under the curve, 0.734; 95% CI, 0.625 to 0.844; P < 0.001), 
and the pressure-rate index (area under the curve, 0.733; 95% CI, 0.631 to 
0.835; P < 0.001) showed the highest areas under the curve.

Conclusions: In this COVID-19 cohort, tidal volume was similar in patients 
undergoing treatment escalation and in patients who did not; mechanical 
power, its ratio, and pressure-rate index were the variables presenting the 
highest association with the clinical outcome.

(ANESTHESIOLOGY 2023; 138:289–98)
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allow for the early identification of clinical deterioration. In 
an era of personalized medicine, a tailored clinical approach 
is only possible through a careful approach to clinical mon-
itoring, whose invasiveness should be proportional to the 
specific clinical severity and patients’ requirements.

The mechanical power quantifies the amount of energy 
transferred to the respiratory system during mechanical ven-
tilation, and it depends on the parameters used to set the ven-
tilator and the resulting variables in the respiratory system.2 
Such energy is entirely provided by the ventilator in controlled 
mechanical ventilation, while it results from the combination 
of the energy generated by the respiratory muscles and the 
energy delivered by the ventilator in supported ventilation.

In this study, we aimed to (1) describe the physiologic 
characteristics of spontaneously breathing patients with 
COVID-19 pneumonia, on admission and over the course 
of hospitalization; (2) compare the respiratory mechanics 
of patients who underwent treatment escalation with those 
who did not; and (3) derive a diagnostic receiver operating 
characteristic model to assess which variables are associated 
with the need for respiratory treatment escalation.

Materials and Methods

Patient Population

This study is a secondary analysis of a prospective cohort, 
collected from September 2020 to December 2021, in 
which the primary objective was to assess whether an 
increased esophageal pressure was related to the sever-
ity of COVID-19 disease and the clinical outcome.1 All 
spontaneously breathing patients with COVID-19 infec-
tion, confirmed by polymerase chain reaction, and acute 
respiratory failure supported by continuous positive airway 
pressure were enrolled in the study, and the current analysis 
was performed a posteriori. All patients were managed in a 
high-dependency COVID-19 unit and were consecutively 
enrolled. Of 140 eligible patients, we were able to measure 
minute ventilation only in the last 111 individuals (see flow 
chart for patients’ enrollment in the supplemental material, 
http://links.lww.com/ALN/C988).

The clinical management of the study individuals included 
standard COVID-19 pharmacologic guidance (see the sup-
plemental material for details on pharmacologic management, 
http://links.lww.com/ALN/C988), which was initiated on 
admission in all patients. Although the study individuals were 
undergoing sessions of awake prone positioning, during data 
collection, each patient was in the supine position (for at least 
2 h) and supported with continuous positive airway pres-
sure. The study was approved by the local ethical committee 
(Comitato Etico Milano Area I; 17263/2020-2020/ST/095), 
and written informed consent was obtained from each indi-
vidual. The article follows the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) guidelines.

Study Protocol

All patients were first assessed in the emergency department, 
where a computed tomography scan was performed in 
spontaneous breathing and without positive end-expiratory 
pressure (PEEP), and an arterial blood sample was collected. 
The patients were then transferred to the high-dependency 
COVID-19 unit, where continuous positive airway pres-
sure was applied according to local guidance (Fio

2
 of 60% 

and PEEP of 5, 7.5, or 10 cm H
2
O, as set by the attending 

physician). The esophageal pressure was measured using the 
esophageal-balloon catheter, connected to a data acquisition 
system (Optivent SIDAM Srl, Modena, Italy), while minute 
ventilation, respiratory rate, and tidal volume were quantified 
by a novel impedance-based monitoring device: ExSpiron 
(Respiratory Motion Inc., Watertown, Massachusetts). Blood 
gases were sampled from an arterial catheter.

We defined two outcome groups based on whether a 
patient underwent the escalation of the respiratory support: 
(1) no treatment escalation (the individual was supported 
with continuous positive airway pressure from admission 
in the high-dependency COVID-19 unit until clinical 
improvement, and then transferred to the ward) and (2) 
treatment escalation (any additional increase of the respi-
ratory support, either noninvasive or invasive ventilation).

The decision to escalate the ventilatory support, as well 
as the type of treatment escalation (to either noninvasive or 
invasive mechanical ventilation), were left to the discretion of 
the clinical care team in accordance with local institutional 
guidelines: tachypnea more than 28 breaths/min, esopha-
geal pressure swing higher than 8 cm H

2
O, Pao

2
/Fio

2
 ratio 

lower than 100, delirium, increase of 2 points in the Work of 
Breathing score3 or 3 points in the Borg scale,4 or intolerance 
to continuous positive airway pressure. Similarly, the type of 
treatment escalation (escalation from continuous positive air-
way pressure to noninvasive or to invasive mechanical ven-
tilation) was left to the decision of the treating clinical team.

Measurements

Tissue Mass and Gas Volume
After semiautomatic contour analysis of the lung computed 
tomography slices,5 the following variables were derived: 
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tissue mass (g), gas volume (ml), and fractions (%) of over-
aerated, normally aerated, poorly aerated, and nonaerated 
tissue. The estimated baseline gas volume and tissue mass 
were calculated according to Ibanez et al.6 and Cressoni et 
al.7 (the equations are detailed in the supplemental material, 
http://links.lww.com/ALN/C988).

Tidal Volume and Minute Ventilation 
Tidal volume and minute ventilation were quantified by 
analysis of the variation of the electrical impedance in 
the respiratory system,8 which was validated in acute and 
postacute patients9–12 (see supplemental material for specif-
ics and details, http://links.lww.com/ALN/C988).

Esophageal Pressure
Esophageal pressure was determined using the esophageal-
balloon catheter, connected to a data acquisition system 
(Optivent SIDAM Srl; see supplemental material for specifics 
and details, http://links.lww.com/ALN/C988).

The measurement of these variables allowed us to esti-
mate the following ventilatory variables: ventilatory ratio, 
tidal pleural pressure, dynamic lung elastance, and tidal 
muscular pressure, which is the pressure exerted on the 
respiratory system by the respiratory muscles (see the sup-
plemental material for the derivation of equations, http://
links.lww.com/ALN/C988). In addition, we quantified the 
mechanical power and its normalization over the expected 
mechanical power at rest.

Respiratory System Mechanical Power
Respiratory system mechanical power (MP

RS
) was esti-

mated as follows:

MPRS (J/min)= 0.098× RR×
[
Vt2 ×

(
0.714× nPpl

Vt
+RR× 0.5

)] (1)

where 0.098 is the constant that converts l · cm H
2
O into 

J/min; RR is the respiratory rate; V
t
 is the tidal volume; 

0.714 is a constant that accounts for the ratio between lung 
and total elastances (E

L
/E

rs
), that we assumed to equal 0.713; 

and ΔP
pl
 is the tidal pleural pressure. See the supplemental 

material (http://links.lww.com/ALN/C988) for the full 
derivation of equation 1.

Mechanical Power Ratio
The mechanical power ratio is the ratio between the 
actual mechanical power of the respiratory system and 
the expected baseline mechanical power. The latter was 
estimated, analogously to the ventilatory ratio,14 as the 
power required to obtain a normal minute ventilation 
(computed as 0.1 times the ideal body weight)15 by apply-
ing an ideal transpulmonary pressure of 5 cm H

2
O16 at 

15 breaths/min and without applied PEEP. The equations 
we used to quantify the expected baseline mechanical 
power (MP

exp
) and the mechanical power ratio (MP ratio) 

are as follows:

MPexp (J/min)= 1.47× (0.00
n
6 × IBW)

2

×

(
3.57

0.00
n
6 × IBW

+7.5

)
(2)

	
MP ratio =

MPRS

MPexp 	
(3)

where 1.47, 0.006, 3.57, and 7.5 are conversion constants 
(see supplemental material for the full derivation, http://
links.lww.com/ALN/C988), and IBW is the ideal body 
weight. The mechanical power ratio, in essence, measures 
the fold increase in mechanical power compared to normal 
breathing in healthy conditions.

Additional Indexes
The ratio of oxygen saturation measured by pulse oxim-
etry/Fio

2
 to respiratory rate index17 was calculated as the 

ratio between oxygen pulse oximetry to the fraction of 
inspired oxygen, over the respiratory rate. The pressure-rate 
index18 was rearranged to account for the spontaneous 
breathing and for easy comparison with the mechanical 
power; i.e., for its computation, we used ΔP

es
 instead of the 

driving pressure.

Statistical Analysis

We used a convenience sample of all eligible patients during 
the observation period and did not perform a sample size cal-
culation as no previous data on the distribution of mechani-
cal power ratio on COVID-19 patients is available. The data 
are reported as means ± SD or median [interquartile range], 
as appropriate. The comparison between the two groups was 
performed using the independent-samples Student’s t test or 
Wilcoxon’s test, according to the distribution of each vari-
able. Chi-square or Fisher’s exact test were used to com-
pare categorical variables. A receiver operating characteristic 
analysis was performed to assess the area under the curve for 
each variable, to estimate the association with the outcome. 
To evaluate the effect of multiple repeated measures in the 
same population during the time course, we built a model 
of repeated measures analysis of variance, in which the fixed 
effect was the need for treatment escalation and the random 
effect was the individual ID. No adjustment for potential 
confounders was performed in the statistical analysis because 
our aim was to assess the association between mechanical 
power ratio and the clinical outcome in the population as 
a whole. Two-tailed P values less than 0.05 were considered 
statistically significant. All analyses were performed with R 
for Statistical Computing 4.0 and SPSS version 25.

Results
A total of 111 adults were enrolled in the study. In table 1, 
we present the main demographic and anatomic–physiologic 
characteristics measured in the emergency department before 
continuous positive airway pressure initiation in patients who 
underwent ventilatory treatment escalation (n = 64) and those 
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who did not (n = 47). As shown, no differences were observed 
in terms of demographics, time from symptoms onset to the 
referral to the emergency department, or gas-exchange vari-
ables between the two outcome groups. In addition, no dif-
ferences between groups were observed in terms of measured 
gas volume and tissue mass and in the fractions of overaerated, 
normally aerated, poorly aerated, and nonaerated tissue.

On day 1, once continuous positive airway pressure 
treatment was implemented, the group with no treat-
ment escalation showed higher values of Pao

2
 (mean 

± SD, 141.5 ± 63.0 vs. 111.1 ± 44.3 mmHg; P = 0.007) 
and Pao

2
/Fio

2
 (220 ± 95 vs. 174 ± 64 mmHg; P = 0.007; 

table 2). Paco
2
 was similar between groups but at the cost 

of higher minute ventilation (9.2 ± 3.0 vs. 7.9 ± 2.4 L/min; 
P = 0.011), respiratory rate (20 ± 5 vs. 18 ± 5 breaths/min; 
P = 0.028), tidal pleural pressure (8.1 ± 3.7 vs. 6.0 ± 3.1 cm 
H

2
O; P = 0.003), tidal muscular pressure (11.8 ± 5.2 vs. 

8.5 ± 4.3 cm H
2
O; P = 0.001), and dynamic lung elastance 

(19.4 ± 9.7 vs. 13.7 ± 6.5 cm H
2
O/L; P = 0.001) in the 

treatment escalation group. Ventilatory ratio was compa-
rable, while the absolute mechanical power of the respi-
ratory system (9.9 ± 6.0 vs. 6.7 ± 4.3 J/min; P = 0.003)  
and its relative mechanical power ratio (2.4 ± 1.4 vs. 

1.7 ± 1.5; P = 0.042) were higher in the treatment esca-
lation group. The respiratory rate index and the pres-
sure-rate indexes were also significantly different between 
groups (respectively, in the escalation vs. no escalation 
groups: 7.6 ± 2.0 vs. 9.1 ± 2.6, P = 0.003; and 53.6 ± 16.0 
vs. 41.9 ± 1.4, P = 0.04).

The variables presenting significant differences between 
escalation vs. nonescalation group the day before the out-
come occurred were as follows: respiratory rate (18 ± 5 vs. 
15 ± 3 breaths/min; P = 0.001), Pao

2
 (129 ± 61 vs. 158 ± 64 

mmHg; p 0.025), Pao
2
/Fio

2
 (201 ± 102 vs. 249 ± 83 mmHg; 

P = 0.010), tidal pleural pressure swings (8.9 ± 3.4 vs. 
5.6 ± 2.0 cm H

2
O; P < 0.001), mechanical power (9.5 ± 4.7 

vs. 6.3 ± 3.5 J/min; P = 0.003), and its ratio (2.2 ± 1.0 vs. 
1.5 ± 0.7; P = 0.002). Of note, the indexed tidal volume 
remained similar between groups (7.5 ± 1.6 vs. 8.0 ± 2.0 ml/
kg

IBW
; P = 0.221; table 2).

The most relevant respiratory variables from the uni-
variate analysis on day 1 were entered in a receiver oper-
ating characteristic model to assess their association with 
the need for treatment escalation (table E1 in supplemen-
tal digital content, http://links.lww.com/ALN/C988). 
The mechanical power of the respiratory system and the 
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Table 1.  Baseline, Demographic, and Clinical Characteristics

Variable No Treatment Escalation (n = 47) Treatment Escalation (n = 64) P Value 

Age, yr [range]* 57 [48 to 66] {47} 58 [53 to 67] {64} 0.377
Sex female, n (%)† 18 (38.3) {47} 15 (23.4) {64} 0.091
Height, cm 168 ± 9.4 {41} 171 ± 10.0 {57} 0.210
Weight (actual), kg 84.5 ± 22.5 {41} 83.8 ± 18.3 {56} 0.871
Body mass index, kg/cm2 29.5 ± 6.7 {41} 28.4 ± 28.4 {57} 0.350
Ideal body weight, kg 62.9 ± 10.2 {41} 65.9 ± 10.3 {56} 0.153
Onset of symptoms to admission, days* 6 [4 to 10] {47} 6 [4 to 8] {64} 0.735
Work of Breathing scale 1.40 ± 0.96 {45} 1.77 ± 1.08 {62} 0.062
Borg’s dyspnea score 0.62 ± 1.19 {45} 0.92 ± 1.67 {62} 0.295
Pao2 before C-PAP, mmHg 71.7 ± 28.3 {45} 65.3 ± 16.8 {62} 0.145
Paco2 before C-PAP, mmHg 32.6 ± 4.6 {45} 32.9 ± 5.7 {62} 0.720
Fio2 before C-PAP, % 32.2 ± 2.1 {45} 32.2 ± 2.0 {62} 0.997
Estimated Pao2/Fio2 ratio before C-PAP, mmHg 263 ± 81 {45} 246 ± 83 {62} 0.289
Respiratory rate before C-PAP, breaths/min 22 ± 5 {38} 22 ± 5 {49} 0.857
Measured gas volume, ml 2,355 ± 1,072 {41} 2,261 ± 1,059 {57} 0.665
Calculated baseline gas volume, ml 1,892 ± 276 {41} 1,932 ± 265 {61} 0.472
Measured tissue mass, g 1,090 ± 274 {41} 1,138 ± 267 {57} 0.389
Calculated baseline tissue mass, g 997 ± 1 ± 62 {41} 1,040 ± 169 {61} 0.208
Fraction of overaerated, % 9.3 ± 7.4 {41} 9.3 ± 9.3 {57} 0.972
Fraction of normally aerated, % 71.8 ± 7.8 {41} 69.6 ± 9.4 {57} 0.185
Fraction of poorly aerated, % 14.9 ± 7.4 {41} 17.0 ± 9.3 {57} 0.283
Fraction of nonaerated, % 4.0 ± 2.7 {41} 4.4 ± 3.6 {57} 0.503
Days from admission to outcome, days* 6 [6 to 9] {47} 3 [2 to 6] {64} < 0.001
Intensive care unit length of stay, days* 0 [0] {47} 12 [7 to 18] {64}
Hospital length of stay, days* 19 [16 to 25] {47} 25 [18 to 33] {64} 0.006
Endotracheal intubation† 0 (0) {47} 23 (35.9) {64} < 0.001
Mortality† 0 (0) {47} 8 (12.5) {64} 0.020

Unless otherwise specified, values are presented as the means ± SD. The number in curling brackets is the number of individuals (all missing values are either due to missing or 
insufficient-quality data).
*The values are expressed as median [interquartile range]. †The values are expressed as absolute count and percent.
C-PAP, continuous positive airway pressure; Fio2, fractional inspired oxygen tension.
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mechanical power ratio showed areas under the curve of 
0.738 (95% CI, 0.636 to 0.839; P < 0.001) and 0.734 (95% 
CI, 0.625 to 0.844; P < 0.001), while the area under the 
curve of tidal muscular pressure was 0.700 (95% CI, 0.595 
to 0.804; P < 0.001). The area under the curve of the respi-
ratory rate index was 0.659 (95% CI, 0.549 to 0.769; P 
= 0.006), while the area under the curve of pressure-rate 
index was 0.733 (95% CI, 0.631 to 0.835). The relative 
receiver operating characteristics are shown in figures E1 
and E2 of the supplemental material (http://links.lww.
com/ALN/C988).

Figure  1 depicts the time evolution of Pao
2
/Fio

2
 and 

Paco
2
 (indicators of the efficiency of the gas exchanger), the 

tidal muscular pressure and dynamic lung elastance (indicators 
of the lung mechanics), and the indexed tidal volume and 
mechanical power ratio (indicators of the effort undertaken 
by the patient). The time evolution is detailed in three steps: 

(1) record collected on day 1; (2) average of the records col-
lected from day 2 until the day before the outcome; and (3) 
record collected the day before the outcome. All tested vari-
ables but Paco

2
 and indexed tidal volume showed significant 

differences between groups when analyzed at each time point; 
conversely, when analyzing the evolution of such variables 
over time, the only variables presenting significant differences 
were the Pao

2
/Fio

2
 ratio and the indexed tidal volume (fig. 1).

Discussion
In a previous study based on the same cohort and data on 
COVID-19 patients in continuous positive airway pressure, 
we observed that total lung stress was the best predictive 
variable of disease evolution1: patients who required inva-
sive mechanical ventilation had a lower Pao

2
/Fio

2
 ratio and 

greater lung stress. In this study, we were able to assess not 
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Table 2.  Lung Mechanics and Gas-Exchange Data

Assessed Variable 

First Day of Study Average Value throughout Study Day before the Outcome

No Treatment 
Escalation  

(n = 47) 

Treatment 
Escalation  

(n = 64) P Value 

No Treatment 
Escalation  

(n = 47) 

Treatment 
Escalation  

(n = 64) P Value 

No 
Treatment 
Escalation  

(n = 47) 

Treatment 
Escalation  

(n = 64) P Value 

C-PAP Fio2, % 66 ± 7 {47} 66 ± 7 {57} 0.750 63 ± 6 {47} 64 ± 7 {50} 0.353 61 ± 8 {47} 66 ± 9 {58} 0.014
C-PAP PEEP, cm H2O 8.7 ± 1.3 {47} 8.7 ± 1.3 {57} 0.875 8.7 ± 1.1 {47} 8.9 ± 1.2 {51} 0.444 8.8 ± 1.4 {44} 8.8 ± 1.4 {56} 0.956
Tidal volume, ml 443 ± 103 {46} 465 ± 149 {62} 0.370 463 ± 104 {42} 465 ± 116 {49} 0.950 501 ± 147 {45} 489 ± 140 {63} 0.656
Tidal volume/ideal body 

weight, ml/kg
7.1 ± 1.4 {41} 7.1 ± 1.9 {54} 0.990 7.4 ± 1.2 {38} 7.3 ± 1.6 {42} 0.840 8.0 ± 2.0 {40} 7.5 ± 1.6 {56} 0.221

Respiratory rate, breaths/min 18 ± 5 {46} 20 ± 5 {62} 0.028 17 ± 3 {42} 19 ± 4 {48} 0.016 15 ± 3 {45} 18 ± 5 {63} < 0.001
Minute ventilation, l/min 7.9 ± 2.4 {46} 9.2 ± 3.0 {62} 0.011 7.9 ± 1.6 {42} 8.4 ± 2.1 {49} 0.137 7.6 ± 2.0 {45} 8.5 ± 2.4 {64} 0.030
Minute ventilation increment, 

%
111 ± 39 {46} 120 ± 35 {61} 0.227 107 ± 19 {42} 115 ± 24 {48} 0.100 103 ± 23 {45} 111 ± 33 {63} 0.166

Pao2, mmHg 141.5 ± 63.0 {46} 111.1 ± 44.3 {62} 0.007 162.3 ± 41.5 {46} 135.8 ± 51.8 {61} 0.004 158 ± 64 {44} 129 ± 61 {60} 0.025
Paco2, mmHg 39.1 ± 4.9 {45} 38.1 ± 5.5 {61} 0.327 39.9 ± 4.1 {46} 39.3 ± 4.0 {61} 0.420 40.0 ± 4.9 {44} 39.0 ± 4.7 {60} 0.291
Estimated Pao2/Fio2, mmHg 220 ± 95 {44} 174 ± 64 {58} 0.007 254 ± 66 {46} 213 ± 80 {60} 0.005 249 ± 83 {44} 201 ± 102 {59} 0.010
pH 7.45 ± 0.03 {46} 7.44 ± 0.04 {61} 0.459 7.45 ± 0.02 {46} 7.45 ± 0.02 {61} 0.518 7.46 ± 0.03 {44} 7.45 ± 0.04 {60} 0.119
Tidal pleural pressure, cm H

2O 6.0 ± 3.1 {45} 8.1 ± 3.7 {53} 0.003 6.0 ± 1.9 {45} 8.5 ± 2.8 {41} < 0.001 5.6 ± 2.0 {32} 8.9 ± 3.4 {38} < 0.001
Tidal muscular pressure, 

cm H2O
8.5 ± 4.3 {44} 11.8 ± 5.2 {51} 0.001 8.6 ± 2.7 {39} 12.2 ± 4.4 {36} < 0.001 7.8 ± 2.7 {30} 12.8 ± 4.8 {37} < 0.001

Dynamic elastance – lung, cm 
H2O/ml

13.7 ± 6.5 {44} 19.4 ± 9.7 {51} 0.001 14.0 ± 5.6 {39} 20.3 ± 7.4 {36} < 0.001 11.4 ± 4.6 {30} 19.7 ± 8.2 {37} < 0.001

Ventilatory ratio 1.3 ± 0.4 {40} 1.4 ± 0.4 {53} 0.332 1.2 ± 0.3 {37} 1.3 ± 0.3 {40} 0.485 1.2 ± 0.3 {38} 1.3 ± 0.4 {53} 0.339
Expected baseline mechan-

ical power – respiratory 
system, J/min

4.2 ± 1.0 {41} 4.5 ± 1.0 {57} 0.144       

Mechanical power, respira-
tory system, J/min

6.7 ± 4.3 {44} 9.9 ± 6.0 {51} 0.003 6.4 ± 2.3 {39} 9.0 ± 5.0 {36} 0.007 6.3 ± 3.5 {41} 9.5 ± 4.7 {57} 0.003

Mechanical power ratio, 
respiratory system

1.7 ± 1.5) {39} 2.4 ± 1.4 {45} 0.042 1.5 ± 0.4 {35} 2.2 ± 1.2 {30} 0.003 1.5 ± 0.7 {30} 2.2 ± 1.0 {37} 0.002

ROX index 9.1 ± 2.6 {46} 7.6 ± 2.0 {55} 0.003 9.8 ± 2.3 {41} 8.4 ± 2.4 {35} 0.011 10.9 ± 3.2 {35} 8.7 ± 2.6 {40} 0.002
Pressure-rate index 41.9 ± 13.5 {44} 53.6 ± 16.0 {51} < 0.001 41.1 ± 8.4 {39} 53.5 ± 14.5 {35} < 0.001 37.6 ± 8.4 {30} 53.7 ± 14.5 {37} < 0.001

The table shows the lung mechanics and gas-exchange data summarized as the first day of study, average value throughout the experiment (the average value of all measurement 
collected from the second day of admission until the day before the outcome), and day before the outcome. The values are presented as means ± SD. The number in curling brackets 
is the number of individuals (all missing values are either due to missing or insufficient-quality data).
C-PAP, continuous positive airway pressure; Fio2, fractional inspired oxygen tension; PEEP, positive end-expiratory pressure; ROX, ratio of oxygen saturation measured by pulse 
oximetry/Fio2 to respiratory rate.
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only the stress through the esophageal pressure measure-
ment but also tidal volume and respiratory rate, so that we 
could assess mechanical power, dynamic lung elastance, and 
muscular pressure (P

musc
). In addition, we computed two 

recently described predictive indexes, the respiratory rate 
index,17 which is designed to predict high-flow nasal can-
nulas and continuous positive airway pressure failure, and 
the pressure-rate index,18 which combined the two vari-
ables most strongly associated with the outcome (driving 

pressure and respiratory rate) in a mechanically ventilated 
population.

The novel information we observed in this current 
analysis is that the tidal volume, rather unexpectedly, was 
similar in the two outcome groups. The groups differed, 
however, in terms of respiratory rate, minute ventilation, 
and mechanical power. This behavior depicts a clear trend: 
for the same impairment of the lung structures, as quanti-
fied by the lung computed tomography scan, the patients 
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Fig. 1.  Time course of Pao2/fractional inspired oxygen tension (Fio2) ratio and Paco2 (mmHg; top), tidal muscular pressure (cm H2O), and 
lung dynamic elastance (cm/l; middle), indexed tidal volume (ml/kgIBW), and mechanical power ratio (bottom). An asterisk indicates difference 
between groups, while a plus sign refers to difference over time.
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in the treatment escalation group maintained normal Paco
2
 

without increasing the tidal volume, but with a significant 
increase of the respiratory effort and energy requirement, 
as shown by the increased esophageal pressure swing, mus-
cular pressure, mechanical power, and minute ventilation. 
Furthermore, we explored the association between several 
variables and the need for respiratory treatment escalation, 
and we identified the mechanical power, the mechanical 
power ratio, and the pressure-rate index to have the highest 
area under the curve, respectively: 0.738; 0.734, and 0.733.

This is an interesting finding as most current criteria 
evaluating the risk failure of noninvasive support are based 
on a threshold value of tidal volume beyond which the 
risk of failure is considered high: i.e., 9 to 9.5 ml/kg.19,20 
On the contrary, the HACOR score (heart rate, acidosis, 
consciousness, oxygenation, and respiratory rate), used to 
determine the risk of failure of noninvasive ventilation, 
does not include the tidal volume but includes respira-
tory rate, oxygenation, and pH among the respiratory 
variables.21 Although these studies were performed pre-
COVID-19 in patients with hypoxemic respiratory failure 
of mixed etiology, these criteria have been extrapolated in 
the management of COVID-19. Therefore, the approaches 
illustrated in this study may improve the detection of risk 
of failure specifically in COVID-19–related acute hypox-
emic respiratory failure.

The escalation of the respiratory treatment from con-
tinuous positive airway pressure to noninvasive or invasive 
mechanical ventilation is usually consequent to a worsen-
ing in respiratory conditions. As previously reported, the 
decision to intubate or not a patient with COVID-19 
pneumonia is cumbersome and based on several clinical 
assessments22; therefore, to identify all patients presenting 
unfavorable clinical evolution, we allocated in the poor 
clinical outcome group all individuals requiring either non-
invasive or invasive mechanical ventilation.

In our cohort, most of the respiratory variables were 
significantly worse in the treatment escalation group 
(table  2). Unfortunately, it is not possible to discriminate 
the contribution of the natural course of the disease ver-
sus the potential lung damage induced by a high-stress 
ventilation (patient self-induced lung injury) in leading 
to unfavorable outcome, because the clinical presentation 
of these conditions is identical: progressive impairment of 
gas exchange and lung mechanics.23 However, although it 
is impossible to discriminate between the changes induced 
by the COVID-19 disease per se and patient self-induced 
lung injury, we may hypothesize that an increased respi-
ratory effort at admission (higher stress and mechanical 
power in the treatment escalation group) may contrib-
ute to the further deterioration of the lung parenchyma 
through a vortex that we previously called the “shrinking 
baby lung,”24 regardless of the severity of impairment as 
determined by lung computed tomography. Although the 

two groups presented comparable patterns at computed 
tomography analysis, the perfusion derangements should be 
higher in the group undergoing treatment escalation (lower 
Pao

2
/Fio

2
 ratio at day 1) leading to a higher Paco

2
. This, 

in turn, should increase the respiratory effort leading to a 
higher stress and mechanical power, worsening the inflam-
mation within the lungs and promoting the vortex. Of note, 
the discrepancy between the expected oxygenation assessed 
by the lung computed tomography scan (anatomical shunt) 
and the actual oxygenation is well known,1 and it seems to 
be caused by a significant alteration in perfusion, including 
an increased intrabronchial shunt,25 leading to an excess in 
venous admixture not explained by the anatomical changes 
in the lung parenchyma.26–29

In this study, we were able to compute the mechani-
cal power as the patients were monitored with an esopha-
geal balloon, and the tidal volume and minute ventilation 
were also collected. The total stress may be in part overesti-
mated as it was not computed in static conditions, however, 
because the mechanical power estimates the energy over 
time; it should also include the dynamic components. For 
this reason, and more importantly because the respiratory 
rate is included in its calculation, the mechanical power may 
be the most comprehensive variable to quantify the lungs 
derangements that are actually occurring in the patient. 
The relevance of respiratory rate is well exemplified in the 
current study: whether the energetic cost per breath was 
only slightly different between two study cohorts (as in our 
cohort: similar tidal volume and different pleural pressure), 
the inclusion of the respiratory rate in the assessment of 
the energetic cost for each breath may enhance the signal 
effect. Of note, the measurement of esophageal pressure is 
a procedure that could lead to better understanding of the 
physiologic changes and possibly tailoring the respiratory 
treatment for a specific subset of patients. However, there 
are challenges associated with the wider adoption of this 
monitoring techniques, due to familiarity and invasiveness, 
and therefore decision-making needs to be informed by 
wider clinical risk–benefit ratio.

One of the unsolved problems referring to the mechan-
ical power is its normalization; attempts were done by 
referring it to the respiratory system compliance,30 but the 
conceptual problem of the variable relationship between 
compliance and functional residual capacity still persists. 
Indeed, it is worth recalling that the mechanical power is 
necessary for life (i.e., it cannot be zero); therefore, more 
than the quantification of mechanical power in different 
individuals, the real issue is to quantify its relative “excess.” 
In this article, we tried to normalize the mechanical power 
by relating it to the expected normal mechanical power for 
a given individual, using the same approach of the ventila-
tory ratio. We referred to a ventilation of 0.1 l/(kg · min), 
airway resistances of 10 cm H

2
O/(ml · s), a respiratory rate 

of 15 breaths/min and an I:E ratio of 1:2. In this setting, a 
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70-kg individual at rest would require a mechanical power 
of 4.84 J/min, a value that is consistent with the reports in 
the literature.31 Using this approach, it is possible to quan-
tify the excess and defect of the actual mechanical power. In 
our cohort, the mechanical power ratio of patients under-
going the escalation of the respiratory treatment was nearly 
50% greater compared to patients with favorable outcome.

Limitations

The major limitation of the current study is the use of 
clinical criteria and the lack of a protocolized hard cri-
teria when escalating the respiratory support. This may 
have led to variations in practice such that some patients 
received escalation later than anticipated or when other 
clinical criteria—not captured by respiratory parame-
ters—occurred. However, all patients were admitted to a 
high-dependency COVID-19 unit, where clinical activi-
ties are focused on COVID-19 patients, and the clinical 
management is standardized according to the institutional 
protocols. Conversely, one of its strengths is the combi-
nation of tidal volume and esophageal pressure measure-
ments in spontaneous breathing patients, allowing the 
calculation of mechanical power and its relative ratio. We 
also recognize that all measurements, taken in dynamic 
condition, cannot equate to the usual static assessment. 
This limitation, however, is mandatory during sponta-
neous breathing and may present the advantage of a more 
realistic assessment of the energy required by the patient 
to sustain the breathing process. Although the use of local 
institutional guidelines should have minimized the risk of 
bias, it is possible that some unrecognized bias was pres-
ent during the study. Because of the design and set-up 
of the study, we used average values to compare different 
groups and time points, and this could lead to regression 
artifact into the analysis. Another limitation is the assump-
tion that the ratio between lung and total elastances equals 
0.7. However, because in the early stages of COVID-19, 
pneumonia lung mechanics are usually preserved,1 we 
do not expect this ratio to be significantly different from 
0.7 when assessed in our population. Finally, we cannot 
exclude that an obese patient in a semirecumbent position 
may present some degree of flow limitation and, conse-
quently, auto-PEEP.

Conclusions

In our cohort of spontaneously breathing COVID-19 
patients, the patients’ respiratory pattern was comparable 
between groups and within the limits of lung protective 
strategy. Our study points out the paramount impor-
tance of respiratory rate and tidal pleural pressure, both 
usually ignored when lung protective strategy is applied, 
in modifying the outcome. Among all assessed variables, 
mechanical power and mechanical power ratio had the 
highest area under the curve when assessing the clinical 
outcome.
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Emanuel Papper’s Ph.D.: Anesthesia’s Romantic Ideals

Later in life, Emanuel M. Papper, M.D., Ph.D. (1915 to 2002), would describe his tenure as Chair of the newly independent 
Department of Anesthesiology at Columbia University as a time “as exciting as Camelot must have been in ancient Britain.” After 
17 productive years, followed by 12 more as Dean of the University of Miami School of Medicine, Papper would seize a unique 
opportunity to combine two loves—anesthesia and British culture. At age 75, he received his Ph.D. in English at the University of 
Miami for a dissertation on British Romantic poetry and the birth of surgical anesthesia. Given the description of anesthetic gases 
like ether as early as 1540, Papper wondered why anesthesia was not “discovered” until 1846. He argued that British Romanticism, 
by celebrating individualism, the pursuit of happiness, and the beauty of nature, popularized the concept of freedom from suffering 
as an intrinsic human right. Thus, the Romantics prepared society to seek and to embrace the advent of anesthesia. Artist John 
Constable’s Salisbury Cathedral from the Meadows (1831, above) reflects Romanticism’s deep connection with nature—at times a 
symbol of turbulence (clouds, above), at others a wellspring of tranquility, health, and hope (rainbow, above). (Papper EM. Perspect Biol 
Med 1992; 35:401–15. Artwork © Tate. CC-BY-NC-ND 3.0). (Copyright © the American Society of Anesthesiologists’ Wood 
Library-Museum of Anesthesiology. www.woodlibrarymuseum.org)
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