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BACKGROUND: Limited adult data suggest that airway driving pressure might better reflect the
potential risk for lung injury than tidal volume based on ideal body weight, and the parameter cor-
relates with mortality in ARDS. There is a lack of data about the effect of driving pressure on mor-
tality in pediatric ARDS. This study aimed to evaluate the effect of driving pressure on morbidity
and mortality of children with acute hypoxemic respiratory failure. METHODS: This retrospective
cohort study was performed in a tertiary level pediatric ICU. Children who received invasive me-
chanical ventilation for acute hypoxemic respiratory failure (defined as P,o,/Fio, < 300 within 24 h
after intubation), in a 2-y period were included. The cohort was divided into 2 groups based on the
highest dynamic driving pressure (AP, calculated as the difference between peak inspiratory pres-
sure and PEEP) in the first 24 h, with a cutoff value of 15 cm H,O. RESULTS: Of the 380 children
who were mechanically ventilated during the study period, 101 children who met eligibility criteria
were enrolled. Common diagnoses were pneumonia (n = 51), severe sepsis (n = 24), severe dengue
(n = 10), and aspiration pneumonia (r = 7). In comparison to the group with high AP (ie, = 15
cm H,0), children in the group with low AP (ie, < 15 cm H,0) had significantly lower median
(interquartile range) duration of ventilation (5 [4-6] d vs 8 [6-11] d, P < .001], ICU length of stay (6
[5-8] d vs 12 [8-15] d, P < .001], and more ventilator-free days at day 28 (23 [20-24] vs 17 [0-22] d,
P < .001). Logistic regression analysis also suggested driving pressure as an independent predictor of
morbidity after adjusting for confounding variables. However, there was no statistically significant
difference in mortality between the 2 groups (17% in low AP vs 24% in high AP, P = .38).
Subgroup analysis of 65 subjects who fulfilled ARDS criteria yielded similar results with respect to
mortality and morbidity. CONCLUSIONS: Below a threshold of 15 cm H,O, AP was associated
with significantly decreased morbidity in children with acute hypoxemic respiratory failure. Key
words: driving pressure; mechanical ventilation; ventilator induced lung injury;, ARDS; outcome.
[Respir Care 2021;66(3):403-409. © 2021 Daedalus Enterprises]

Introduction

Mechanical ventilation can induce and exacerbate lung
injury, though it is one of the main supportive therapies for
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children with respiratory failure.! Volutrauma from large
tidal volumes contributes to ventilator-induced lung injury
partly by the dynamic strain imposed on the lungs.” Hence,
the use of lung-protective tidal volume, set according to the
ideal body weight, is a key part of the current lung-protec-
tive ventilation strategy in ARDS.? However, it is believed
that ventilator-induced lung injury is not always prevented
by reducing the tidal volume.* As the lung available for
ventilation is significantly and nonuniformly reduced, a
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similar tidal volume based on ideal body weight can gener-
ate varying lung stress in different patients with ARDS.

Airway driving pressure is measured as the airway pres-
sure changes from PEEP to end-inspiratory plateau pressure
and is equivalent to the ratio between the tidal volume and
compliance of the respiratory system. Driving pressure may
provide a better estimate of lung stress because the applied
tidal volume is related to the compliance of respiratory sys-
tem.” Transpulmonary pressure has been used to represent
global lung stress, but it requires measurement of esopha-
geal pressure, which is neither widely available nor com-
monly used in children. Driving pressure is easy to
calculate at the bedside and correlates directly with trans-
pulmonary pressure in patients with normal chest wall
compliance.

Amato et al® reanalyzed data from previous studies and
were the first to show that driving pressure had a relation-
ship with mortality in adults with ARDS. Though similar
findings were reproduced later in a few other studies, the
exact safe threshold of driving pressures is currently
unclear. Bugedo et al” suggested a cutoff value of 15 cm
H,O as a safe threshold for driving pressure in adults,
which is the same value found in the study by Amato et al.®
The driving pressure threshold predicting mortality found
in other studies varied from 14 to 18 cm H,0.31°

Pediatric data regarding the association of mortality with
driving pressure are scarce. The objective of this study was
to evaluate the association of driving pressure and out-
comes in children with acute hypoxemic respiratory failure
who require invasive mechanical ventilation.

Methods
Eligibility Criteria and Enrollment

This was a retrospective cohort study done in the pediat-
ric ICU of a tertiary care multi-speciality hospital in North
India. Medical records of all consecutive children age 1
month to 15 y admitted to the pediatric ICU with a diag-
nosis of acute hypoxemic respiratory failure between
July 1, 2016, and June 30, 2018, were screened for
enrollment. Acute hypoxemic respiratory failure was
defined as acute-onset illness (< 7 d) with at least one
P,o,/Fio, value < 300 within 24 h after intubation.!!
We excluded children with congenital and acquired
heart diseases, neuromuscular diseases, or primary im-
munodeficiency. Children with these diseases were
excluded because they can independently affect the out-
come parameters like duration of ventilation.'> We also
excluded patients with incomplete medical records.
Approval from the institutional ethics committee was
obtained. The need for informed consent was waived
due to the retrospective nature of the study.
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Current knowledge

Airway driving pressure correlates with mortality in
adults with ARDS. The commonly proposed safety
threshold of driving pressure in adults is 15 cm H,O.

What this paper contributes to our knowledge

In children with acute hypoxemic respiratory failure,
dynamic driving pressure with a safety cutoff of 15 cm
H,0 was associated with lower morbidity as evidenced
by shorter duration of ventilation and shorter ICU and
hospital length of stay. However, there was no signifi-
cant difference in mortality between the 2 groups, cate-
gorized using 15 cm H,0 as the cutoff value of driving
pressure.

Usual Unit Protocol

Following the usual unit protocol for ventilation in chil-
dren with acute hypoxemic respiratory failure, all patients
were intubated using a cuffed endotracheal tube with the
intention to minimize air leak across the tube. The pres-
sure-regulated volume control mode with decelerating flow
pattern was used as the default initial mode of ventilation in
all children with acute hypoxemic respiratory failure.

A lung-protective ventilation strategy (5—6 mL/kg tidal
volume, based on ideal body weight) and adequate PEEP
(= 5 cm H,0) was initiated in all subjects with hypoxemic
respiratory failure. Ideal body weight was calculated using
McLaren method, which compares weight and height in
relation to a child’s age using standard growth charts."?
Stepwise increases of PEEP were performed to allow a
reduction of Fio,, targeting an Spo, value of 88-92%. All
children were kept under deep sedation during the first 24 h
after intubation, and neuromuscular blocker infusion was
used in those with P,o, /Fio, < 150. Use of high-frequency
oscillatory ventilation or extracorporeal membrane oxygen-
ation was considered when conventional ventilation failed
(defined as persistently elevated peak inspiratory pressure
[PIP; ie, = 35 cm H,O], hypercarbia [P,co, = 80 mm Hg],
or refractory hypoxemia [inability to wean Fjo, = 0.60 de-
spite increasing PEEP]). Driving pressure was not used as
an index to titrate ventilation during the study period.

An evidence-based institutional protocol for weaning
was used. The process of weaning was initiated when there
was an improvement or resolution of the underlying disease
and predefined criteria were met. These included alert men-
tal status, effective cough and gag reflexes, spontaneous re-
spiratory efforts, arterial pH 7.32-7.47, P,o0, > 60 mm Hg
on Fip, = 0.40, PEEP = 7 cm H,0, P,co, < 50 mm Hg,
and absence of escalation of inotropic support in the
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preceding 24 h. When subjects fulfilled these criteria, they
underwent a daily extubation readiness test using a 2-h trial
of CPAP with minimal pressure support, adjusted for the
endotracheal tube size (3—3.5 mm = pressure support of 10
cm H,0; 4-4.5 mm = pressure support of 8 cm H,O; > 5
mm = pressure support of 6 cm H,0O). Subjects with a
breathing frequency higher than the 90th percentile for age,
signs of increased work of breathing, tachycardia higher
than the 90th percentile for age, Spo, < 90%, Pico, > 50
mm Hg or an increase of > 10 mm Hg from baseline, arte-
rial pH < 7.3, or change in mental status at any time during
the 2-h period are considered to have failed the extubation
readiness test. Extubation was done when the extubation
readiness test was successful.

Data Collection

Data were recorded on a study-specific clinical record
form that included demographics, diagnosis, Pediatric Risk
of Mortality in first 12 h (PRISM-12) score, ventilator set-
tings, and variables of lung mechanics and oxygenation. As
per routine practice in our unit, ventilator settings and varia-
bles of lung mechanics are recorded in the nursing observa-
tion charts. During the first 24 h of ventilation, ventilatory
pressures are recorded every 6 h during periods of passive
breathing under sedation or neuromuscular blockade by
trained nurses, who identify absence of spontaneous breath-
ing by matching the set breathing frequency with the
observed frequency. The first set of values of these parame-
ters are recorded at least 1 h after intubation. In this study,
the first 4 sets of the ventilatory parameters, variables of
gas exchange, and lung mechanics collected every 6 h were
noted in the clinical record form. Of the 4 set of values
recorded, the “worst” value for the day (eg, the highest tidal
volume, the highest driving pressure) was considered for
analysis purposes. Tidal volume was expressed in mL/kg
ideal body weight. PIP was taken as a surrogate of plateau
pressure as this cohort was ventilated with decelerating
flow. Hence, the difference between PIP and PEEP was
termed dynamic driving pressure (AP).'

Occurrence of organ dysfunction at 24 h (defined per
diagnostic criteria given by the 2002 International Pediatric
Sepsis Consensus Conference), cumulative fluid balance,
and use of adjunct therapies of ARDS were also noted.'”
Enrolled children were also screened for fulfilment of
ARDS criteria as per the 2015 Pediatric Acute Lung Injury
Consensus Conference (PALICC).!¢

Clinical Methods
Enrolled children were separated into 2 groups based on
a dynamic driving pressure cutoff of 15 cm H,O, as pro-

posed by Bugedo et al’ (low driving pressure: AP < 15 cm
H,O; high driving pressure: AP = 15 cm H,0). Outcome
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variables including duration of ventilation, pediatric ICU
length of stay, hospital length of stay, ventilator-free days
at day 28, and in-hospital mortality were recorded and com-
pared between the 2 groups. Subjects were also grouped on
the basis of morbidity parameters to identify morbidity pre-
dictors using regression models to account for confounding
variables. For analysis purposes, significant morbidity was
considered a dichotomous variable, and subjects with sig-
nificant morbidity were defined as those who had both du-
ration of ventilation > 7 d and ICU length of stay > 10 d or
those who died. This definition was based on the median
duration of ventilation (ie, 7 d) and ICU length of stay (ie,
10 d) in pediatric subjects with ARDS reported from 2
studies.'”'®

Statistical Analysis

Baseline demographic features and descriptive clinical
data were summarized using means = SD or medians with
interquartile ranges (IQR) for continuous variables and per-
centages for categorical variables. For normally distributed
quantitative data, the ¢ test was applied for the comparison
of 2 groups. For skewed data or ordered categorical data,
non-parametric Mann-Whitney U test and the Kruskal-
Wallis test were used. For categorical data, comparisons
were made with the Pearson chi-square test or the Fisher
exact test as appropriate. The minimum threshold value of
driving pressure for mortality was estimated with receiver
operating characteristic curves by stepwise analysis using
increasing values of driving pressure. Univariate analysis
was performed to identify predictors of morbidity and mor-
tality. Factors proven to have association with mortality
and morbidity in various previous studies were chosen as
variables for univariate analysis.'®*' Appropriate cutoff
values for categorizing different variables in the regression
model were determined using receiver operating character-
istic curves. Factors with P < .05 were considered signifi-
cant and were subjected to multivariable logistic re-
gression. Adjusted odds ratio were calculated for factors
that were significant after multivariate analysis. Analysis
was performed SPSS 22.0 (IBM, Armonk, New York).

Results

Of the 380 children who were mechanically ventilated
during the study period, 161 children met the criteria for
acute hypoxemic respiratory failure. Sixty patients were
excluded due to cardiac disease (n = 36), neuromuscular
disease (n = 19), primary immunodeficiency (n = 3), or
incomplete medical records (n = 2). The remaining 101
children were enrolled in the study and analyzed.

The median (IQR) age of the cohort was 3 (0.6-7) y.
Boys outnumbered girls by 1.5:1. The median (IQR)
PRISM-12 score of the study population was 11 (6-16).
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Table 1.  Comparison of Baseline Parameters of Low and High Driving Pressure Groups
Baseline Characteristics Total (N = 101) Low AP (n = 47) High AP (n = 54) P
Age,y 2.9 (0.8-7.7) 2.8 (0.8-5.8) 2.9 (0.8-7.6) .39
Comorbid illness present 29 (29) 14 (30) 15 (28) .8
PRISM-12 score 11 (6-17) 8 (5-15) 13 (8-18) .004
P.0,/Fio, 179 (100-212) 197 (160-212) 164 (100-208) .03
Oxygenation index 6.3 (4.5-12) 5.3 (4.5-6.3) 7.1 (5.4-12.6) .01
PEEP, cm H,O 7(6-9) 6 (5-7) 8 (6-10) <.001
Organ dysfunction
Renal 25 (25) 10 (21) 15 (28) 45
Cardiac 38 (38) 15 (32) 23 (43) 25
Hepatic 23 (23) 8 (17) 15 (28) .19
Central nervous system 16 (16) 6 (13) 10 (18) .26
Hematologic 44 (44) 17 (37) 27 (50) .16
MODS 57 (57) 21 (45) 36 (67) .03
ITonotropic score 0 (0-18) 1 (0-30) 13
Data are presented as median (interquartile range) or n (%).
AP = dynamic driving pressure
Low AP = < 15 cm H,O
High AP = = 15 cm H,O
PRISM-12 = Pediatric Risk of Mortality within first 12 h
MODS = multi-organ dysfunction syndrome
Common diagnoses were pneumonia (n = 51), severe sep- ) ) o
Table 2. Comparison of Outcome Parameters in Both Driving

sis with ARDS (n = 24), severe dengue infection (n = 10),
aspiration pneumonia (n = 7), and drowning (n = 4).
ARDS criteria as per PALICC 2015 were fulfilled by 65
subjects.'® Nearly half of these subjects (n = 32, 49%) had
mild ARDS (oxygenation index 4-8), a quarter (n = 16,
24.6%) had moderate ARDS (oxygenation index 8-16),
and the rest had severe ARDS (oxygenation index = 16).

The median (IQR) maximum PEEP provided in the first
24 h was 7 (6-9) cm H,0O. The majority of the children
(n = 66, 65.3%) were ventilated with lung-protective venti-
lation (= 6 mL/kg ideal body weight), while the rest (n =
35, 34.7%) received tidal volume > 6 mL/kg ideal body
weight. The group with low AP (< 15 cm H,0) consti-
tuted nearly half of the subjects (n = 47, 46.5%), with
the group with high AP (= 15 cm H,0) having 54 sub-
jects (53.5%). Baseline parameters in both groups are
provided in Table 1.

In comparison to the high AP group, subjects in the low
AP group had significantly shorter duration of ventilation,
ICU length of stay, and hospital length of stay, and more
ventilator-free days at day 28 (Table 2). However, there
was no statistically significant difference in mortality
between the 2 groups (17% in the low AP group vs 24% in
the high AP group, P = .38). The minimum AP value above
which a significant increase in mortality was present was
19 cm H,0, as given by receiver operating characteristic
curves (Fig. 1). Subgroup analysis of 65 subjects with
ARDS yielded similar results with respect to mortality and
other outcome parameters (Table 2). Logistic regression
analysis showed that AP with a cutoff of 15 cm H,O was an
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Pressure Groups

Low AP High AP

Outcome (n = 47) 1 = 54) P

ARDS, n 29 36
Duration of ventilation, d

Total 5 (4-6) 8 (6-11) <.001

ARDS 6 (4-7) 9 (6-12) <.001
Ventilator-free days at day

28,d

Total 23 (20-24) 17 (0-22) <.001

ARDS 22 (19-23) 16 (0-21) <.001
ICU length of stay, d

Total 6 (5-8) 12 (7-15) <.001

ARDS 7(6-9) 14 (7-15) <.001
Hospital length of stay, d

Total 11 (7-14) 18 (13-25) <.001

ARDS 12 (8-15) 19 (13-25) <.001
In-hospital mortality, %

Total 17 24 .38

ARDS 18 25 .33

Data are presented as median (interquartile range) unless otherwise noted.
Total = total cohort of subjects with acute hypoxemic respiratory failure
AP = dynamic driving pressure

Low AP = < 15 cm H,O

High AP = = 15 cm H,0O

independent predictor of morbidity (odds ratio 3.2 [95% CI
1.2-9.0]) (Table 3).

In-hospital mortality occurred in 21 (20.7%) children.
Oxygenation index = 8 and cumulative fluid balance
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= 5% were significant independent predictors of mortality
after multivariate analysis (Table 4). AP, even with a value
of 19 cm H,O (ie, the minimum value found to have associ-
ation with mortality in the univariate analysis), was not an
independent predictor of mortality. In children with ARDS,
adjunct treatment measures were used in some subjects: ste-
roids (n = 16, 24%), neuromuscular blockers (n = 24,
36.9%), rescue high-frequency oscillation ventilation (n =
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Fig. 1. Receiver operating characteristic curve for dynamic airway
driving pressure as a predictor of mortality > 19 cm H,O. The area
under the curve = 0.81.

Table 3. Logistic Regression Model to Find Predictors of Morbidity

9, 14%), prone position ventilation (n = 3), and extracor-
poreal membrane oxygenation (n = 3).

Discussion

Below a dynamic driving pressure safety threshold of 15
cm H,0, the cutoff suggested by Bugedo et al,” our study
showed lower morbidity as evidenced by a shorter duration
of ventilation and shorter ICU and hospital length of stay
without a significant difference in mortality. Baseline oxy-
genation parameters of the two AP groups were different.
Hence the logistic regression models were made, which
demonstrated the association of lower driving pressure with
lower morbidity, after adjusting for differences in variables
like P,0, /Fio,- The minimum AP cutoff that had an associ-
ation with mortality was 19 cm H,O in univariate analysis,
but this was not significant when accounting for the con-
founding variables. Few studies in adult populations,
including the large observational study to understand
the global impact of severe acute respiratory failure
(LUNGSAFE), demonstrate an association between driving
pressure and mortality.®** After the only known pediatric
study also showed no association with mortality, it was
argued that driving pressure might not be a useful parame-
ter in pediatric ARDS.**** Our study indicates that there is
an association between driving pressure and morbidity,
though it doesn’t establish causality. Because there were
only 21 deaths, we were probably underpowered to detect
an association with mortality (post-hoc power = 52%). It is

. With Significant Without Significant Adjusted Odds
Variables Morbidit)% (n=41) Morbidity %n = 60) P Ratjio (95% CI) P
Age, months 23 (7-70) 35 (7-85) .38
Diagnosis .39
Pneumonia 21 (51.2) 30 (50) 54
Sepsis 12 (29.2) 12 (20) 34
Severe dengue 4.(9.7) 6 (10) .66
Aspiration 3(7.3) 4 (6.6) .36
PRISM-12 score < .001 2.9 (1.1-7.9) .03
=12 14 (34.2) 43 (71.6)
> 12 27 (65.8) 17 (28.4)
Oxygenation index .002 1
<8 21 (51.2) 48 (80)
=38 19 (48.8) 11 (20)
MODS 30 (73) 27 (45) < .001 3.4 (1.1-10.4) .03
Driving pressure, cm H,O <.001 3.2 (1.2-9.0) .02
<15 10 (24.4) 37 (61.6)
=15 31 (75.6) 23 (38.3)
Data are presented as median (interquartile range) or n (%). Significant morbidity = ventilation > 7 d and ICU length of stay > 10 d, or death.
*Univariate analysis.
" Multivariate analysis.
PRISM-12 = Pediatric Risk of Mortality within first 12 h
MODS = multi-organ dysfunction syndrome
RESPIRATORY CARE ® MARCH 2021 VoL 66 No 3 407
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Table 4.  Logistic Regression Model to Find Early Mortality Predictors
. In-Hospital Mortalit Survived to Discharge Adjusted Odds Ratio
Variable (I; =21) ’ (n = 80) ¢ P : (95% CI) Pt
Diagnosis
Pneumonia 10 (47.6) 41 (51.2) 30 99
Sepsis 8 (38) 16 (20) .99
Severe dengue 2(9.5) 8 (10) .99
Aspiration 14.7) 6(7.5) .99
Driving pressure, cm H,O Not reported
<19 13 (62) 66 (82.5) .04 46
=19 8 (38) 14 (17.5)
Oxygenation index 6.1 (1.7 -22.5) .007
<8 8(38) 61 (76) .001
=8 13 (62) 19 (24)
MODS 18 (85.7) 39 (48.7) .003 .09
Fluid balance, %* 4.5 (1.1 -18.7) .04
=5 10 (47.6) 70 (87.5) <.001
>5 11 (52.4) 10 (12.5)

Data are presented as 7 (%).

* Univariate analysis.

" Multivariate analysis.

* Cumulative fluid balance at 48 h.

MODS = multi-organ dysfunction syndrome

also possible that lung stress and the resultant ventilator-
induced lung injury in children, which driving pressure tries
to primarily represent, has more effect on morbidity param-
eters like duration of ventilation than mortality. There is a
lack of literature about ventilator-induced lung injury and
its effects in children that should be addressed in future
studies.

An interesting finding from this study was that more than
half of the subjects (38 of 66, 57.5%) in the lung-protective
ventilation cohort (< 6 mL/kg low tidal volume) still had
high driving pressure (ie, = 15 cm H,0). This indicates
that the lung-protective tidal volumes with which these
children were ventilated were not really low because they
had high driving pressures indicating increased lung stress
and strain that is thought to contribute to morbidity. While
the concept of a safe limit for driving pressure is intriguing,
it is an important to point out that neither the validity of a
safe limit nor the management of mechanical ventilation by
controlling the driving pressure has been subjected to high-
quality trials. The relatively new concept of driving pres-
sure was not addressed by PALICC 2015'® as a parameter
to be monitored in pediatric ARDS due to the lack of pedi-
atric data.”® The PALICC recommendations had suggested
limiting tidal volume to 5-8 mL/kg (3—6 mL/kg for severe
disease), aiming to limit PIP. We feel that monitoring driv-
ing pressure may guide clinicians to individualize the tidal
volumes and to decide when to use or accept lower tidal
volumes than the conventional 6 mL/kg in ARDS.

Another important finding is that an oxygenation index
> 8 was an independent early predictor of mortality, while
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driving pressure was not (even with a cutoff of 19 cm
H,0). Similar findings of variables of oxygenation being
better predictors of mortality than parameters of lung
mechanics in pediatric ARDS were reported by Yehya and
Thomas.** Our findings also support the notion that param-
eters of oxygenation may reflect the overall functional se-
verity of lung disease better and thys may have better
prognostic value in pediatric ARDS.

Our study is the first to evaluate the impact of airway
driving pressure on mortality and morbidity parameters
separately in children. Reasonable sample size and
inclusion of a broad group of subjects with acute hypo-
xemic respiratory failure were important strengths. It
should be noted that we defined AP as the difference
between PIP and PEEP, as all children were ventilated
with decelerating flow. We agree that this was a limita-
tion of the study because PIP partly accounts for the
resistance component also. Hence, the calculated dynamic
airway driving pressure likely overestimated the actual driv-
ing pressure in at least some of the subjects. However, stud-
ies have shown that the PIP-to-plateau pressure gradient is
minimal with decelerating flow.?**” Moreover, modes like
pressure control and pressure-regulated volume control,
which use decelerating flow patterns, are more commonly
used in pediatric ARDS.*®* Hence, our findings might hold
relevance in children with ARDS and may have implica-
tions for further research. Multicenter prospective studies in
children are needed to guide us further and to clearly estab-
lish the use of driving pressure for optimization of mechani-
cal ventilation in pediatric ARDS.

RESPIRATORY CARE ® MARCH 2021 VoL 66 No 3



DynaMIC AIRWAY DRIVING PRESSURE IN CHILDREN

Conclusions

Our study showed an association between dynamic driv-

ing pressure and outcomes in pediatric ARDS with the
threshold of 15 cm H,O being significant in increasing
morbidity. Whether a threshold value should be associated
with mortality needs to be tested in a larger sample, prefera-
bly in a multi-center study. Further research is required in
pediatric ARDS regarding the association of lung stress and
strain affecting both short-term and long-term outcomes.
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