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Abstract

Background: Recurrent delivery of tidal mechanical energy (ME) inflicts ventilator-induced lung injury (VILI) when
stress and strain exceed the limits of tissue tolerance. Mechanical power (MP) is the mathematical description of the
ME delivered to the respiratory system over time. It is unknown how ME relates to underlying lung pathology and
outcome in mechanically ventilated children. We therefore tested the hypothesis that ME per breath with tidal
volume (Vt) normalized to bodyweight correlates with underlying lung pathology and to study the effect of
resistance on the ME dissipated to the lung.

Methods: We analyzed routinely collected demographic, physiological, and laboratory data from deeply sedated
and/or paralyzed children < 18 years with and without lung injury. Patients were stratified into respiratory system
mechanic subgroups according to the Pediatric Mechanical Ventilation Consensus Conference (PEMVECC) definition.
The association between MP, ME, lung pathology, and duration of mechanical ventilation as a primary outcome
measure was analyzed adjusting for confounding variables and effect modifiers. The effect of endotracheal tube
diameter (ETT) and airway resistance on energy dissipation to the lung was analyzed in a bench model with
different lung compliance settings.

Results: Data of 312 patients with a median age of 7.8 (1.7-44.2) months was analyzed. Age (p < 0.001), RR

p < 0.001), and Vt < 0.001) were independently associated with MPrs. ME but not MP correlated significantly

(p < 0.001) better with lung pathology. Competing risk regression analysis adjusting for PRISM Il 24 h score and
PEMVECC stratification showed that ME on day 1 or day 2 of MV but not MP was independently associated with
the duration of mechanical ventilation. About 33% of all energy generated by the ventilator was transferred to the
lung and highly dependent on lung compliance and airway resistance but not on endotracheal tube size (ETT)
during pressure control (PC) ventilation.
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identify injurious MErs thresholds in ventilated children.

(VILD)

Conclusions: ME better related to underlying lung pathology and patient outcome than MP. The delivery of
generated energy to the lung was not dependent on ETT size during PC ventilation. Further studies are needed to
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Background

Mechanical ventilation (MV) as life-saving intervention
is ubiquitous in pediatric intensive care units (PICU) but
may simultaneously lead to ventilator-induced lung in-
jury (VILI) [1]. Experimental and clinical studies have
identified factors contributing to VILI to include volu-
trauma (i.e., delivery of large tidal volumes (Vt) as a sur-
rogate for lung strain), lung stress, and atelectrauma (i.e.,
the repetitive opening and closure of alveoli) albeit that
their exact role in the pediatric setting is not well under-
stood [1, 2].

Mechanical power (MPrs) has been proposed as a
measure and potential driver of VILI [3]. MPrs is the
energy per breathing cycle multiplied by ventilation
frequency [4]. It can be calculated during volume-
controlled (VC) ventilation using the respiratory rate
(RR), peak inspiratory pressure (PIP), plateau pressure
(Pplat), and positive end-expiratory pressure (PEEP)
[5]. Although MPrs has been associated with mortal-
ity in ARDS patients, it is not well-established if
MPrs should be normalized to lung volume or pre-
dicted bodyweight and how much power is delivered
to the lung [3, 6-8].

It has not been studied how the conceptual framework
of power translates to mechanically ventilated children.
Obviously, two key components of MPrs (i.e., Vt and
RR) are age-dependent (i.e., the older the child, the lar-
ger the Vt and the lower the RR), making those injurious
thresholds for MPrs not uniform across the entire
pediatric spectrum. Furthermore, pediatric critical care
practitioners predominantly use a pressure-controlled
(PC) mode of ventilation whereas the concept MPrs is
based on VC ventilation although Becher et al. have pro-
posed an approach to measure MPrs during PC ventila-
tion using peak inspiratory pressure (PIP) instead of
Pplat [9-11]. It needs to be studied if these modifica-
tions can be used to study mechanical power in children.
Aside from these methodological aspects, infants and
young children are generally ventilated with small endo-
tracheal tube (ETT) sizes with high gas flow and high
ventilation rate, all contributing to resistance (Rrs) [12].
Added to that, especially young children often suffer
from disease conditions characterized by increased air-
way resistance such as viral bronchiolitis or pneumonia

[13]. It is thus unclear how much of the power is deliv-
ered to the lungs and how much is dissipated in the na-
tive airways.

We therefore sought to explore how MPrs and energy
with Vt normalized to bodyweight (thereby eliminating
age dependency) correlated with underlying lung path-
ology and patient outcome. In addition, we wanted to
study if ETT size impacted energy delivery to the lung.

Methods

We analyzed routinely collected demographic, physio-
logical, and laboratory data from deeply sedated and/or
paralyzed children <18 years with and without lung in-
jury on weekdays at 8 am during the first 3 days of MV.
Data from patients with obstructive airway disease, doc-
umented chronic lung disease, neuromuscular disorders,
premature birth with age corrected for post-
conceptional age less than 40 weeks, severe traumatic
brain injury (i.e., Glasgow Coma Scale < 8), chronic lung
disease (i.e., tracheostomy ventilation), and severe pul-
monary hypertension, managed with high-frequency os-
cillation ventilation or with an ETT leakage > 18% were
excluded. The severity of the disease was assessed by the
24-h Pediatric Risk of Mortality II (PRISM II) [14]. Pa-
tients were stratified according to underlying respiratory
system mechanics subgroups proposed by the Pediatric
Mechanical Ventilation Consensus Conference (PEMV
ECC) definition and pediatric acute lung injury consen-
sus conference (PALICC) definition for PARDS [13, 15].
The Institutional Review Board approved the study and
waived the need for informed consent. A bench study
was performed to study how the ETT affected energy
transmission to the lung (see Additional file 1).

Patients were ventilated in a PC ventilation mode, lim-
iting inspiratory pressures < 28-32 ¢cmH,O and expira-
tory Vt (Vt-exp) 5-7 mL/kg actual bodyweight (as there
was no obesity in the patient cohort). Vt-exp was mea-
sured near the Y-piece in children <10kg (VarFlex™,
Vyaire, Mettawa, Ill, USA). Mandatory breath rate set-
ting was guided by the underlying pathology and age;
the flow-time scalar is carefully monitored to identify
appropriate inspiratory time setting and to avoid the de-
velopment of intrinsic PEEP. The I to E ratio is not
fixed. Initial PEEP was 4—6 cm H,O and further titrated
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at the discretion of the attending physician, targeting
SpO, 88-92% for patients with lung injury. Unless dic-
tated otherwise, the target pH was > 7.20.

Demographic, physiological, and laboratory data were
manually extracted from the patient’s medical record.
Ventilator settings and parameters were read from the
ventilator. Plateau pressure (Pplat) and quasi-static com-
pliance (Crs) were measured at end-inspiration by a
manual inspiratory hold maneuver of 3s. Metrics for
oxygenation included the oxygenation index [OI] ([mean
airway pressure x FiO, x 100]/Pa0,) and if the SpO, was
<98% the oxygen saturation index [OSI] [mean airway
pressure x FiO, x 100]/SpO,). We calculated ventilator-
free days (VFD) through day 28, defined as the num-
ber of days within 28 days that a subject is alive and
free of MV [16]. Patients were assigned 0 VED if they
remained intubated or died prior to day 28 without
remaining extubated for more than 24h. MPrs was
calculated as previously described [5]. The mechanical
energy of the respiratory (MErs) was calculated by
0.098 x (Vt x kg™ ') x (PIP - [(Pplat — PEEP)/2]).

Statistical analysis

The normality of data was assessed using the
Kolmogorov-Smirnov test. Continuous data are pre-
sented as median and 25-75 interquartile range (IQR)
and analyzed using the Mann-Whitney U test (for com-
paring two groups) or Kruskal-Wallis test; Spearman
correlation coefficient (r;) was calculated to analyze cor-
relations. The x* test with Yates continuity correction
was used to analyze categorical data. The primary out-
come measure was the duration of mechanical ventila-
tion (MV). Competing risk regression analysis (Fine and
Gray model) was used to identify independent contribu-
tors to the duration of MV with death as a competing
risk [17]. All statistical analyses were performed using
software IBM SPSS, v24.0 (IBM Corp., Chicago, III,
USA) with P< 0.05 considered statistically significant.

Results

Correlation MPrs and MErs with underlying lung
pathology and patient outcome

Data of 312 patients with a median age of 7.8 (1.7-44.2)
months was analyzed (Table 1). Of these, 186 patients
(61.5%) were younger than 12 months of age. Primary
admission diagnosis was respiratory failure in 102
(32.7%) and cardiac (including post-cardiac surgery) in
81 (26.0%) patients. Sixty-nine (22.1%) patients met
PEMVECC criteria for restrictive and 78 (25.0%) for
mixed lung disease, and 7.7% of patients met PALICC
criteria for PARDS. The duration of MV was 93 (44—
163) hours. Thirteen (4.2%) patients died. Patients were
ventilated for a median of 17.3h (11.6-21.2) before the
first measurement on day 1 was made.
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Data on MPrs was available on the first day of MV for
all patients, on day 2 for 169 (53.9%), and on day 3 for
96 (30.0%) patients. We found a direct relationship be-
tween age and MPrs (ry 0.814, p< 0.001). Vt-exp (s
0.112, p < 0.01), weight (r; 0.837, p < 0.001), and RR (r
- 0.459, p < 0.001) were also significantly correlated with
MPrs. There was also a significant correlation between
MPrs and oxygen saturation index (OSI) (r, 0.189,
p < 0.001) but not with oxygenation index (OI) or PaO,/
FiO, ratio. PEEP was significantly correlated with MPrs
(ry 0.311, p < 0.001).

The distribution of MPrs on day 1 was significantly
different (p < 0.001) across the cohort after stratification
by PEMVECC criteria (Fig. 1). Linear regression analysis
showed that age in months (- 0.012 [95%CI - 0.018 -
-0.007, p< 0.001), RR (5 0.047 [95%CI 0.034—0.060,
p< 0.001), and total Vt (i.e., not normalized to body-
weight) (5 10.028 [95%CI 0.024—0.031, p < 0.001) were
independently associated with MPrs.

Next, we analyzed the mechanical energy per breath
(MErs) [expressed as mJ/kg] after normalizing Vt to actual
bodyweight. For the whole cohort, MErs was 10.2 (8.2—
12.2) mJ/kg. MErs was not significantly correlated with
age in months. There was a significant correlation be-
tween MErs and OI (rs 0.412, p< 0.001), OSI (rs
0.438, p< 0.001), and PaO,/FiO, ratio (rs-0.263,
p< 0.001). The distribution of MErs was significantly
different (p <0.001) across the cohort after stratifica-
tion by PEMVECC criteria (Fig. 1b). MErs was 9.7
mJ/kg (8.0-12.3) in patients with normal lung me-
chanics, 10.7 mJ/kg (8.6—12.5) in patients with the re-
strictive disease, and 10.6 mJ/kg (8.6—12.5) in patients
with mixed disease although this difference did not
reach statistical significance. MErs but not MPrs was
significantly higher in non-survivors (11.7 [8.9-15.4]
vs 10.1 mJ/kg [8.2-12.1], p = 0.016).

Patients with new PARDS during the first 3 days of
MV had significantly higher MPrs (3.2 [1.7-8.3] vs 2.4
[1.5-3.7] J/L, p =0.003) and MErs (11.1 mJ/kg [9.6—14.0]
vs 10.0 [8.2-12.0], p = 0.001) than those without PARDS.
Analysis of patients with PARDS showed that MPrs or
MErs was not significantly correlated with VFD-28 or
different between survivor and non-survivors.

Univariate analysis showed that for the entire co-
hort only MErs was significantly correlated with VED
(r¢—0.243, p<0.001). After stratification by age, we
found a significant correlation between MPrs, MErs,
and VFD in two age categories (0—12 months and 1-
5years) but not in children >5 years. Competing risk
regression analysis adjusting for PRISM III 24 h score,
age (in months), and PEMVECC stratification showed
that MPrs on day 1 or day 2 of MV was not inde-
pendently associated with VFD, whereas MErs on day
1 or day 2 was (p <0.001).
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Table 1 Characteristics of the study population of N=312 mechanically ventilated children. Data are presented as median (25-75
interquartile range) or percentage (%) of total. Ventilator-free days (VFD) through day 28 were defined as the number of days within
28 days that a patient was alive and free of mechanical ventilation [16]. Patients were assigned 0 VFD if they remained intubated or
died prior to day 28 without remaining extubated for more than 24 h. *Denotes p < 0.005 (Kruskal Wallis test). PRISM Pediatric Risk of

Mortality; Ol oxygenation index

Patient stratification by Pediatric Mechanical Ventilation Consensus Conference category

Normal respiratory
system mechanics

Restrictive respiratory

system mechanics

(i.e., reduced compliance)

Mixed respiratory
system mechanics
(i.e., reduced
compliance and

Cardiac
(combination of
normal and altered
respiratory system

increased resistance) mechanics)
N=284 N=69 N=78 N=281
Baseline patient characteristics
Age (months) * 493 (94-1220) 23.1 (8.0-46.0) 20 (1.2-8.5) 2.2 (05-6.7)
< 12 months (%) 29.78 39.1 84.6 84.0
13-60 months (%) 20.2 34.8 1.5 6.2
> 60 months (%) 50.0 26.1 38 99
Male gender (%) 619 58.0 62.8 63.0
Weight (kg) * 16.5 (8.0-29.5) 124 (85-17.5) 5.0 (4.0-6.7) 4.2 (3.6-6.9)
PRISM Il 24 h score 8.5 (5.0-14.0) 10.0 (6.0-15.0) 11.0 (8.0-15.0) 120 (7.0-15.5)
PARDS (%) 0.0 58 244 12
Cstat (cmH,0O/L/kg) * 0.59 (0.43-0.78) 0.55 (0.39-0.73) 0.34 (0.28-0.44) 0.5 (0.32-0.6)
Baseline ventilator settings
PIP (cmH,0) * 18 (16-22) 20 (17-23) 27 (24-29) 20 (18-23)
Pplat (cmH,0) * 16 (14-19) 17 (15-21) 24 (21-26) 18 (16-21)
PEEP (cmH,0) * 5 (5-6) 5 (5-6) 6 (5-7) 5 (5-6)
Vt-exp (mL/kg) * 7.6 (6.6-8.6) 76 (6.5-85) 6.6 (6.1-7.7) 7.5 (6.8-83)
Inspiratory time (s) * 0.75 (0.62-0.9) 0.7 (06-0.75) 0.55 (0.5-0.6) 0.55 (0.5-0.6)
Mandatory breath rate (/min) * 22 (17-30) 23 (20-30) 40 (32-40) 35 (29-40)
Outcome data
Ventilation time (h) * 88.3 (42.5-1634) 69.8 (25.3-179.3) 107.5 (78.0-152.2) 915 (32.6-163.1)
VFD day 28 24 (20-26) 24 (19-26) 23 (21-24) 24 (21-26)
PICU mortality (%) 6.0 43 26 3.7
Bench model testing Discussion

The median mechanical energy measured in the
lung was significantly higher with VC (4.8 [2.7-8.2]
than with PC ventilation (2.3 [1.2-3.4] m]J/kg, p<
0.001). We also found that the mechanical energy
lost due to resistive properties of the respiratory
system was significantly higher with VC (7.4 [4.7-
12.4] than with PC (3.8 [1.6-7.2] m]/kg, p <0.001).
ETT size was significantly correlated with mechan-
ical energy in the lung (r,—0.055, p<0.01) and
mechanical energy lost due to resistive properties of
the respiratory system (r,—0.050, p<0.01). Multi-
variate analysis showed that for VC but not PC,
ETT size (p<0.001) was independently associated
with the percentage of MEventilator delivered to
the lung, irrespective of compliance or resistance
settings (Table 2).

This is the first pediatric study investigating energy
transmission during mechanical ventilation. We found
that mechanical energy per breath correlated with
underlying lung pathology and patient outcome. Bench
testing showed that during PC ventilation, ETT size it-
self did not affect energy delivery to the lung. Our data
provide support to further exploring the conceptual
framework of energy transmission during MV in the
pediatric setting.

Recurrent delivery of tidal energy inflicts VILI when
stress and strain exceed the limits of tissue tolerance.
Experimental work linked mechanical power > 12 J/min
to the development of VILI [18-21] and adverse out-
come in clinical studies in adults [7, 8, 22]. To date,
there are no pediatric studies that have examined such
relationship. Although it is not clear which component
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Fig. 1 Distribution of mechanical power of the respiratory system (MPrs) on day 1 (upper left panel) and day 2 (lower left panel) and the
mechanical energy per breath [MErs] on day 1 (upper right panel) and day 2 (lower right panel) stratified by Pediatric Mechanical Ventilation
Consensus Conference (PEMVECC) defined type of respiratory system mechanics. Data are depicted as median (25-75 interquartile range).
Absolute values above lines represent number of patients per PEMVECC type

of mechanical power contributes the strongest to lung
damage, none of these components have been exten-
sively studied in mechanically ventilated children and
the relationship between mechanical ventilation and
VILI in children remains unclear [2]. In fact, high Vt has
been linked with better outcome in observational studies
of children with acute lung injury, making it impossible
to identify a specific Vt threshold to be associated with
adverse outcomes [23-25]. Driving pressure has not
been studied in children so far except for two observa-
tional studies reporting an association between a surro-
gate driving pressure (i.e., pressure gradient calculated
by subtracting PEEP from the PIP measured under dy-
namic flow conditions) [26, 27].

Our study shows indicates that assessing the mechan-
ical energy per breath seems appropriate when studying
the effects of energy transmission on patient outcome
instead of using the proposed formula for MPrs. Not
only did we find values for MPrs far below previously
published injurious thresholds in adults, we also
found that there was no correlation with underlying
pathology based on the PEMVECC criteria [5, 18]. In
fact, we found the highest values for MPrs among pa-
tients with no lung pathology which may be perceived
as counterintuitive. A high tidal strain is a prerequis-
ite for poor tissue damage, underscoring the injurious
role of high Vt [18, 20]. We propose that our obser-
vations may largely be caused by the age-dependency
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Table 2 Results from multivariate linear regression analysis from bench model testing data examining the independent contribution
of categorized endotracheal tube (ETT) size (0 [ETT 3 mm] to 5 [ETT 8 mm)]), categorized compliance (1 [normal] to 5 [severely low]),
categorized resistance (1 [no resistance] to 3 [high]), categorized tidal volume (in mL/kg) for VC ventilation or pressure above PEEP
for PC ventilation, and categorized inspiratory time (1 [-20% compared to age-appropriate] to 3 [+ 20% compared to age-
appropriate]) to the percentage of mechanical energy generated by the ventilator (calculated by [(0.098 x (Vt x kg~ ') x (PIP - [(Pplat
— PEEP)/2])] with ventilator parameters measured at the Y — piece) that is delivered to the lungs (measured by integrating the

dynamic pressure — volume curve in the test lung)

B 95% Cl P value
A: Percentage of energy dissipated to the lung during VC ventilation
ETT size (mm) —1.391 —1.908; —0.0874 <0.001
Vt (mL/kg) 3294 2.592;3.997 <0.001
Compliance (mL/cmH,0/kg) 13.326 12.931:13.720 <0.001
Resistance —8.061 —8.722;, — 7401 < 0.001
Inspiratory time (s) 2.754 2.078;3430 <0.001
Inspiratory flow (L/min) —0.041 —0.092;0.009 0.110
B: Percentage of energy dissipated to the lung during PC ventilation
ETT size (mm) 0.090 —0.299,0478 0.650
Pressure above PEEP (cmH-0) 0.602 0.444:0.761 <0.001
Compliance (mL/cmH,0/kg) 11.130 10.662;11.598 <0.001
Resistance —10.206 —11.000; — 9413 <0.001
Inspiratory time (s) 4322 3.528-5.115 <0.001

of Vt and RR. From a developmental perspective, the
older the child becomes, the larger the Vt gets and
the lower the RR is, indicating that higher values of
MPrs are automatically found in older children and
thus making comparisons across the entire pediatric
spectrum impossible. Furthermore, it could be sur-
mised that this is also due to differences in lung size.
When normalized to height instead of bodyweight,
younger children have a relatively larger lung surface
area than adults [2]. However, the actual delivered Vt
in relation to the amount of inflatable lung volume
will then be lower when still normalized to body-
weight leading to a lower lung strain compared with
adults [28]. Aside from this, PC is the predominant
ventilatory mode in pediatrics. Raw is not constant in
PC because of the decelerative flow pattern; thus,
(Ppeak — Pplat)/Flow cannot function as a proxy for
Raw and Vt/Tinsp not for flow [29]. We overcame
this applying an inspiratory hold to generate Pplat
and found that the energy transmitted to the lung
remained lower during PC than during VC ventila-
tion. One obvious explanation would be the signifi-
cantly lower delivered Vt during PC when setting an
inspiratory pressure. Interestingly, multivariate testing
showed that ETT size was not independently associ-
ated with the percentage of energy that was transmit-
ted to the lung during PC ventilation, further
supporting the use of mechanical energy rather than
mechanical power in the pediatric setting where PC
ventilation is very common. Nonetheless, although

mechanical energy per breath showed an observed a
better relationship with lung pathology based on the
PEMVECC criteria, injurious thresholds obviously
need to be identified in future studies.

Our study has several limitations. First, our clinical
study was designed a single-center study that may
limit the generalizability of our findings, although our
unit is comparable to most large units globally. In
addition, the clinical relevance of mechanical has only
been studied in ARDS, but our cohort included only
a small group of PARDS patients. Second, although
lung-protective ventilation is guided by a unit-specific
clinical algorithm guiding pressure and Vt setting, set-
ting the level of PEEP was not dictated by the ARDS
Network grid. Recently, it has been shown that not
adhering to the grid was associated with increased
mortality, although these findings need to be univer-
sally confirmed [30]. Third, although we showed that
MErs on day 1 or day 2 was independently associated
with total ventilation time after adjusting for age, dis-
ease severity, and PEMVECC lung pathology type, this
does not mean that there is a causative relationship
between MErs and patient outcome since other con-
founders may not have been picked up. For example,
our unit has a low threshold for using HFOV as an
alternative mode of ventilation which may impact
total ventilation time [31, 32]. Also, there was no use
of extubation readiness testing, thereby affecting total
ventilation time [33]. Importantly, it remains to be
studied if mechanical energy may be interpreted as a
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driver of the outcome. Fourth, our bench test repre-
sented a simplification of the actual clinical situation
because by design, a bench only represents homoge-
neous lung conditions.

Conclusions

Compared with mechanical power, mechanical energy
per breath correlates better with underlying lung path-
ology and patient outcome in mechanically ventilated
children. Delivery of the generated energy was not
dependent on endotracheal tube size during pressure-
controlled ventilation. Future studies are needed to iden-
tify injurious thresholds of mechanical energy.
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