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General introduction and outline of the thesi

The need for (invasive) mechanical ventilation (MV) in children su ering from acute respiratory
failure (ARF) is one of the most important reasons to be admitted to a pediatric intensive care
unit (PICU). Acute respiratory failure from a direct pulmonary insult necessitating respiratory
support is accountable for almost two-third of all PICU admissions, resulting in a median total
ventilation time of 5-6 day% This, together with the need for mechanical ventilation (MV) for
other indications (e.g., post-surgery, trauma, sepsis), makes the ventilator mainstay of treatmen
in almost all PICU admission

Mechanical ventilation

Breathing is the process of moving air out and in the lungs to facilitate gas exchange with the
internal environment, mostly to ush out carbon dioxide and bring in oxygen through repetitive
cycles of inhalation and exhalation. Inspiration starts actively when the diaphragm and the
intercostal muscles contract, pulling the rib cage upwards and outwards. This generates a
negative pressure gradient between the alveolar and pleural pressure, causing gas to ow into
the lungs. The lungs passively de ate to the resting condition during exhalation.

Initially in 1926, Philip Drinker tried to simulate this negative pressure inhalation by
designing the ‘Drinker respiratory’ which was the rst arti cial respirator using a negative pressure
tank on electric power which eventually evolved into the iron®lubgvas the dramatic polio
pandemic in 1952 that initiated the development of positive respiratory sapgpguipped with
only one tank respirator and six cuirass respirators (molded shells around the thorax creating
negative pressure), around 80% of the respiratory failing patients passed away as a consequenc
of the absence of respiratory support or the complications associated with the negative pressure
support (aspirations, pneumonia and atelecfasis)

To improve this mortality rate the local doctor Henry Cai Alexander Lassen (1900-1974) consulte
a colleague and published a paper in the Lancet in 1953 about this consultation: :

“At this point we consulted our anaesthetist colleague, Dr. B. Ibsem, and'othAuggigiaignt

was treated with the methods which soon became our method of choice in patients with impairm
of swallowing and reduced ventilation - namely, tracheotomy just below the larynx, with insertic
rubber-cu tube into the trachea, and manual positive-pressure ventilation from a rubber bag (|
ventilationy’(Figure 1).
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Chapter 1

Figure 1 | Design of the apparatus for administration of manual bag ventilation

This publication was the rst report of a treatment of respiratory failure with positive
pressure. As the positive pressure was generated by squeezing into the bag, mechanical students
were paid 30 shillings a day for 8 hours to keep the patient alive and decrease the mortality rate
to 40%. Because those medical students were at that time exposed to the polio virus, the manual
ventilation was replaced by a mechanical ventilator shortly thefedftett, the use of dry air
led to dehydration and drying out of secretions resulting in tube blockage which in turn led to
the use of humidi ed alf. Moreover, the need for monitoring of oxygenation and ventilation
started the development of blood gas analyzers and the impossibilities of oxygenating an
inhomogeneous diseased lung with atelectasis led to development of positive end-expiratory
pressure (PEEP)Dierent lung pathologies demanded dierent ventilation strategies and
induced the development of di erent ventilation modédt illustrates the rapid development
of an invasive therapy that every time faces a new problem when the previous one has resolved
which have led to the highly sophisticated therapy anno 2022.

Nowadays, MV entails the delivery of positive pressure breaths through a (full) face mask,
tracheostoma or an endotracheal tube (ETT). The ventilator delivers a positive pressure breath.
The pressure need to move gas into the lungs is de ned by the equation of motion. In passive
subjects (i.e., those not breathing spontaneously), this equation relates pressure (P), volume (V)
and ow (v) as continuous function of time (t) with the parameters of elastance (E) and resistance
(RY.

P (t) = EV (t) + Rv (1)

The MV trajectory can conceptually be divided in two phases, namely the acute phase and
the ventilation liberation (also known as weaning) phase. MV is used to reduce patient work
of breathing (WOB) and improve gas exchange to correct hypoxemia and/or hypétcapnia

12



General introduction and outline of the thesi

This basic principle is the same for children and adults. When the underlying process that
originally necessitated MV is revolving, weaning starts (Figure 2). The main goal of this weanin
phase is ventilation liberation by decreasing the respiratory support and the patient becoming
increasingly responsible for generating the energy necessary for e ective gas ekchiaege
decision to start weaning is frequently based on the measurement of clinical variables and varies
between patient but also from practitioner to practitidh& Most patients can be extubated
successfully when the acute phase of disease has résolved

WEANING ERT Extubation NIV
When to start? When to execute? When to perform? Are there indications?
How to continue? How to do? Indices available? When to start?
Predictors available? On a daily basis? Standardized criteria? Which method?
Mode Control SBT Predictors
PCV? Work of breathing? Should PS added? CROP?
CSV? Effort of breathing? How much PS? MIP?
Electromyography? Duration of SBT? PiMax?

UAO?
TTI?

Y

Disease trajectory (getting better)

Figure 2 | Graphical illustration of the disease trajectory after the acute phase of illness is passed and patier
are getting better and are deemed ready to be weaned from the ventilator.

The current gaps of knowledge during the weaning phase are shown in the blue comment boxes.

ERT= Extubation Readiness Test, NIV= Non-invasive ventilation, PCV= pressure controlled ventilatior
continuous spontaneous ventilation, SBT= Spontaneous breathing trial, PS= pressure support, CROP= Cor
Rate Oxygenation Pressure Index, MIP= maximal inspiratory pressure, P0O.1= negative pressure measul
100ms during an inspiratory e ort, UAO= upper airway obstruction, TTI= tension time index

Despite the increase in pediatric studies over the past decade, most of the current practices
are based on personal experiences or what works in adults, explaining the signi cant practice
variability in pediatric ventilation managententet, most pediatric critical care practitioners
acknowledge the fact that ‘children are not little adults’, making that much of what is learned
from ventilated adults cannot easily be extrapolated to critically ill children. It underscores the
need for a better understanding of pediatric MV management of the entire disease trajectory.
The ultimate goal is to shorten ventilation time and reducing the risk of exposure to MV-related
side e ects, such as ventilator associated pneumonia (VAP), need for sedato-analgesic drug
and ventilation-induced lung injury (VILI). One of the most studied complications of MV is VILI.
VILI is characterized by initiation or aggravation of lung injury due to alveolar overdistention (i.e.
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Chapter 1

volutrauma), delivery of high airway pressure (i.e., barotrauma), repetitive opening and closure
of alveoli and concurrent overdistension of non-atelectatic lung regions (i.e., atelectrauma) and
pulmonary in ammation with spill-over of in ammatory mediators into the systemic circulation
(i.e., biotrauma), or a combination of#llIt is also recognized that unregulated respiratory
e ort in an attempt to normalize gas exchanges may contribute to lung injury, a phenomenon
known as patient self-in icted lung injury (P-SIE4¥¢ MV can also cause diaphragm injury (i.e.,
myotrauma) through either excessive unloading of the diaphragm by ventilatory over-assistance
or excessive loading of the diaphragm due to insu cient ventilator assistavé® is not a rare
phenomenon in ventilated children. The risk of VAP already increases after four days of ventilation
and can attribute to increased mortafity

Sedato-analgesic drugs are necessary to facilitate tolerance to MV and to optimize
oxygen delivery, oxygen consumption, and work of breathing, but their use can also lead to
cardiovascular instability and development of drug tolerance and dependency resulting in
iatrogenic withdrawal syndrome (IWS) and delf#i&hThe occurrence of IWS is increasing with
increasing duration of treatment with sedato-analgesic drugs, especially when used for more
than ve day8&-* Both IWS and delirium negatively a ect patient outcomes, including increased
mortality and long-term cognitive impairment among survit¥étsNeuromuscular blocking
agents (NMB) are frequently being used if sedation alone is inadequate to achieve e ective MV.
Prolonged neuromuscular blockage can contribute to critical illness neuromyopathy, resulting in
prolonged ventilator weaning and impaired respiratory muscle strength.

All of the above clearly shows that although MV is a life-saving intervention, it comes with
unwanted harms and complications. Prolonged ventilation time is associated with increased
morbidity, length of intensive care unit stay and even mo?ft&lityMV weaning and ventilation
liberation should therefore be targeted as soon as the patient’s clinical condition has improved
su ciently enough that the patient is able to maintain gas exchange without excessive work
of breathing, to decrease the likelihood of MV related complicgiohlwever, premature
extubation can lead to extubation failure and need for reintubation which by itself is associated
with poorer patient outcomé% Extubation failure rates, depending on the wide variety of
de nitions, used varies between 2 and 22% in children.

Pediatric ventilation liberation

Up to 46% of the total MV time is devoted to weaning, but remarkably a paucity of pediatric
data is available supporting or refuting current practices (Tdbl&H$ may to some degree

be explained by the relatively short ventilation time and low extubation failure rates reported in
childrerf**3 The paucity of scienti ¢ sound data probably explains why there exists strong practice
variability when it comes to for example weaning technique. In fact, there is no pediatric data
supporting or refuting any weaning technique over the other. A gradual reduction in ventilatory
support by reducing the number of mandatory breaths during (synchronized) intermittent
mandatory ventilation ((S)IMV) with or without pressure support (PS represents at present the
most common weaning modé*

14



General introduction and outline of the thesis

Table 1 | The current knowns and unknowns of pediatric ventilation liberation

Known

x Ventilation should stop as soon as possible

X Longer ventilation time causes:

r

r

Increased risk of VILI

Increased risk of VAP

Increased risk of cardiovascular instability
Longer need for sedatives and/or analgesics
Increased risk of soft tissue injury due to

tube irritation

x Ventilation can cause diaphragm weakness

x Children are not little adults

Unknown
Definition of weaning?

Onset of weaning?
Method of weaning?
How to control weaning?
When to stop weaning?

How to predict extubation outcome?

Abbreviations: VILI= Ventilator Induced Lung Injury, VAP= Ventilator Associated Pneumonia

A structured approach that includes a daily assessment of patient’s readiness to extubate
may reduce total ventilation time. This makes testing for extubation readiness a key component of
the weaning process as it allows the critical care practitioner to assess the capability and enduranct
of the patient’s respiratory system to resume unassisted ventilation. Spontaneous breathing trials
(SBT) are often seen as extubation readiness testing (ERT), but the SBT is designed to determ
if the patient can maintain adequate spontaneous ventilation with minimal ventilator support,
whereas ERT tests if the patient is ready for extubation. It is furthermore unclear regarding
SBT what this minimal ventilator support entails. Many practitioners believe that children are
breathing through a straw. They conclude that the endotracheal tube imposes a high resistance
by citing the Hagen-Poiseuille Fawor that reason, pressure support is added to overcome this
perceived resistant®€ However, providing pressure support during spontaneous breathing

may underestimate and overcompensate the patient’'s €ort
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Table 2 | Formulas used in this thesis to calculate e ort of breathing.

Outcome parameter Formula Unit

Work of breathing = Elastic work of breathing + Resistive  Joules/L
(physiological) (WOBghys) work of breathing

Work of breathing (intubated) = WOBgphys + WOBimp Joules/L
(WOBy)

Imposed work of breathing = 29 fME ¥t Joules/L
(WOBimp) N

Work of breathing = P (ecmH0) x V (L) = iAng tot Joules/L
"3HV = PeSpase *P€Stnrough cmH:0
Pressure-time-product (PTP) = jXolany «t-544 cmH20*s/min

4 .

Pressure-rate-product (PRP) “3s XRR cmH>O/min
Abbreviations: Paw= Airway pressurg@niMEEP= Positive End Expiratory PresgDje Res#-Esophageal
pressure (cryBl), P = Pressure (g@)HPtr= Tracheal pressure @HRR= Respiratory rate (x/qg\isrﬁ, T
inspiratory time (s), V= Volume (Liters), Vti= Inspiratory tidal volume (ml)

Monitoring patient’s e ort
Improving pediatric ventilation liberation requires better monitoring of the patient’s e ort
to assess respiratory load (i.e., factors which a ect resistance and compliance) and respiratory
capacity (i.e., respiratory muscle weakness). Patient work of breathirg)g qWiog normal,
stable breathing describes the energy needed to overcome the elastic forces, ow resistances
and inertial work to expand the lungs and chest wall %\[pﬁ a healthy adult subject, the
WOB, . is approximately 0.3 — 0.6 Joul&siL

During MV of breathing-passive subjects, the ventilator has to work to overcome the
resistance of the ventilator circuit, composed of the endotracheal tube (ETT), breathing hoses, and
Iters. Ventilated patients who are breathing spontaneously have to generate this work, which is
known as imposed WOB (V\Ilm(gB(Table 2). Calculating %Q&quires tracheal manometry to
measure the pressure gradient across the ETT. In adulltmsp, Ye@Bonstitute up to 80% of the
total WOB, but pediatric data is ab&ent

The total work in spontaneously breathing ventilated subjects is known as ai@Ban
be considered as ngylg)plus WOR. Oesophageal pressure manometry is required to calculate
WOBp as the oesophageal pressure re ects pleural pressure (Figure 3). Oesophageal pressure
manometry allows the calculation of V\é@Bing the Campbell diagram, which is considered
the gold standard. Wogis de ned by the area under the esophageal pressure-volume curve
(Figure 4). Alternative measures for W@Bjde pressure-time-product (PTP), and pressure-rate-
product (PRP), i.e. the peak-to-through oesophageal pressure multiplied by time (PTP) or rate
(PRPj?
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General introduction and outline of the thesi

Figure 3 | Simpli ed graphic about the respiratory breathing system with the measured pressures used il
this thesisThe esophageal catheter lies at the lowest 1/3 part of esophagus. The tracheal catheter measur
airway pressure directly at the tip of the endotracheal tube. Figure modi ed frontde Vries et al

Oesophageal manometry is invasive, which might not always be possible, particularly
in the pediatric setting. Hence, non-invasive methods quantifying patient e ort or respiratory
muscle activity may be considered as an alternative. In adults, measuring the electrical activity
of the respiratory muscles through electromyography (EMG) (in particular the diaphyagm, (E
has been proposed as a good indicator of the patient’s neuro-respiratofy°tiyestrongly
correlates with the esophageal pressure in adults and cht@tadowever, measuring Edi is
still invasive because it requires a special kind of esophageal catheter, and additionally limited tc
one brand of ventilatét. Transcutaneous recording of respiratory EMG signals may be a suitable
alternative, but this has scantily been studied in children.
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The modi ed Campbell Diagram

] <« 100 )
Lung Compliance 5 Chest Wall Compliance
g
&
<
g
50
Tidal Volume
(V)
Flow resistive
work of breathing 35
Elastic
work of breathing Functional residual
Stored energy of capacity
the chest wall (FRC)
Imposed
work of breathing
-40 -30 -20 -10 0 10 20

Intrapleural pressure (cm D)

Figure 4 | The modi ed Campbell diagram which is the gold standard to represent the work of breathing.
During a spontaneous breath a decrease in intrapleural pressure will cause an increase in tidal volume (inr
red arrow). Next upon this is the exhalation (downward pointed red arrow) which is a passive process due to f
stored energy in the chest wall (orange area). Modi cation on the traditional Campbell diagram is performed t
include the additional ow-resistive load (yellow marked area) imposed by the breathing apparatus. Total work ¢
breathing for a spontaneously breathing patient, intubated patient is the physiologic work of breathing (blue anc
grey area) plus the imposed work of breathing (yellow area). (From Rfnensberger
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Aims and outline of this thesis

The general aim of this thesis is to increase our knowledge on ventilation liberation in pediatric
patients. We set up a series of experimental and clinical investigations addressing important
knowledge gaps. We focused on ventilation liberation technique and monitoring patient e ort
during ventilation liberation. We hypothesized that a) M\F{@clinically negligible in pediatric
patients despite them being ventilated with small ETT sizes, b) ventilation liberation can be done
using a continuous spontaneous ventilation mode with a minimum of added pressure support,
¢) transcutaneous EMG monitoring may provide adequate information about patient e ort, and
d) weaning patients in a continuous spontaneous ventilation mode compared with a continuous
intermittent ventilator mode is not inferior in terms of lung aeration and maintaining end-
expiratory lung volume.

After the introductory chapter we summarizehapter twocurrent practices and understanding

of pediatric ventilator weaning and liberation in a narrative review. We addressed various steps
in the weaning process, including onset of and approach to weaning, and testing for extubation
readiness.

Part I: Imposed work of breathing

In chapter threg we studied in a bench test the level of imposed work of breathing (Joules/L)
across the range of pediatric and adult endotracheal tubes to test the hypothesis that smaller
tubes generate more imposed work of breathing than bigger ones. Four di erent set tidal volumes
were tested (i.e., 2.5ml/kg, 5.0ml/kg, 7.5ml/kg and 10ml/kg). In this way, we quantiimepd WOB
in a spontaneous breathing model across the range of ETT sizes. We also aimed to determin
if shortening endotracheal tubes or adding a tracheal pressure manometry catheter into the
endotracheal tube signi cantly a ected WQBIN the nexthapter fourwe studied the e ect of
pressure support on W(I;gpduring a spontaneous breathing trial in 112 mechanically ventilated
children deemed ready for extubation. They were subjected to a spontaneous breathing trial.
WOR was measured with and without pressure support.

Part Il: Weaning technique and patient e ort

In chapter ve, we report the results from a randomized cross-over trial quantifying patient

e ort (WO%) during two di erent ventilation modes used in pediatric ventilation liberation. We
included 37 patients who were rst in a continuous intermittent ventilation mode (with a low
back-up rate) and next in a continuous spontaneous ventilation mode, or the other way round.
We report on the relationship between the level of pressure support and patient e ort, quanti ed
by calculating WOB using the Campbell diagram and the surrogate parameter PTP and PRP. |
chapter sixwe studied lung volumes using electrical impedance tomography (EIT).
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Part Ill: Quantifying patient e ort using surface EMG

In chapter sevenour objective was to determine the feasibility of quantifying the neuro-
respiratory drive and neuro-mechanical coupling using transcutaneous respiratory muscle
electromyography (EMG) from diaphragm and intercostal muscles. We describe the results from
this clinical study (N = 29) on the relation between patient e ort measured using oesophageal
pressure manometry, neurorespiratory drive and neuromechanical coupling.

Chapter eightincorporates the general discussion of the key ndings, its implications and the

future directions. Key ndings from this thesis are put in perspective and future research directions
are providedChapter nineincludes an English and Dutch summary of this thesis.
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Chapter 2

Abstract

Objective

To map the evidence for ventilation liberation practices in pediatric respiratory failure using

the Realist And MEta-narrative Evidence Syntheses: Evolving Standards (RAMESES) publication
standards.

Data sources

CINAHL, MEDLINE, COCHRANE, EMBASE. Trial registers included the following: ClinicalTrials.g
European Union clinical trials register, International Standardized Randomized Controlled Trial
Number register.

Study Selection: Abstracts were screened followed by review of full text. Articles published in
English language incorporating a heterogeneous population of both infants and older children
were assessed.

Data extraction
None.

Data synthesis

Weaning can be considered as the process by which positive pressure is decreased and the
patient becomes increasingly responsible for generating the energy necessary for e ective gas
exchange. With the growing use of non-invasive respiratory support, extubation can lie in the
middle of the weaning process if some additional positive pressure is used after extubation, while
for some extubation may constitute the end of weaning. Testing for extubation readiness is a
key component of the weaning process as it allows the critical care practitioner to assess the
capability and endurance of the patient’s respiratory system to resume unassisted ventilation.
Spontaneous breathing trials (SBT) are often seen as extubation readiness testing (ERT), but the
SBT is used to determine if the patient can maintain adequate spontaneous ventilation with
minimal ventilator support, whereas ERT implies the patient is ready for extubation.

Conclusions

Current literature suggests using a structured approach that includes a daily assessment of
patient’s readiness to extubate may reduce total ventilation time. Increasing evidence indicates
that such daily assessments needs to include SBTs without added pressure support. Measures
of elevated load as well as measures of impaired respiratory muscle capacity are independently
associated with extubation failure in children, indicating that these should also be assessed as
part of extubation readiness testing.

Keywords

Mechanical ventilation, children, weaning, spontaneous breathing trials, extubation readiness
testing, pressure support, extubation failure
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Background

Invasive mechanical ventilation (MV) is ubiquitous in pediatric intensive care units
Unmistakably lifesaving, MV is also associated with serious adverse events including ve
induced lung injury (VILI), ventilation-induced diaphragmatic dysfunction, nosoc
pneumonia, cardiovascular instability, endotracheal tube (ETT) related upper airway,
and need for sedatives and/or analgesics drugs associated with inherent side-e ects such as
withdrawal syndrome or deliridrh MV Weaning and ventilation liberation should therefore be
targeted as soon as the patient’s clinical condition has improved su ciently enough that the
patient is able to maintain gas exchange without excessive work of breathing (WOB), to decrease
the likelihood of MV related complicatibhs

The de nition of weaning is in and of itself challenging. Conceptually, weaning can be
considered as the process by which positive pressure is decreased and the patient becomes
increasingly responsible for generating the energy necessary for e ective gas exchange. With
the growing use of non-invasive modes of respiratory support, extubation can lie in the middle
of the weaning process, if some additional positive pressure is used after extubation, while for
some extubation may constitute the end of weaning. This has further complicated de nitions
of weaning and extubation succes¥entilator liberation is conceptually the time that the
endotracheal tube is successfully removed, but this may not constitute the end of weaning if
non-invasive modalities of positive pressure are used after extubation.

To date, both weaning, and ventilator liberation have been understudied in children,
with few controlled trials testing weaning or extubation strategies. This lack of evidence may be
explained by a relatively short duration of ventilation for most children, and a relatively low failed
extubation (FE) rate, varying between 2 and*208tonetheless, this does not mean that the
practice of weaning MV in children is not important. Increasing evidence indicates that failure to
consider weaning early in the ventilation course may cause harm, particularly the development
of respiratory muscle weakness. This meta-narrative review summarizes current practices an
understanding of pediatric ventilator weaning and liberation by discussing various steps in
the weaning process, including onset of and approach to weaning, and testing for extubation
readiness (Figure 1). Meta-narrative review is a relatively new method of systematic review
designed for topics that have been di erently conceptualized and studied by di erent groups of
researchet&
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Methods

We used an adaptation of meta-narrative review, based on Kuhn's notion of the sc
paradigm (a coherent body of work that shares a common set of concepts, theories, m
and instruments). Publications were included if they included subjects greater than 36
gestation and less than 18 years of age, requiring mechanical ventilation via an endotrach
for acute respiratory failure, and admitted to PICU. Publications were excluded if they include
only adults or only preterm infants less than 36 weeks or discussed noninvasive mechanical
ventilation as primary ventilation mode. The search was not limited by publication year, country,
or methodology. Articles were limited to those in the English language. All published and
unpublished studies, related articles, and conference abstracts were considered for review.

The search strategy included the following databases: CINAHL, MEDLINE, COCHRAN
and EMBASE using a combination of the (MESH) search terms: ((((((((((((((weaning[MeSH Tern
OR (mechanical ventilator weaning[MeSH Terms])) OR (respirator weaning[MeSH Terms])) C
(ventilator weaning[MeSH Terms])) OR (ventilator weaning, mechanicall[MeSH Terms])) Ol
(spontaneous breathing trial[MeSH Terms])) OR (airway extubation[MeSH Terms])) OR (airw:
extubations[MeSH Terms])) OR (endotracheal extubation[MeSH Terms])) OR (endotrache:
extubations|[MeSH Terms])) OR (extubation, airway[MeSH Terms])) OR (extubation failure[Me¢
Terms])) OR (failed extubation[MeSH Terms])) OR (extubation readiness testing[MeSH Terms]). T
registers searched included the following: ClinicalTrials.gov, European Union clinical trials registe
International Standardized Randomized Controlled Trial Number register. The search included al
studies up to May 2022. A search of databases and hand sift was performed. Titles and abstrac
were reviewed. Full text articles were reviewed by two reviewers (JvD, MK). Included articles wer
synthesized via three main themes: start of weaning, technique of weaning, extubation readiness
and spontaneous breathing trials, indices identifying weaning and extubation success, and use of
non-invasive ventilation post-extubation.

Start of weaning

Conceptually, one can think of two phases of MV: acute and weaning phases. During the acute
phase, the goals of ventilation often surround maintenance of gas exchange, decreasing high
e ort of breathing, and providing lung protective ventilation. The level of MV is continuously
titrated both up and down during the acute phase and is typically dictated by the underlying
disease trajectory and a variety of clinical factors. In usual practice, once the patient has stabilize
and begins to show sustained signs of clinical improvement, practitioners more consistently
decrease the level of ventilator support, typically marking the onset of weaning. This starting
point di ers from patient to patient, but also from practitioner to practitioner. Advocates of
ventilator protocols often use standardized criteria to mark the start of weaning, which at a
minimum requires spontaneous breathing, and sometimes incorporates maintaining pH in a
physiologic range and oxygenation with certain criteria for maximum permitteaieior PEEP.
However, in clinical practice this starting point is less consistently de ned and often based on
non-speci c clinical assessments of patient improvement. The pediatric critical care community
would bene t from more consistent de nitions marking the start of weaning. However, not all
patients need to be weaned as they can be successfully extubated once the acute phase has
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improved. Failed extubation rates after planned extubation are usually below 10%, thus most
patients can be successfully extubated on their rst attfmpimong patients who pass a
spontaneous breathing test and are subjected to an extubation readiness test, 50— 75% of the
patients were deemed ready to extubate and will do so succe$stuigerestingly, reintubation

rates after unplanned extubation have in a systematic review been reported to vary between 14%
to 65% of pediatric patients, suggesting that earlier extubation is possible for at least of group of
patients“. Only one study included in this systematic review identi ed risk factors for reintubation
after unplanned extubation, with duration of MV > 28 days being one of the risk¥actors

Technique of weaning

There is no pediatric data supporting or refuting any weaning technique over the other. So,
it remains to be determined if weaning should be led by physicians, nurses, or respiratory
therapist$®8 This means that the way children are weaned from the ventilator is heavily

in uenced by institutional preferences and personal experiences rather than scienti c e¥idence

There are multiple approaches to weaning. A gradual reduction in ventilatory support
by reducing the number of mandatory breaths during (synchronized) intermittent mandatory
ventilation ((S)IMV) with or without pressure support (PS represents the most common weaning
mode?®? Once the patient meets some pre-set criteria, they either receive extubation readiness
testing (ERT) on a supported mode of ventilation only (i.e., continuous positive airway pressure
(CPAP) with or without PS) or are extubated directly from a low rate. Interestingly, many adult ICUs
have moved away from using SIMV + PS after it became clear that these ventilator modes when
used for weaning actually delayed extuba¥ionhis practice change followed the outcomes of
two randomized controlled trials, showing prolonged weaning with a ventilator weaning strategy
making use of SIMV (or PS in one trial) compared with a daily spontaneous breathingtfal (SBT)

Others advocate incorporating daily scheduled assessments of extubation readiness once
the acute phase has stabilized. This typically involves a spontaneous breathing trial (SBT), and
if the patient passes, then weaning is unnecessary, and the patient can be extubated if other
criteria for extubation readiness are met. If the patient fails, then any variety of approaches are
entertained including continued gradual reduction in ventilator support in an SIMV mode, switch
to a supported mode of ventilation (i.e., PS or volume support), or alternating periods of more
fully supported time-cycled ventilation with shorter periods of supported ventilation with, for
example continuous positive airway pressure (CPAP) with or without PS. Some refer to this latter
approach as “sprinting” and is perceived as a method to “train the patient” who has acquired
respiratory muscle weakness early duringgf1Vv

Neurally Ajusted Ventilatory Assist (NAVA) is a mode of ventilation where the level of the
delivered respiratory support is proportional to the electrical activity of the diaphragm, which is
re ective of the neural respiratory drive. To date, pediatric data is inconclusive about its usefulness
in weaning".

There are no clear data supporting one or the other weaning techniques in patients who fail
an SBT, and it may be that incorporating daily scheduled assessments of weaning and extubation
readiness might be of greater importance than any weaning mode or criteria. Fetarda
reported a reduced duration of MV amongst children randomized to a 2-hour trial of breathing with
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PS 10 cm}® (with 5 cmbD PEEP) compared to standard®dtdt requires increased awarene
amongst critical care practitioners to identify patients who meet screening criteria and ar
for a spontaneous breathing trial, something that can be achieved by means of a proto
weaning algorithm or closed-loop systéfiis However, to date weaning protocols or close
loop systems are infrequently used probably because a bene cial e ect on patient out
has not been unequivocally demonstratet*? Randolph and colleagues tested three di erent
approaches to weaning in 182 mechanically ventilated children in a randomized controlled trial
(RCT): an automated approach that consisted of volume support achieved by a continuous
automated adjustment by the ventilator (N = 60), a manual, paper protocol driven adjustment
of pressure support (N = 62), or no protocol at all (N*:=Bi@¢ protocols were designed to set

the pressure support level targeting an expiratory tidal volume of 5 — 7 mL/kg. Spontaneous
Breathing Trials (SBTs) were done daily, using a minimum level of PS. Patients failed the SB
they experienced tachypnoea and/or SpO95%. The study was stopped because it showed
that duration of weaning and rates of FE were comparable between the three randomization
arms. However, poor protocol compliance observed in this study (only 66%) may partially explain
these negative ndings. In contrast, an RCT conducted in 223 pediatric general and post-cardiac
surgery intensive care patients randomized to physician — directed weaning or a pre-determined
weaning algorithrf? showed some potential clinical bene t. Although there was no reduction in
total duration of MV, protocol — guided weaning did result in a signi cantly shorter weaning time
and time between onset of weaning and extubation compared to physician — guided weaning
and comparable FE rates. The di culty of this study was the inclusion of post-surgery patients —
especially in the protocol — guided weaning group — which may limit translation to more di cult

to wean patients.

Extubation readiness testing and Spontaneous Breathing Trials (SBTs)
Testing for extubation readiness (ERT) is a key component of the weaning process as it allow
the critical care practitioner to assess the capability and endurance of the patient’s respiratory
system to resume unassisted ventilation. The literature is messy in di erentiating ERTs from SBT
with inconsistent de nitions. Conceptually, passage of a SBT is used to determine if the patient
can maintain adequate spontaneous ventilation with minimal ventilator support. In contrast,
an ERT includes not only the SBT, but also other elements to determine if the patient is read
for extubation. ERTSs typically incorporate factors such as presence of airway protective re exes
degree of sedation, measures of respiratory muscle strength, assessment of risk of upper airwa
obstruction, planned procedures that may delay extubation etc.

The optimal method and duration of SBTs in children continue to be subject of debate.
Many use an SBT as described in the post-hoc analysis of the RESTORE trial, i.e., a standarc
2-hour SBT with the level of PS dictated by ETT size and® &BEP Similar SBTs have been
described in a number of pediatric studies, although the length and level of inspiratory pressure
augmentation varies from study to study. It is unclear whether SBTs should include inspriatory
pressure augmentation with PS or Automatic Tube Compensation (ATC). eTlzdnegzorted
that children tolerated a 15-minute SBT when the endotracheal tube was connected to a ow-
in ating bag set to provide 5 cm,@ CPAP. Farias and co-workers did not observe a di erence in
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reintubation rate (15.1% vs 12.7%) amongst 257 children ventilated for at least 48 hours randomized
to undergo a 2-hour trial of breathing when they compared two types of SBT, being PSQ0 cm H
with 5 cm HO PEEP vs T-piece that only provides®.d®5 is often added during an SBT as it is
presumed that especially with smaller ETT sizes there is an increased imposed work of breathing
(WOR ) due to a higher arti cial airway resistance (“breathing through a straw”). Of course, the
ETT bypasses the natural resistance of the upper airway, which may o set any perceived increase
in resistance. Various studies reported that the WOB during CPAP alone was comparable to the
WOB post-extubation, while using PS signi cantly leads to a signi cant underestimated post —
extubation WOB*“ It is important to remember that resistance is a function of ow, so when
peak inspiratory ow rates stay within age-related limits for a given ETT size, there are minimal
e ects of increased arti cial airway resistéteéit the time of extubation, ow rates for children

are generally in a predicted physiologic r&fhg@bviously, objective criteria are needed when

the SBT outcome is evaluated, thereby reducing practice variability and subjective assessment of
patient e ort.

Anotherunanswered question surrounds the optimal duration of the SBT. There are no
comparative trials in pediatrics, and observational data highlights SBTs which range from 10-120
minutes. It appears that most PICUs perform the SBT for at least 30 minutes, with longer SBTs
potentially in patients who are deemed to have an increased likelihood of FE.

Indices identifying weaning and extubation success
The reasons for FE are often multi-factorial. Ultimately, FE can be thought of as an imbalance
between respiratory load (i.e., factors which a ect resistance and compliance) and respiratory
muscle capacity (i.e., respiratory muscle weakness). In fact, measures of elevated load as well as
measures of impaired respiratory muscle capacity are independently associated with pediatric
FE°. As such, it becomes important to assess these factors as part of the ERT, to help predict the
outcome of the weaning process. Passage of an ERT typically assures the patient has achieved
adequate resolution of respiratory disease to at a minimum support gas exchange. Nevertheless,
gas exchange abnormalities contribute to FE, and in particular measures of physiologic dead space
can be predictive especially in certain subsets of children. However, more speci ¢ monitoring
during ERTs can be helpful to assess respiratory load and respiratory capacity. Respiratory load can
be assessed directly with indices such as CROP (a variable composed of compliance, resistance,
oxygenation, and pressure index), or direct measures of patient e ort such as WOB calculated
using the Campbell diagram, or e ort of breathing (EOB) metrics such as pressure-rate product
(PRP) or pressure-time product (PHwever, these measures of work or e ort are dependent
upon an estimate of pleural pressure, such as esophageal manometer, and are therefore rarely
available in routine clinical practice. For this reason, surrogate markers such as spontaneous tidal
volume or rapid shallow breathing index (RSBI) (i.e., the ratio of frequency over Vt), are often used
to estimate residual elevations in respiratory load.

Respiratory muscle capacity can be assessed during airway occlusion maneuvers by
measuring the maximal inspiratory pressure (MIP) at the airway (aPiMax) or using an esophageal
manometer (ePimax) or the airway pressure after 0.1 seconds (P0.1). Some combination measures

34



Clinical challenges in pediatric ventilation liberation: a meta-narrative review

of respiratory load and capacity are sometimes used, such as the tension time index
TTi of the diaphragm (TTdi) are a measure of the load capacity ratio of the diaphrag
derived by relating the mean transdiaphragmatic pressure per breath to the maximal insp
transdiaphragmatic pressure (Pdimax) and the inspiratory time (Ti) to the total respirator
time (Ttot). Phase angle from Respiratory Inductance Plethysmography (RIP) is another no
measure which can point to either increased respiratory load or decreased capacity. Ultrasoun
has gained in popularity as a diagnostic tool in clinical management and research in the PICU (51
The thickening fraction of the diaphragm (TFdi) in the zone of apposition during inspiration can
be used as a measure of contractile activiBf the various parameters measured, TFdi has been
identi ed as a strong parameter for predicting extubation sugcess

Upper airway obstruction after mechanical ventilation often complicates ERTs, as it is
thought to contribute to 40% of extubation failures in pediatrics. While it may be possible to
identify some children at high risk for post-extubation UAO, prevention strategies have not
de nitively been testet. As recently demonstrated, the UAO is most strongly associated with re-
intubation in children with impaired respiratory muscle capacity, who cannot tolerate even short
periods of increased respiratory load from the UAO. Hence, it is important to carefully consider
extubation in a patient with diminished respiratory muscle capacity who is at high risk*for UAO

Finally, a variety of general factors have been considered in extubation readiness
assessments. These include age, nutritional status, neurologic functioning, Pediatric RISk ¢
Mortality (PRISM) score, mean airway pressure (mPaw), oxygenation index (Ol), spontaneol
respiratory rate, and hemodynamic st&efs®4647.5371 imited studies have been performed in
pediatric cardiac patierits This group of patients might be studied separately as extubation
failure in these patients underlying cardiac dysfunction can be unmasked during ventilator
weaning, although the concept and approach to ventilation liberation may in fact not be di erent
from non-cardiac patients™

Use of NIV after extubation

A recent systematic review and network meta-analysis including 36 RCTs in adults showed a lowe
reintubation rate with non-invasive respiratory support compared to usual care, although no
mode of non-invasive respiratory support proved sugerlarpediatrics, there is very little data
supporting or refuting the use of non-invasive ventilation to prevent reintufafidcdonetheless,

use of post-extubation NIV either routinely or as a rescue therapy is c8niisnsigni es the

need for better patient identi cation in whom post - extubation NIV may be bene cial. Pediatric
patients with neuromuscular disease may be at particular risk for post — extubation failure. In
these patients, a combination of post — extubation non — invasive ventilation in combination with
cough — assist techniques may be bene cial, although this has not been con rmed in clinical
trials®82 The recently published FIRST-line support for assistance in breathing in children (FIRS
ABC) trial addressed the question what type of post-extubation non-invasive respiratory support
would be preferabRé This pragmatic trial showed that high- ow nasal cannula compared with
CPAP following extubation failed to meet the criterion for noninferiority for time to liberation from
respiratory support, thereby not providing no de nitive answer to this question.
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Non-respiratory risk factors that in uence weaning and extubation

Weaning a patient from the ventilator is in uenced by many factors seemingly unrelated to
the patient’s respiratory disease, such as uid balance and level of sétiadlmbaidiet al
performed a systematic review of all prospective and retrospective studies including 7507 patients
examining the e ect of any uid overload (FO) on patient outc8¥nfeO was associated with

fewer ventilator-free days or prolonged ventilation > 48 hours (odds ratio (25 — 75 interquartile
range) 2.14 (1.25 — 3.166)), suggesting that FO is certainly a confounder in ventilator weaning and
extubation readiness.

Furthermore, sedation has been implicated as a frequent cause of FE and complicates
ventilator weaning and extubation readiness testing. Hence, targeting minimal but e ective
sedation by means of a sedation protocol may shorten the ventilatory trajectory and improve
extubation outcom&. Curley and co-workers randomized 2449 mechanically ventilated children
with acute respiratory failure to a protocol including targeted sedation, arousal assessments,
extubation readiness testing, sedation adjustment every 8 hours, and sedation weaning versus
usual car&. Remarkably, the duration of MV was not di erent between two treatment arms
and complex relationships among wakefulness, pain, and agitation were identi ed. The recently
completed Sedation AND Weaning In Children (the SANDWICH trial) reported that a structured
approach consisting of sedation level assessment, daily screening for readiness to undertake a
SBT, a spontaneous breathing trial to test ventilator liberation potential, daily rounds to review
sedation and readiness screening and set patient-relevant targets in critically ill children resulted
in a signi cant reduction in ventilation time compared with usual care (64.8 hours vs 66.2
hours), although the clinical impact of a 2 hour reduction in length of ventilation is debatable.
Nevertheless, this study did demonstrate the feasibility of a standardized afipidach the
role of sedation as modi able factor during weaning and extubation readiness testing warrants
further exploration.

Clinical implications and directions for further research

At present, there are no recommendations related to weaning children from the ventilator
that can be supported by rigorous evidence, and our review does not provide any de nitive
answer¥. There is a need to generate more evidence related to pediatric ventilator liberation so
that any recommendations can have stronger cert&ifitjvlany patients do not need a weaning
strategy, as they are likely to pass a SBT on the rst attempt and can successfully be extubated if
other ERT criteria are met. SBTs should be implemented in the daily assessment for extubation
readiness. This can be done safely without adding PS as there is no increased resistance when
age appropriate ETTs are used. In those patients failing the SBT, there likely should be a strategy
to encourage spontaneous breathing and prevent respiratory muscle weakness. The ultimate
decision to extubate should not only include an SBT, but should so consider other factors related
to FE, such as respiratory muscle stréngth
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We propose that future studies should be designed to address important knowledge
including how to promote more timely weaning from ventilation, and how to wean chil
who fail SBTs. These investigations should not only examine the weaning technique it
also if this weaning needs to be protocolized. Recently completed studies highlight the po
bene ts of protocolized weaning to reduce time on ventilation and prevent respiratory m
weakness, and a larger clinical trial is ongoing (Real-time E ort Driven VENTIlator Man
(REDventhftps://clinicaltrials.gov/show/NCT032660)% °*

37


https://clinicaltrials.gov/show/NCT03266016

Chapter 2

References

1
2

10

11

12

13

14

15

16

17

18

19

20

21

22

38

Slutsky, AS. Ventilator-induced lung injury: from barotrauma to biotrauma. Respir Care 2005;50:646-659.
Diaz, E, Lorente, L, Valles, J, et al. [Mechanical ventilation associated pneumonia]. Med Intensiva
2010;34:318-324.

Pinsky, MR. Breathing as exercise: the cardiovascular response to weaning from mechanical ventilation.
Intensive Care Med 2000;26:1164-1166.

Vet, NJ, Ista, E, de Wildt, SN, et al. Optimal sedation in pediatric intensive care patients: a systematic
review. Intensive Care Med 2013;39:1524-1534.

Newth, CJ, Venkataraman, S, Willson, DF, et al. Weaning and extubation readiness in pediatric patients.
Pediatr Crit Care Med 2009;10:1-11.

Santschi, M, Jouvet, P, Leclerc, F, et al. Acute lung injury in children: therapeutic practice and feasibility of
international clinical trials. Pediatr Crit Care Med 2010;11:681-689.

Baisch, SD, Wheeler, WB, Kurachek, SC, et al. Extubation failure in pediatric intensive care incidence and
outcomes. Pediatr Crit Care Med 2005;6:312-318.

Edmunds, S, Weiss, |, Harrison, R. Extubation failure in a large pediatric ICU population. Chest 2001;119:897
900.

Fontela, PS, Piva, JP, Garcia, PC, et al. Risk factors for extubation failure in mechanically ventilated pediatric
patients. Pediatr Crit Care Med 2005;6:166-170.

Wong, G, Greenhalgh, T, Westhorp, G, et al. RAMESES publication standards: meta-narrative reviews. BM(
medicine 2013;11:20.

Newth, CJ, Venkataraman, S, Willson, DF, et al. Weaning and extubation readiness in pediatric patients.
Pediatr Crit Care Med 2009;10:1-11.

Randolph, AG, Wypij, D, Venkataraman, ST, et al. E ect of mechanical ventilator weaning protocols on
respiratory outcomes in infants and children: a randomized controlled trial. JAMA 2002;288:2561-2568.
Farias, JA, Alia, |, Retta, A, et al. An evaluation of extubation failure predictors in mechanically ventilated
infants and children. Intensive Care Med 2002;28:752-757.

Lucas da Silva, PS, de Carvalho, WB. Unplanned extubation in pediatric critically ill patients: a systematic
review and best practice recommendations. Pediatr Crit Care Med 2010;11:287-294.

Sadowski, R, Dechert, RE, Bandy, KP, et al. Continuous quality improvement: reducing unplanned
extubations in a pediatric intensive care unit. Pediatrics 2004;114:628-632.

Rushforth, K. A randomised controlled trial of weaning from mechanical ventilation in paediatric
intensive care (PIC). Methodological and practical issues. Intensive Crit Care Nurs 2005;21:76-86.

Rose, L, Nelson, S, Johnston, L, et al. Workforce pro le, organisation structure and role responsibility
for ventilation and weaning practices in Australia and New Zealand intensive care units. J Clin Nurs
2008;17:1035-1043.

Tume, LN, Scally, A, Carter, B. Paediatric intensive care nurses’ and doctors’ perceptions on nurse-led
protocol-directed ventilation weaning and extubation. Nurs Crit Care 2014;19:292-303.

Tume, LN, Kneyber, MC, Blackwood, B, et al. Mechanical Ventilation, Weaning Practices, and Decision
Making in European PICUs. Pediatr Crit Care Med 2017;18:182-e188.

Farias, JA, Frutos, F, Esteban, A, et al. What is the daily practice of mechanical ventilation in pediatric
intensive care units? A multicenter study. Intensive Care Med 2004;30:918-925.

Farias, JA, Fernandez, A, Monteverde, E, et al. Mechanical ventilation in pediatric intensive care units
during the season for acute lower respiratory infection: a multicenter study. Pediatr Crit Care Med
2012;13:158-164.

Chen, L, Gilstrap, D, Cox, CE. Mechanical Ventilator Discontinuation Process. Clin Chest Med 2016;37:693.
699.



Clinical challenges in pediatric ventilation liberation: a meta-narrative review

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

Esteban, A, Frutos, F, Tobin, MJ, et al. A comparison of four methods of weaning patients from m
ventilation. Spanish Lung Failure Collaborative Group. N Engl J Med 1995;332:345-350.
Brochard, L, Rauss, A, Benito, S, et al. Comparison of three methods of gradual withdrawal from
support during weaning from mechanical ventilation. Am J Respir Crit Care Med 1994;150:896-
Lee, EP, Hsia, SH, Hsiao, HF, et al. Evaluation of diaphragmatic function in mechanically ventilat
An ultrasound study. PLoS One 2017;12:e0183560.

Wolf, GK, Walsh, BK, Green, ML, et al. Electrical activity of the diaphragm during extubation readine
testing in critically ill children. Pediatr Crit Care Med 2011;12:220-224.

Harris, J, Tibby, SM, Endacott, R, et al. Neurally Adjusted Ventilator Assist in Infants With Acute Respira
Failure: A Literature Scoping Review. Pediatr Crit Care Med 2021;22:915-924.

Faustino, EV, Gedeit, R, Schwarz, AJ, et al. Accuracy of an Extubation Readiness Test in Predic
Successful Extubation in Children With Acute Respiratory Failure From Lower Respiratory Tract Diseas
Crit Care Med 2017;45:94-102.

Foronda, FK, Troster, EJ, Farias, JA, et al. The impact of daily evaluation and spontaneous breathi
test on the duration of pediatric mechanical ventilation: a randomized controlled trial. Crit Care Med
2011,;39:2526-2533.

Ely, EW, Meade, MO, Haponik, EF, et al. Mechanical ventilator weaning protocols driven by nonphysicie
health-care professionals: evidence-based clinical practice guidelines. Chest 2001;120:454S-463S.
Jordan, J, Rose, L, Dainty, KN, et al. Factors that impact on the use of mechanical ventilation weanir
protocols in critically ill adults and children: a qualitative evidence-synthesis. The Cochrane Database
Syst Rev 2016;10:Cd011812.

Jouvet, P, Eddington, A, Payen, V, et al. A pilot prospective study on closed loop controlled ventilation anc
oxygenation in ventilated children during the weaning phase. Crit Care 2012;16:R85.

Jouvet, PA, Payen, V, Gauvin, F, et al. Weaning children from mechanical ventilation with a computel
driven protocol: a pilot trial. Intensive Care Med 2013;39:919-925.

Rose, L, Schultz, MJ, Cardwell, CR, et al. Automated versus non-automated weaning for reducing th
duration of mechanical ventilation for critically ill adults and children: a cochrane systematic review and
meta-analysis. Crit Care 2015;19:48.

Jouvet, P, Hernert, P, Wysocki, M. Development and implementation of explicit computerized protocols
for mechanical ventilation in children. Annals of Intensive Care 2011;1:51.

Blackwood, B, Junk, C, Lyons, JD, et al. Role responsibilities in mechanical ventilation and weaning
pediatric intensive care units: a national survey. Am J Crit Care 2013;22:189-197.

Blackwood, B, Tume, L. The implausibility of ‘usual care’ in an open system: sedation and weanin(
practices in Paediatric Intensive Care Units (PICUs) in the United Kingdom (UK). Trials 2015;16:325.
Blackwood, B, Murray, M, Chisakuta, A, et al. Protocolized versus non-protocolized weaning for reducin
the duration of invasive mechanical ventilation in critically ill paediatric patients. Cochrane Database Syst
Rev 2013:CD009082.

Jouvet, P, Farges, C, Hatzakis, G, et al. Weaning children from mechanical ventilation with a compute
driven system (closed-loop protocol): a pilot study. Pediatr Crit Care Med 2007;8:425-432.

Schultz, TR, Lin, RJ, Watzman, HM, et al. Weaning children from mechanical ventilation: a prospecti
randomized trial of protocol-directed versus physician-directed weaning. Respir Care 2001;46:772-782.
Curley, MA, Wypij, D, Watson, RS, et al. Protocolized sedation vs usual care in pediatric patien
mechanically ventilated for acute respiratory failure: a randomized clinical trial. JAMA 2015;313:379-38¢
Chavez, A, dela Cruz, R, Zaritsky, A. Spontaneous breathing trial predicts successful extubation in infar
and children. Pediatr Crit Care Med 2006;7:324-328.

39



Chapter 2

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

40

Farias, JA, Retta, A, Alia, |, et al. A comparison of two methods to perform a breathing trial before
extubation in pediatric intensive care patients. Intensive Care Med 2001;27:1649-1654.

Khemani, RG, Hotz, J, Morzov, R, et al. Pediatric extubation readiness tests should not use pressure
support. Intensive Care Med 2016;42:1214-1222.

Ferguson, LP, Walsh, BK, Munhall, D, et al. A spontaneous breathing trial with pressure support
overestimates readiness for extubation in children. Pediatr Crit Care Med 2011;12:e330-335.

Takeuchi, M, Imanaka, H, Miyano, H, et al. E ect of patient-triggered ventilation on respiratory workload

in infants after cardiac surgery. Anesthesiology 2000;93:1238-1244, discussion 1235A.

Willis, BC, Graham, AS, Yoon, E, et al. Pressure-rate products and phase angles in children on minimal
support ventilation and after extubation. Intensive Care Med 2005;31:1700-1705.

Manczur, T, Greenough, A, Nicholson, GP, et al. Resistance of pediatric and neonatal endotracheal tubes:
in uence of ow rate, size, and shape. Crit Care Med 2000;28:1595-1598.

Khemani, RG, Sekayan, T, Hotz, J, et al. Risk Factors for Pediatric Extubation Failure: The Importance ¢
Respiratory Muscle Strength. Crit Care Med 2017;45:e798-e805.

de Vries, H, Jonkman, A, Shi, ZH, et al. Assessing breathing e ort in mechanical ventilation: physiology
and clinical implications. Ann Transl Med 2018;6:387.

Singh, Y, Tissot, C, Fraga, MV, et al. International evidence-based guidelines on Point of Care Ultrasound
(POCUS) for critically ill neonates and children issued by the POCUS Working Group of the European
Society of Paediatric and Neonatal Intensive Care (ESPNIC). Crit Care 2020;24:65.

Weber, MD, Lim, JKB, Glau, C, et al. A narrative review of diaphragmatic ultrasound in pediatric critical
care. Pediatr Pulmonol 2021;56:2471-2483.

Khemani, RG, Hotz, J, Morzov, R, et al. Evaluating Risk Factors for Pediatric Post-extubation Upper Airway
Obstruction Using a Physiology-based Tool. Am J Respir Crit Care Med 2016;193:198-209.

Graham, AS, Chandrashekharaiah, G, Citak, A, et al. Positive end-expiratory pressure and pressure
support in peripheral airways obstruction : work of breathing in intubated children. Intensive Care Med
2007;33:120-127.

Noizet, O, Leclerc, F, Sadik, A, et al. Does taking endurance into account improve the prediction of
weaning outcome in mechanically ventilated children? Crit Care 2005;9:R798-807.

Mohr, AM, Rutherford, EJ, Cairns, BA, et al. The role of dead space ventilation in predicting outcome of
successful weaning from mechanical ventilation. J Trauma 2001;51:843-848.

Farias, JA, Alia, |, Esteban, A, et al. Weaning from mechanical ventilation in pediatric intensive care patients.
Intensive Care Med 1998;24:1070-1075.

Bellemare, F, Grassino, A. Evaluation of human diaphragm fatigue. J Appl Physiol Respir Environ Exerc
Physiol 1982;53:1196-1206.

Bellemare, F, Grassino, A. E ect of pressure and timing of contraction on human diaphragm fatigue. J
Appl Physiol Respir Environ Exerc Physiol 1982;53:1190-1195.

Ramonatxo, M, Boulard, P, Prefaut, C. Validation of a noninvasive tension-time index of inspiratory
muscles. J Appl Physiol (1985) 1995;78:646-653.

Hayot, M, Guillaumont, S, Ramonatxo, M, et al. Determinants of the tension-time index of inspiratory
muscles in children with cystic brosis. Pediatr Pulmonol 1997;23:336-343.

Mulreany, LT, Weiner, DJ, McDonough, JM, et al. Noninvasive measurement of the tension-time index in
children with neuromuscular disease. J Appl Physiol (1985) 2003;95:931-937.

Kurachek, SC, Newth, CJ, Quasney, MW, et al. Extubation failure in pediatric intensive care: a multiple-
center study of risk factors and outcomes. Crit Care Med 2003;31:2657-2664.

Baisch, SD, Wheeler, WB, Kurachek, SC, et al. Extubation failure in pediatric intensive care incidence and
outcomes. Pediatr Crit Care Med 2005;6:312-318.



Clinical challenges in pediatric ventilation liberation: a meta-narrative review

65

66

67

68

69

70

71

72

73

74

75

76

v

78

79

80

81

82

83

84

85

Gaies, M, Tabbutt, S, Schwartz, SM, et al. Clinical Epidemiology of Extubation Failure in th
Cardiac ICU: A Report From the Pediatric Cardiac Critical Care Consortium. Pediatr Crit
2015;16:837-845.

Johnston, C, de Carvalho, WB, Piva, J, et al. Risk factors for extubation failure in infants with s
bronchiolitis. Respir Care 2010;55:328-333.

Khan, N, Brown, A, Venkataraman, ST. Predictors of extubation success and failure in me
ventilated infants and children. Crit Care Med 1996;24:1568-1579.

Manczur, TI, Greenough, A, Pryor, D, et al. Comparison of predictors of extubation from mechanica
ventilation in children. Pediatr Crit Care Med 2000;1:28-32.

Venkataraman, ST, Khan, N, Brown, A. Validation of predictors of extubation success and failure
mechanically ventilated infants and children. Crit Care Med 2000;28:2991-2996.

Khemani, RG, Sekayan, T, Hotz, J, et al. Risk Factors for Pediatric Extubation Failure: The Importanc
Respiratory Muscle Strength. Crit Care Med 2017;45:e798-805.

Valla, FV, Berthiller, J, Gaillard-Le-Roux, B, et al. Faltering growth in the critically ill child: prevalence,
factors, and impaired outcome. Eur J Pediatr 2018;177:345-353.

Garcia, AAA, Vieira, A, Kuramoto, DAB, et al. Ventilatory weaning strategies for predicting extubatio
success in children following cardiac surgery for congenital heart disease: a protocol for a systematic
review and meta-analysis. BMJ open 2022;12:e054128.

Simeonov, L, Pechilkov, D, Kaneva, A, et al. Early extubation strategy after congenital heart surgery: 1-y
single-centre experience. Cardiol Young 2022;32:357-363.

Alghamdi, AA, Singh, SK, Hamilton, BC, et al. Early extubation after pediatric cardiac surgery: systeme
review, meta-analysis, and evidence-based recommendations. J Card Surg 2010;25:586-595.
Fernando, SM, Tran, A, Sadeghirad, B, et al. Noninvasive respiratory support following extubation i
critically ill adults: a systematic review and network meta-analysis. Intensive Care Med 2022;48:137-14"
Mayordomo-Colunga, J, Medina, A, Rey, C, et al. Non invasive ventilation after extubation in paediatri
patients: a preliminary study. BMC Pediatr 2010;10:29.

Badruddin, SS, Clayton, JA, McKee, B, P., et al. Prevalence of reintubation within 24 hours of extubatior
bronchiolitis: retrospective cohort study using the Virtual Pediatric Systems database. Pediatr Crit Care
Med 2020.

Kneyber, MCJ. Postextubation Respiratory Support: Is High-Flow Oxygen Therapy the Answer? Pedic
Crit Care Med 2021;22:509-512.

Vianello, A, Arcaro, G, Braccioni, F, et al. Prevention of extubation failure in high-risk patients witl
neuromuscular disease. J Crit Care 2011;26:517-524.

Bach, JR, Goncalves, MR, Hamdani, I, et al. Extubation of patients with neuromuscular weakness: a n
management paradigm. Chest 2010;137:1033-1039.

Hull, J, Aniapravan, R, Chan, E, et al. British Thoracic Society guideline for respiratory management
children with neuromuscular weakness. Thorax 2012;67 Suppl 1:i1-40.

Racca, F, Mongini, T, Wol er, A, et al. Recommendations for anesthesia and perioperative management ¢
patients with neuromuscular disorders. Minerva Anestesiol 2013;79:419-433.

Ramnarayan, P, Richards-Belle, A, Drikite, L, et al. E ect of High-Flow Nasal Cannula Therapy vs Continu
Positive Airway Pressure Following Extubation on Liberation From Respiratory Support in Critically Il
Children: A Randomized Clinical Trial. JAMA 2022;327:1555-1565.

Alobaidi, R, Morgan, C, Basu, RK, et al. Association Between Fluid Balance and Outcomes in Criticall
Children: A Systematic Review and Meta-analysis. JAMA Pediatr 2018;172:257-268.

Reade, MC, Finfer, S. Sedation and delirium in the intensive care unit. N Engl J Med 2014;370:444-454

41



Chapter 2

86

87

88

89

90

91

42

Blackwood, B, Tume, LN, Morris, KP, et al. E ect of a Sedation and Ventilator Liberation Protocol vs Usual
Care on Duration of Invasive Mechanical Ventilation in Pediatric Intensive Care Units: A Randomized
Clinical Trial. JAMA 2021;326:401-410.

Rimensberger, PC, Cheifetz, IM, Kneyber, MCJ. The top ten unknowns in paediatric mechanical ventilation.
Intensive Care Med 2017.

Kneyber, MCJ, de Luca, D, Calderini, E, et al. Recommendations for mechanical ventilation of critically ill
children from the Paediatric Mechanical Ventilation Consensus Conference (PEMVECC). Intensive Care
Med 2017;43:1764-1780.

Emeriaud, G, Newth, CJ, Pediatric Acute Lung Injury Consensus Conference, G. Monitoring of children
with pediatric acute respiratory distress syndrome: proceedings from the Pediatric Acute Lung Injury
Consensus Conference. Pediatr Crit Care Med 2015;16:S86-101.

Hotz, JC, Bornstein, D, Kohler, K, et al. Real-Time E ort Driven Ventilator Management: A Pilot Study.
Pediatr Crit Care Med 2020;21:933-940.

Khemani, RG, Hotz, JC, Klein, MJ, et al. A Phase Il randomized controlled trial for lung and diaphragm
protective ventilation (Real-time Eort Driven VENTilator management). Contemp Clin Trials
2020;88:105893.






44



PART |
THE IMPOSED WORK OF B

45



46



47



Chapter 3

Abstract

Objective

To calculate imposed work of breathing (\{Mgﬁuring simulated spontaneous breathing at a
given tidal volume (Vt) across the range of normal length or shortened pediatric endotracheal
tube (ETT) sizes and ETTs with an intraluminal catheter in situ.

Design
In vitro study

Setting
Research laboratory

Intervention

A bench model (normal compliance, no airway resistance) simulating sinusoid ow spontaneous
breathing used to calculate WQBfor various ETT sizes (3.0 mm — 7.5 mm). WOBimp was
calculated by integrating inspiratory Vt over the end-expiratory di erence between the positive
end-expiratory pressure and the tracheal pressure. Measurements were taken at dierent
combinations of set spontaneous Vt (2.5, 5.0,7.5 and 10 ml/kg), age-appropriate inspiratory times,
length of ETT and presence of intraluminal catheter.

Measurements and Main Results

Overall median waQoB [Joules/L — (J/L)] was not signi cantly di erent between the four age
groups: 0.047 J/L (IQR 0.020 — 0.074) for newborns, 0.077 J/L (IQR 0.032 — 0.127) for infants
0.109 J/L (IQR 0.0399 — 0.193)for small children and 0.077 J/L (IQR 0.032 — 0.132)for adolescent:
Shortening the ETTs resulted in a signi cant di erence in reduction in ovequpWﬁ)Bthe

absolute reduction was most notable in small children (0.030 Joules/L) and the least e ect in
neonates (0.016 Joules/L). Overall W@treased in each age group when an intraluminal
catheter was in situ: 91.09% increase in \W@Beonates to 0.168 J/L, 84.98% in infants to 0.142

J/L, 81.98 % in small children to 0.219 J/L and 55.45%in adolescents to 0.140 J/L.

Conclusions

Calculated WQB were not di erent across the range of ETT sizes. The I0\1|\r41pWBes

found in this study might be appreciated as clinically irrelevant. Our ndings add to the change
in reasoning that it is appropriate to perform spontaneous breathing trials without pressure
support. Nonetheless, our ndings on the measured W@Blues need to be conrmed in a
clinical study.

Key words

mechanical ventilation, paediatrics, imposed work of breathing, bench test, spontaneous
breathing
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Introduction
Maintaining the ability for a mechanically ventilated patient to breathe spontaneously has for
long been a key component of ventilatory management, although this thinking has somewhat
changed when it became clear that this might be unwanted in the context of severe lunyg injury
Allowing for spontaneous breathing confers several physiologic bene ts, including amongst
others prevention of muscular atrophy, reduced shunt fraction and improved distribution
tidal volume (Vt) towards the dependent zones of the Rings the same time, pediatric critic
care practitioners also often assume that especially young children who are intubated wit
endotracheal tubes (ETT) may “breathe through a straw” because it is perceived that s
generate more resistance and thus respiratory load than largér ETTs

Consequently, it is not uncommon that a level of pressure support (PS) is added
the ETT is shortened to overcome the assumed increased resistance with smaller ETTs, even
randomized controlled trials although in adults using PS may infer a positive e ect on extubation
success® Nonetheless, there is no clinical data supporting this practice. In fact, adding PS during
spontaneous breathing trials (SBT) signi cantly underestimates post-extubation respiratory
e ort®®® Khemani and co-workers assessed the e ort of breathing by means of the esophageal
pressure respiratory rate product (PRP) — a surrogate for the work of breathing calculated by
making use of the pressure-volume curve - in 409 children under four consecutive conditions,
being PS 10 cmB, continuous positive airway pressure (CPAP) Scwithout PS and during
spontaneous breathing 5 and 60 min post-extubati&inin this particular study, addition of PS
10 cmHO resulted in signi cantly lower PRP compared with CPAP or spontaneous breathing.
However, PRP was not signi cantly di erent between spontaneous breathing and when on CPAP,
thereby challenging the routine use of PS. These clinical observations were in line with earlier
experimental work showing that the increase in resistance would be clinically irrelevant when the
peak inspiratory or mid-inspiratory ows remain within age-appropriate rates of up to 0.5 L/kg/
mints18

These clinical and experimental observations suggest that in general the imposed work
of breathing (Wo.r%) is clinically irrelevant, even in small children.lny)\A@me energy required
to overcome the extra workload of the ETT, patient circuit and ventilator and is additional to
the physiologic WOB? It can easily be calculated by integrating the inspiratory Vt over the
end-expiratory di erence between the positive end-expiratory pressure (PEEP) and the tracheal
pressure (P,) measured at the distal end of the ETT. At present, there is no clinical data directing
clinically acceptable levels of V\IanEﬁ children, but in adults WQB< 1J / L has been considered
clinically acceptabté In the absence of clinical data, we sought to measure WIOB bench
model across a range of pediatric and adult ETT sizes at various Vt. The secondary aims of ¢
study were to determine if shortening the ETT would result in a signi cantly Iovvigg WwaBo
study if insertion of a tracheal catheter necessary to measywedld result in a higher wQB
because of the inherent reduction of the ETT lumen.
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Material and methods

Experimental setup

An in vitro bench model simulating spontaneous breathing was designed (Figure 1). The
model consisted of a custom-made iron tube with a computer-controlled piston. A sinusoid

ow simulated non-heated, non-humidi ed inspiration of spontaneous breathing, exponential
decelerating ow expiration. The tube was connected to a cu ed ETT sized 3.0 to 7.5 mm internal
diameter (ID) - (ETT 3.0 — 5.5mm ID Halyard Health, Alpharetta, GA, USA; ETT 6.0 to 7.5 mm I
Medtronic Covidien, Minneapolis, MN, USA) or (KimVent, Microcu Endotracheal Tube, Paediatrics,
Roswell, GA, USA). The distal end of the ETT was open to ambient pressure. Flow (VarFlex, Vyaire
Yorba Linda, CA, USA) and airway pressures were measured at the proximal and distal end of the
ETT using the BiCore Il monitor (Vyaire, Yorba Linda, CA, USA).

Figure 1 | Schematic design of the experimental s&taippper motor is driven by a Arduino motherboard

that is controlled by a stand-alone computer. The custom-made iron tube with a piston inside is generating
sinusoidal ow. Pressure and ow are measured at both sides of the endotracheal tube by a ow sensor (VarFl
Vyaire, Yorba Linda, CA, USA), each connected to a BiCore Il pulmonary monitor (Vyaire, Yorba Linda, CA,
Data was sampled at 200 Hz.

Experimental protocol

The experimental protocol was designed to simulate the clinical situation comprising four age
groups (Table 1). Each series of measurements consisted of 30 consecutive spontaneous breaths
with a Vt of 2.5, 5.0, 7.5 and 10 mL/kg for each ETT size with an age-appropriate inspiratory time
(Insp) and respiratory rate. Three series of measurements were performed, including one series
with the ETT shortened and another series with a 3.5 Fr (ETT 3.0 and 4.0 mm ID) or 5 Fr (ETT
5.0 mm ID and greater) catheter in situ (Argyle, Medtronic, Dublin, Ireland). The latter was done

because in clinical practice measuring, Py means of such catheter is necessary forin},/JVOB

50



Spontaneous breathing and imposed work of breathing during pediatric mechanical ventilation: a bench study

calculations. Length of the ETT shortening was dictated by the minimum ETT length required
based on age according to the formula length = (Age/2) + 12 with an absolute minimum of 12.0
cm. For example, for a 1-year old child the minimum ETT length would be 12.5cm. AnETT 4.0 m
ID has an original length of 19.9 cm and was therefore reduced by 7.4 cm to achieve the desirec
minimal length of 12.5 cm.

Table 1 | Used settings to simulate spontaneous breathing in pediatric patients

Settings Neonate Infant Small child Adolescent
Weight (kg) 35 10 25 40
Spontaneous breathing
Simulation 1:2 1:2 1:2 1:2
I:E ratio 35 30 25 20
Respiratory rate (/min) 0.55 0.65 0.80 1.00
Inspiratory time (sec)
Tube size (mm) 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5,7.0,7.5
4.0 5.0 6.5
Flow sensor Neonatal Neonatal Adult Adult

Analytical calculations

The Reynolds Number was calculated to explore if higher levels 9]1; WEB related to a
particular type of ow. This theoretically calculated number predicts the type of ow in the test
set-up and is in uenced by velocity, density of the air and the length of the ETT. A Reynolds
Number < 2000 predicts laminar ow and when the number exceeds 3000 turbulent ow is to
be expected. A turbulent ow increases the pressure loss due to more resistance and will possibly
a ect the WOR_. Calculation of the Reynolds Number was executed for every performed
measurement (no catheter, no shortening)

Data collection and processing

Prior to each recording, pressure sensors were zeroed to ambient pressure at sea level and ov
sensors at zero ow. All pressure and ow waveforms were sampled at 200 Hz and recorded using
a custom — build software program (Polybench, Applied Biosignals GmbH, Weener, Germany)
Waveforms were visually inspected to eliminate erroneous breaths from analy%ips.v\hat{)B
calculated from the area under the pressure-volume curve.

Statistical analyses

Normality of data was assessed using the Kolmogorov-Smirnov test. If normally distributed, date
were expressed as mean + standard deviation. First, we compared the di erence, infd/OB
each Vt strati ed by ETT using one-way ANOVA for each series of measurements with Bonferrol
post-hoc testing. Then, we compared Vi\n/]gBr each Vt strati ed by ETT between measurements
with or without a catheter in situ and with or without ETT shortening using one-way ANOVA with
Bonferroni post-hoc testing. All statistical analyses were performed using SPSS version 23 (1B
Chicago, USA).
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Results

E ect of Vt on WOB |
A total of 100 measurements were recorded during three series of experiments (i.e., normal length
ETT with and without a pressure catheter in situ and with shortened ETT).
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Figure 2 | Mean values of imposed work of breathingirgwoﬁa given tidal volume (2.5, 5.0, 7.5 and 10 mL/

kg) calculated by the area under the volume — pressure curve (Joules/L) (upper panel) and peak inspiratory
ow rate (lower panel) during simulated spontaneous breathing strati ed by ETT, IMEased when Vit

was increased, but overall V\Ilm(gBemained below 0.4 J/L.
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Figure 2 graphically summarizes \(M’@’]d peak inspiratory ow rate (PIFR) across the
range of ETT sizes strati ed by age category. Overall medignrg OBy simulated breathing

was not signi cantly di erent between the four age groups, i.e., 0.047 J/L (IQR 0.020 — 0.074
for newborns, 0.077 J/L (IQR 0.032 — 0.127) for infants, 0.109 J/L (IQR 0.0399 — 0.193) for s
children and 0.077 J/L (IQR 0.032 — 0.132) for adolescents. Multivariate linear regression (excludi
measurements with 10 mL/kg) showed that age category ( — 0.006, 95%CI -0.01 - -0.002), se€
Vt ( 0.035, 95%CI -0.031 — 0.039) and PIFR ( 0.002, 95%CI 0.002 — 0.0003) all independe
(p < 0.001) but modestly contributed to V\Ilm(p)BNithin each age group, ETT size contributed
independently to WOR when adjusted for set Vt and PIFR.
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standard deviation values of imposed work of breathinng\M@D given tidal

volume (2.5, 5.0,7.5 and 10 mL/kg) calculated by the area under the volume — pressure curve (Joules/L) |
endotracheal tubes of original length (black bars) and shortened (grey ba@ywslawer whenthe ETT
was shortened, but this di erence was modest for all ETT sizes.
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E ect of ETT shortening

Shortening the ETTs resulted in median (IQR) change in length of 34.5% (32.4 — %Z.l). WOB
decreased in neonates from 0.088 J/L (IQR 0.048 —0.136) to 0.072 J/L (IQR 0.039 — 0.114), for infan
from 0.076 J/L (IQR 0.032 — 0.1232) to 0.054 J/L (IQR 0.019 — 0.088), in small children from 0.12
J/IL (IQR 0.051 — 0.202) to 0.091 J/L (IQR 0.034 — 0.153) and it decreased in adolescents from 0.09
J/IL (IQR 0.046 — 0.133) to 0.062 J/L (IQR 0.030 — 0.093) (Figure 3). Although we found a statisticall
signi cant di erence in reduction in overall WiQpB)etween the four age groups, the absolute
reduction was most notable in small children (0.030 Joules/L) and the least e ect was found in
neonates (0.016 Joules/L).
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Figure 4 | Mean * standard deviation values of imposed work of breathinngWff)D given tidal

volume (2.5, 5.0, 7.5 and 10 mL/kg) calculated by the area under the volume — pressure curve (Joules/L) for
endotracheal tubes without (black bars) and with (grey bars) an intratracheal calibtargh WQoR did

increase when a catheter was in place, values remained below 0.7 J/L.

Linear regression analysis (excluding measurements with 10 mL/kg) showed that age category
(-0.038, 95%CI -0.041 —-0.034), set Vt (0.028, 95%CI 0.023 — 0.032), PIFR (0.004, 95%CI 0.004 —C
and ETT shortening (-0.22, 95%CI -0.026 — -0.018) all independently (p < 0.001) but modestly
contributed to WOR .
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E ect of ETT catheter in situ

Figure 4 graphically summarizes the added M\,{@Ben an intraluminal catheter was inserted

into uncut ETTs. Overall mgmcreased in each age group: 91.09% increase irpmp\/\'ImB
neonates to 0.168J/L, 84.98% in infants to 0.142 J/L, 81.98 % in small children to 0.219 J/L a
55.45% in adolescents to 0.140J/L. Linear regression analysis (excluding measurements with !
mL/kg) showed that age category ( — 0.024, 95%CI -0.033 - -0.015), set Vt (0.053, 95%CI 0.04
0.062), PIFR (0.005, 95%CI 0.003 — 0.006) and presence of intraluminal catheter (0.065, 95%CI
—0.071) all independently (p < 0.001) but modestly contributed tQ WOB

Calculation of the Reynolds Number

The Reynolds Number was calculated for each measuremer?). Flow was laminar for
ETTs when the set Vt was 2.5 ml/kg and became turbulent when set Vt was > 7.5 ml
patient weight > 25 kg (Table 1, extra supplemental material).

Discussion
The main nding of this bench study simulating spontaneous breathing was thallr;;p\M@B
not di erent between younger and older pediatric patients and could be interpreted as clinically
irrelevant since observed V\/iQpBaIues were low in all age groups. Set Vt and PIFR all contributed,
although modestly to WQB irrespective of ETT size. Shortening of the ETT did not result in a
clinically relevant reduction in wQB

Many pediatric critical care practitioners assume that infants and young children
experience relatively higher resistance because of the small ETTs used in this age group.
This assumption is not supported by rigorous scienti ¢ evidence. In fact, to the best of our
knowledge, there is limited data on WQBalues in children. Klausner et al reported \WOB
ranging from 0.135 to 0.510 mJ/breath in a bench test mimicking very low birthweight babies
on nasal CPAP Others reported W(I%vaalues ranging from 0.22 J/L in newborns to 1.81 J/L
in large children when spontaneous breathing was simulated during high frequency oscillatory
ventilation (HFO¥) In adults, a physiologic WOB ranging from 0.3 — 0.6 J/L has been considered
clinically acceptable with WQchontributing up to 80% of the total WOB, depending on
ventilator setting$2 We found that WQRB did not exceed 0.37 J/L in our bench model of
simulated spontaneous breathing, although the clinical correlate remains to be elucidated
before it can be concluded that these values are indeed clinically neffligitkeobvious that
extubation outcome is determined by many factors. We found th%\p/\lﬁl&lot exceed 0.37 J/L
in our bench model of simulated spontaneous breathing, although the clinical correlate remains
to be elucidated before it can be concluded that these values are indeed clinically n&gligible
Recently, Subira et al. found a higher percentage of successful extubations (82.3% vs 74.0%)
a heterogeneous group of mechanically ventilated adults randomized to a 30-min SBT with PS
compared with a 2-hr T-piece $BJur bench data further adds to the discussion if routinely
adding PS just to overcome the presumed resistance of the ETT really bene ts the patient. In the
end, only a randomized controlled trial (RCT) will provide the ultimate answer to link physiology
with clinical practice to answer this question.

Aside from the routine addition of PS, ETT shortening is also often done. However, ever
from a physics standpoint this seems questionable. The Hagen-Posseulille law states that resistanc
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to ow through a cylindrical pipe is mainly a ected by the radius (i.e. radius to the fourth power)
rather than the length of the cylindrical pipe. This questions the true usefulness of shortening
the ETT. One group of investigators reported that shortening ETTs < 4.5 mm ID by 75% resulted
in a 14 + 9% reduction in resistaficMohr and colleageus found that total WOB was reduced
between 0.03 and 0.16 J/L following shortening of the ETTs by 27% - 40% from their original
length?”. Our ndings con rmed this modest decrease in \WWOBhen the ETT was shortened,

even in the smaller ETT sizes. This implies that shortening of the ETT need not be part of the care
of ventilated patients.

It may be postulated that our results have been in uenced by placing a tracheal catheter
in the ETTs, especially the smaller ones. Obviously, this will reduce the intraluminal space and
according to the Hagen-Posseuille law would thus add additional resistance. We calculated that
the intraluminal space was reduced by 15% with a 3.5 Fr catheter in a 3.0mm ID ETT, whereas a
5 Fr tracheal catheter led to 6% reduction a 7.5mm ID ETT. Indeed, we did observe an increase in
WOR when the intratracheal catheter was inserted, albeit that the absolute Weiined
below 0.25 J/L, irrespective of ETT size. The increasgmg‘mmaost probably be explained by
the change in type of ow, from laminar to turbul&dt We calculated an increase in Reynolds
Number for measurement, indicating ow became turbulent. These nding are in line with the
conclusions from Spaeth et al, reporting that a decrease in internal diameter leading to a turbulent
ow pattern resulted in a higher gas velocity (resulting in a change of the Rohrer’s coe cients
and equation) and thus higher resistance and W@B\lonetheless, we believe this increase in
added resistance as a result of the intraluminal catheter can be appreciated as negligible.

The strength of our study is that our ndings add to the change in thinking that it is
appropriate to perform SBTs without adding PS because thtlamp\/%$ not increase with
decreasing ETT size. However, there are also several limitations that need to be addressed. First,
our bench model was performed in the absence of airway resistance and with normal lung
compliance. Furthermore, we could not take patient muscle strength into account. This might
explain why we observed PIFR > 0.5 L/kg/min in our bench model. In addition, we did not use
additional devices such as passive or active humidi ers, ow sensors and capnography sensors
although all of these can a ect ow characteristics and thus add tq%\/@&o, due to technical
limitations, we could not generate PIFR > 35 mL/kg explaining the overlap in SYOPIFR
between 7.5 and 10 mL/kg in the adolescent group. Second, all measurements were made at
sea level where the barometric pressure is 760 mmHg and at a room temperature of 20 degrees
Celsius using dry air (FD21). Adding oxygen and moisture increases gas density, and changes
in temperature will lead to alterations in the dynamic viscosity, which could a ect the transition
from laminar to turbulent ow and thus result in higher Vi\nlgBThird, we did not account for
the curvature of the ETT which may a ect ow characteristics and subsequently¥VEirth,
the size of the ETT tested in our model was in agreement with age-appropriate calculations. We
did not take into account the possibility that in clinical practice may sometimes get intubated
with an ETT that is smaller than appropriate and therefore may lead to a higﬂqg.rM&bBour
model was not designed to include a functional smaller lumen size that may occur because of
for instance secretiofts All of these limitations suggest the need for a clinical study examining
WOB | during SBTs in mechanically ventilated children.
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Conclusion
Calculated woB values in a pediatric bench model simulating spontaneous breathing was
not di erent across the range of ETT sizes. The IO%FW@IIBes found in this study might be
considered as clinically irrelevant. Our ndings add to the increasing evidence that it is appropriate
to perform spontaneous breathing trials without pressure support. Nonetheless, our ndings
need to be con rmed in a clinical study.
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Extra supplemental material

Table 1 (ESM) | Calculated Reynolds number to predict the type of ow that is gariRegtealds number

<2000 predicts laminar ow and when the number exceeds 3000, turbulent ow is to be expected. Flow becan
turbulent when the set tidal volume was 7.5 ml/kg and patient weight was > 25 kg (except infant, ETT 4.0mm al
set tidal volume 10 ml/kg).

Set Tidal Volume

Tube Size 25mikg 5.0mlkg 7.5mlkg  10.0 mikg
Neonatos 3.0mm 443 886 1329 1772
(35() 3.5mm 380 759 1139 1519
4.0mm 332 664 997 1329
it 4.0mm 803 1606 2409 3212
(okg) 4.5mm 714 1428 2142 2855
5.0mm 642 1285 1927 2570
5.0mm 1305 2610 3915 5220
Small child 5.5mm 1436 2871 4307 5742
(25kg) 6.0mm 1088 2175 3263 4350
6.5mm 1178 2356 3262 4713
Adolescent 6.5mm 1508 3016 4524 6032
10kg) 7.0mm 1193 2386 3580 4773
7.5mm 1278 2557 3835 5113
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Chapter 4

Abstract

Background

Paediatric critical care practitioners often make use of pressure support (PS) to overcome the
perceived imposed work of breathing (VyngBduring an extubation readiness test (ERT).
However, no paediatric data is available that shows the necessity of adding of pressure support
during such tests. We sought to measure the \W@Bring an ERT with and without added
pressure support and to study its clinical correlate.

This was a prospective study in spontaneously breathing ventilated children < 18 years undergoing
ERT. Using tracheal manometry, WQas calculated by integrating the di erence between
positive end-expiratory pressure (PEEP) and tracheal pregshiav@P the measured expiratory

tidal volume (VTe) under two paired conditions: continuous positive airway pressure (CPAP) with
and without PS. Patients with post-extubation upper airway obstruction were excluded.

Results

112 patients were studied. Median PS during the ERT was 10 cmH%l(DDV\ME)Bgni cantly

higher without PS (median 0.27, IQR 0.20 — 0.50 Joules/L) than with added PS (median 0.00, IQR
0.00 — 0.11 Joules/L). Although there were statistically signi cant changes in spontaneous breath
rate (32 (23 — 42) vs 37 (27 — 46) breathgiwi.001) and higher ET-@8.90 (5.38 — 6.65) vs

6.23 (5.55 — 6.94) kpa; 0.001) and expiratory Vt decreased (7.72 (6.66 — 8.97) vs 7.08 (5.82 —
8.08) mL/kgp < 0.001) in the absence of PS, these changes appeared clinically irrelevant since
the Comfort B score remained una ected (12 (10 — 13) vs 12 (10P=1B987). Multivariable

analysis showed that changes in %g&curred independent of endotracheal tube size.

ConclusionsWithholding PS during ERT does not lead to clinically relevant increase§npin WOB
irrespective of endotracheal tube size.

Keywords

Child, Mechanical ventilation, Imposed work of breathing, Extubation readiness test, Pressure
support, Paediatric intensive care
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The effect of pressure support on imposed work of breathing during paediatric extubation readiness testing

Background
Assessment of extubation readiness in mechanically ventilated children remains challenging
despite the relatively low failed extubation rate (2 — 20®atients who failed extubation
may experience prolonged intensive care stay and even increased noilthigysigni es the
importance of appropriately identifying when the patient is ready for extubation. Extubation
readiness testing (ERT) (i.e. a formal trial of spontaneous breathing) is a key component in th
process of discontinuing mechanical ventilation (MV). ERTs can be done using continuous
positive airway pressure (CPAP) with or without added pressure support (PS) or with a T — piec
To date, no paediatric data supports superiority of one type of ERT over the other, although most
paediatric critical care practitioners use CPAP with added PS during®thf & Practice is
based on the perceived added resistance of the patient circuit and smaller endotrache
(ETT) in young children, leading to increased respiratory wérkhakeed, bench testing showe
that the resistance in the smallest ETT is larger when matched for ow compared to larg
although higher ow rates were tested then the 0.5 mL/kg generated by cHildren

At the same time, the practice of adding PS may also be questioned. A recent
analysis of 16 studies examining patient e ort during various spontaneous breathing trial
con rmed that although PS reduced respiratory e ort, only using T-piece (or CPAPQ) cmH
more accurately re ected physiologic conditions after extub#tiddbservational studies in
children showed that SBTs with PS did not lead to increased physiologic WOB compared to those
done without PS*3 Furthermore, ERT outcome and post-extubation work of breathing (WOB)
were underestimated when PS was added to the SBT in cHiléliiglore recently, Khemani and
colleagues reported similar pre- and post-extubation pressure-rate products (PRP) as proxy fo
total WOB (WQPB when comparing CPAP with added PS versus CPAP alone in 409 mechanically
ventilated childrel. These studies suggest that SBTs should be done without using PS.

WOR, not only includes the physiologic WOB (VW QPbut also entails the work a patient
has to generate to overcome the resistive properties of the ETT and patient circuit.
The energy to overcome this is coined imposed WOBi&WGAHhich is calculated by integrating
the di erence between positive end-expiratory pressure (PEEP) and tracheal pres$uanee(P
the measured tidal volume (VTe). To date, clinicians do not routinely measoex€ssary for
calculating WOB, making it di cult to determine what causes increased WOB during a SBT
(i.e. WORB or Wogws)lﬁ. In the present study, we measured \,/n\(pa a heterogeneous group
of mechanically ventilated children to test the hypothesis that the increase mpwm a
patient is on CPAP alone does not lead to increased patient discomfort and would therefore be
clinically irrelevant.
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Methods

Patients

This study was designed as a prospective, observational study in invasively mechanically
ventilated children admitted to the paediatric intensive care unit (PICU) of the Beatrix Children’s
Hospital between March 2017 and June 2018 who were identi ed by the attending physician to
be ready for extubation. Our clinical algorithm describes weaning as follows: weaning starts when
ventilator pressures and/or mandatory breath rate can be decreased. During this process, patients
are assessed daily during morning rounds by the attending physician for extubation readiness (i.e.,
able to breathe spontaneously when on CPAP/PS with pressure support <@ daiCH 0.4

and an adequate coughing re ex). Patients were eligible if they have been invasively ventilated
for at least 24 hours and the attending physician con rmed extubation readiness and extubation
was expected within 8 hours. For logistical reasons, patients were only studied on weekdays from
7am — 5pm if they had been intubated > 24 hours prior to the ERT. Patients with depressed
respiratory drive inherent to congenital or acquired central nervous system disorders, congenital
or acquired injury to the phrenic nerve or diaphragmatic dysfunction, unstable haemodynamics
(i.e., increase in vaso-active support or uid boluses < 6 hours before ERT), congenital or acquired
neuro- and/or myopathy, continuous muscular paralysis 12 hrs before the ERT, patients who had
a tracheostomy and patients with ETT leakage > 20% were not studied. Importantly, patients
with clinically identi ed post-extubation upper airway obstruction were removed from analysis
because we also wanted to explore the relationship betweer}m\g\/@ﬁ extubation outcome.

The Institutional Review Board (IRB) approved the study and waived the need for informed
consent.

Measurement protocol

Patients were intubated with a cued ETT (KimVent, Microcu Endotracheal Tube, Paediatrics,
Roswell, USA) and ventilated with the AVEA® ventilator (CareFusion, Yorba Linda, CA, USA). Prior t
the ERT, a 3.5 French (Fr) catheter for ETT < 4.5 mm and 5 Fr for ETT < 4.5 mm (Argyle, Covidier
Mans eld, USA) with the tip of the catheter at the distal end of the ETT was inserted. The patient
was then switched to CPAP/PS with the level of PS set similar to the added pressure above the
level of PEEP during controlled MV, targeting an expiratory Vt of 5 — 7 mL/kg actual bodyweight
(as there was no obesity in the patient cohort). Vt was measured at the Y-piece of the patient
circuit using a self-calibrating pneumotachometer (VaM-lgareFusion, Yorba Linda, CA, USA).

Flow trigger was set between 0.5 and 1.0 L/min. A heat moisture exchanger (Gibeck, Tele ex
Medical, Vianen, The Netherlands) was in situ between the patient circuit and the ETT.

After a 5-minute stabilisation period, data was recorded during 5 minutes of steady
state breathing. Subsequently, PS was turned down to zero and, after a 5-minute stabilisation
period, again data was recorded during a period of 5 minutes steady state breathing. Ventilator
recordings were sampled at 100 Hz using the VOXP protocol and a custom-build software
program (Polybench, Applied Biosignals, Weener, Germany).

Heat rate (HR), respiratory rate (RR), peripheral saturatigh g&p@raction inspired
oxygen (Fi¢Q) were recorded on case record forms at baseline (i.e. after the rst 5-minute
stabilisation period), after 5 minutes of steady state breathing on CPAP/PS, and after 5 minutes of
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steady state breathing on CPAP. The Comfort B score was calculated at these same time points
assess patient comféttDemographic and baseline clinical data were collected to characterize
the studied population included gender, age, weight, 24-hr Pediatric RISk of Mortality (PRISM) |
score, admission diagnosis and ET #size

Extubation failure was de ned as the need for reintubation within 48 hours or use of
non-invasive ventilation (NIV) post-extubation.

Data Analysis
Ventilator recordings were analyzed o ine using a custom-build MatLab script (MATLAB 2018a,
The Mathworks, Natick, USA). The median (IQR) of respiratory variables including peak inspiratc
pressure (PIP), B PEEP, mean airway pressure (mPaw), expiratory Vt number of brea
rapid shallow breathing index (RSBI), end-tida(EEIoCE), peak inspiratory ow rate (PIFR) a
WORB &~ was calculated for the 5-minute recordings after removal of artefacts. Peak ins

resistance (cm)@/L/S) was calculated using ETT size (3.0mm — 6.0mm) and PIFR using f

used by Khemamit at®.

Statistical analysis

Data was assessed for normality using the Kolmogorov-Smirnov test. Descriptive data were
expressed as median (25-75 interquartile range) or percentage (%) of total. For the univariate
analysis, data recorded during CPAP/PS was compared with data recorded during CPAP alon
using the Wilcoxon signed rank test. Subsequently, multivariate linear regression analysis usin
backward selection was performed to study the independent contribution of ETT size, VTe,
inspiratory time (;I;p) and PIFR to changes in MQBWOQmp) because we presumed these
variables to be related to VViQPBStatisticaI analysis was performed using SPSS v23 (IBM, Armon,
NY, USAPvalues < 0.05 were considered statistically signi cant.
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Results

A total of 691 patients were admitted of whom 425 patients were mechanically ventilated.
One-hundred-and-sixty-one (37.9%) of these were studied of whom three failed the ERT,;
ultimately, data of 112 patients was eligible for analysis (Figure 1). Table 1 summarizes the patient
characteristics for these 112 patients. Median age was 7.8 months (IQR 2.6 — 30.6), with almost
two-third of patients being < 1 year. Nearly half of the patients (43.7%) su ered from an acute
respiratory disorder, whereas 37 (33.0%) patients were admitted post-operatively after cardiac
surgery. Prior to the ERT, about half (48.2%) of the patients were already weaned using CPAP/PS
whereas 58 patients (46.4%) were ventilated with pressure control (PC) assist/control (A/C) or PC
/ synchronized intermittent mandatory ventilation (SIMV) with PS. The median PS was 10 (IQR 10
—12) cmED. Median ventilation time for the cohort was 68 (IQR 24 — 131) hrs. Nine patients (8%)
had failed extubation and were reintubated.

Figure 1 | Flow diagram of the cohort.
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Table 1 | Characteristics of the cohort. Data are shown as number (% of total) or median (interquartile range]
“Trauma, intoxication, drowning and eating disorder

Variable N (%) or median (IQR)
N=112
Male 67 (59.8%)
Weight (kg) 7.9 (4.6, 12.9)
Age Overall (years) 0.65 (0.22, 2.55)
0-1 month 13 (11.6%)
1-6 months 37 (33.0%)
6-12 months 20 (17.9%)
1-2 years 10 (8.9%)
2-7 years 20 (17.9%)
7-12 years 6 (5.4%)
>12 years 6 (5.4%)
Admission diagnosis Respiratory 49 (43.7%)
Cardiac surgery 37 (33.0%)
Other surgery 17 (15.2%)
Hemodynamically 3(2.7%)
Neurologic 1 (0.9%)
Other* 5 (4.5%)

Admission characteristics Admission time (days) 5.12 (2.24, 7.80)
Ventilation time (days) 2.85(1.00, 5.47)
PRISM III 3.00 (1.00, 5.00)

PIM II -3.77 (-4.32, -3.17)

Abbreviations: PIM= Pediatric Index of Mortality, PRISM= Pediatric Risk of Mortality

E ect of PS on clinical variables and WQoB

When patients were on CPAP alone compared to CPAP/PS, they had a signi cantly highet
spontaneous breath rate (p < 0.001), higher ET<G®001) and signi cantly lower expiratory Vt

(p < 0.001) (Table 2). Womas signi cantly lower when patients were on CPAP/PS (0.00 (0.00
—0.11) Joules/L) compared with CPAP without PS (0.27 (0.20 — 0.50) Joules/L). When strati ed
ETT size, the di erence in V\Ilm(;Between CPAP/PS and CPAP without PS (n\]{)\)@Bowed no

signi cant di erence between each of the ETT groups (3.0 — 3.5 mm, 4.0 — 4.5 mm, >5.0 mm)
(Figure 2).
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Figure 2 | Dierence in imposed work of breathing (ymvaBxpressed in Joules/L during extubation
readiness testing using continuous positive airway pressure (CPAP) with or without added pressure support
(PS) strati ed by endotracheal tube (ETT) size. Data are shown as median (IQR).

Di erences in waoR between CPAP/PS and CPAP alone persisted and was the most
prominent in patients with ETT 4.0 — 4.5 mm. We did not observe increased patient discomfort
when CPAP alone was used as the Comfort B scale remained unchanged. There was no signi cant
correlation between the time between start of MV and ERT ang WAI8b, there was no
signi cant di erence in WOR between patients who were already on CPAP/PS prior to the ERT
and those on PC A/C or PC SIMV. No signi cant di erence i@pW@B/een patients with or
without failed extubation was found. However, because of the low number of patients with failed
extubation no rm conclusion can be made (ESM, Table 2).
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Table 2 | Summary of haemodynamic and respiratory variables during extubation readiness testing using
continuous positive airway pressure (CPAP) with or without added pressure(B&)pbrdta are shown as
median (interquartile range).

A p-value of <0.0pwas denoted as statistically signi cant.

CPAP/PS CPAP Significance
(n=110) (n=105)
PEEP 5 (5, 5) 5 (5, 5) 0.317
(cmH20)
Spontaneous breath rate 33 (23, 42) 37 (27, 46) <0.001*
(/minute)
SpO2 97 (96, 98) 97 (95, 98) 0.394
(%)
EtCO» 5.90 (5.38, 6.65) 6.23 (5.55, 6.94) <0.001*
(mmHg)
VTe 7.72 (6.66, 8.97) 7.08 (5.82, 8.08) <0.001*
(ml/kg)
Heart Rate 125 (109, 140) 125 (110, 141) 0.161
(/min)
Comfort Scale 12 (10, 13) 12 (10, 13) 0.987

Abbreviations: PEEP= Positive End-Expiratory PregsufeanS@@aneous measured oxygen saturation,
EtCG= End-tidal COVTe= Tidal volume

Factors independently associated with delta WOR,

Multivariate regression analysis was used to test if ETT size, expir%ggaylVRIH:R can predict

the delta WOR,. Results showed that 15% of the variance was explained by these vatiables (R
0.154, F (5, 3.499), p = 0.006) when corrected for the measuggdeW(hB CPAP/PS ventilation.
Furthermore, the size of the endotracheal tube did not contribute to ir\n/'yOB).O30, SE 0.022,
p=0.171) (Table 3).
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Table 3 | Estimates of xed e ects. The di erence in imposed work of breathing between CPAP/PS and CPAP
(WOBImp) was stated as dependent varialee measured V\{IQBiuring CPAP/PS was noted as baseline
WO%p. The e ect of baseline \(Mandotracheal tube size (ETT-size), inspirato%)‘..irpea(ﬁ'inspiratory

ow rate (PIFR) and expired tidal volume (VTe) op Wa©Budied. A p-value of <0.05 (*) was denoted as
statistically signi cant.

Dependent Parameter Std. Error Beta t p-value
variable

Baseline WOB;im,  0.085 0.087 0.097 0.979 0.330

ETT-size -0.030 0.022 -0.310 -1.379 0.171

" WOBimp Tinsp 0.069 0.123 0.086 0.561 0.576

PIFR* 0.013 0.005 0.434 2520 0.013

VTe 0.018 0.010 0.191 0.085 0.085

Abbreviations: WQB- Imposed Work of Breathing, ETT= Endotrache@slpfnirhm)iﬂatory time, PIFR= Peak
Inspiratory Flow Rate, VTe= Tidal volume

Discussion

This study showed that WQpEgenerated during extubation readiness testing in a heterogeneous
group of mechanically ventilated children with and without lung injury was signi cantly lower
when PS was used compared to CPAP alone. However, this di erence was clinically negligible
because patient discomfort measured by the Comfort B did not increase when patients were
tested without PS. Despite the fact that our study was not designed to test the e ect of CPAP/PS
versus CPAP alone on failed extubation rate, our observations may challenge the routine use of PS
during extubation readiness testing, even in very young children with small ETT sizes.

It is common for paediatric critical care practitioners to use PS during extubation readiness
testing’. However, the present data questions this common practice and supports previous
work by Khemani and co-workers who reported no clinically relevant increase in PRP as proxy for
WOl%hySwhen patients were on CPAP alSn€o our best of knowledge, the present study is one
of the rst reporting WOB in the paediatric context. As a consequence, there is no data on what
values of woB could be regarded as clinically acceptable. In adults with normal lung function,
it has been reported that they need to generate approximately 0.3 - 0.6 Joules/L for expanding
lungs (elastic forces, ow resistive resistance and inertial work) and chést wWadher values
can be expected when the respiratory load is increased because of increases in elastic and/or
ow-resistive work.

Kirtonet al reported WOB upto 1.1 Joules/L in 21 adults who were ventilated > 48 hours and
apparent ventilatory insu ciency observed during a weaning or pre-extubatiof. ffilaéy also
observed that WQB was almost twice WQB and may even contribute as much as 80% to
the total work of breathing, underscoring the importance of takingm\/pvtaﬁa account when
identifying causes underlying a failed ERT. In the present stu%\wmas were well below or
within the lower normal range of values reported in healthy adults.
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The present study was not powered to detect di erences iniryymween children who
did and did not fail extubation. The extubation failure rate was 8%, which is in agreement with
previously reported rat&s Based on the ngvalues observed in this study, approximately
3500 patients would be needed in an observational study to establish the suitabilitymgfaA/OB
predictor for failed extubation. Also, it cannot be ruled out that the patients in the present study
could have been extubated earlier. Previous data has shown that the success rate of paediatri
unplanned extubation is about 58%This calls for a better implantation of daily extubation
readiness testing and that from a physiologic perspective based on the data of the present study
this can be done on CPAP alone in a well-de ned group of children.

Measuring waoB requires the insertion of a catheter in the ETT. Placement of such
catheters reduces intraluminal space and will automatically result in increased ow resi
which may be more relevant in the smallest ETT. It can be calculated that a 3.5 Fr cathet

4.5 mm resulted in a 15% reduction in intraluminal space (ETT 3.0mm); for the large
(i.e. ETT 7.5mm) in the present study this was 5%. Reassurimmswere the lowest in
patients with ETT 3 and 3.5 mm and measured PIFRs were comparable with previously p
data, indicating that the values found in this study in young children were not overestifitate
However, there is a di erence in SBT duration between the two trials which possibly challenges
the patients endurance. Duration of the SBT has always been a complex matter in adults and
paediatrics and no consensus has been reachétyet

There are a few limitations that need to be discussed. First, the present study is a single:
center study although our unit is comparable to most North-American and European centers and
generalizability is high given the fact that this is a physiologic study. Second, we only included a
heterogeneous group of patients extubated during o ce hours, thereby potentially introducing
a selection bias by missing out on patients extubated during non-o ce hours. Third, we did not
measure peak inspiratory resistance but calculated these values derived from bench testing, sc
the reported values of resistance may be over- or underestiinidtagdever, these limitations are
not di erent from the ones reported in the study by Khenedri®. Fourth, the age distribution
of our study population was skewed towards younger age. This limits the interpretation of the
change in WOB between CPAP/PS and CPAP alone strati ed by ETT size and calls for furthe
study although the issue of presumed increased resistance of the ETT is only relevant for youn
children. Lastly, WQBwas measured during a 5-minute stable period of CPAP alone, so it cannot
be ruled out that this period was too short observe signs of insu cient patient respiration.
Khemanket alused 5-minute stabilisation and 5-minute recording period in all patients who were
at least 2 hours on CPAP alone. Reassuringly, about half of the patients in the present study wel
already on CPAP/PS before the ERT. Theljnrp\nmlBas were not di erent from those who were
on controlled ventilation before the ERT, so it is unlikely that the short duration of CPAP alone ma;
have seriously a ected the results in the present study.
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Conclusion

In conclusion, this study showed the Vi\|4(p)§enerated during extubation readiness testing in

a heterogeneous group of mechanically ventilated children with and without lung injury was
signi cantly increased when CPAP alone was used compared to CPAP/PS, although this appeared
clinically irrelevant in terms of patient comfort. Our observations may challenge the routine use of
PS during extubation readiness testing, even in very young children with small ETT sizes.
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Extra supplemental material

Table 1 (ESM) | Ventilator characteristics of the studied &btiobiation failure is de ned as
reintubation or use of non-invasive ventilation within 48 hours after extubation. Three patients f:
extubation due to upper airway obstruction and were excluded from further analyses.

N (%)

N=112
Ventilator mode Pressure A/C 58 (51.8%)
CPAP/PS 54 (48.2%)
Tube position Oral 54 (48.2%)
Nasal 58 (51.8%)

Tube size 3.0mm 9 (8.0%)
3.5mm 35 (31.2%)
4.0mm 33 (29.4%)
4.5mm 17 (15.2%)

5.0mm 5 (4.5%)

5.5mm 6 (5.4%)

6.0mm 3(2.7%)

7.0mm 3 (2.7%)

7.5mm 1 (0.9%)
Extubation outcome Success 103 (92.0%)

Failure 9 (8.0%)
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Table 2 (ESM) | Outcome measures following extubation readiness testing using continuous
positive airway pressure (CPAP) with or without added pressure suppdirtgPajients required
re-intubation or non-invasive ventilation within 48 hours and were labeled as failed extubation. Date
are shown as median (interquartile range). The p-value shown in the Table is a result of a Mann-Whiti
U analysis between patients who failed or succeed extubation. A Wilcoxon rank test was performed

analyze di erences between the two paired study mémen®sq0ip < 0.05).
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WOBimp
(Joules/L)

PIFR
(L/min)

Rpiek
(cmH 20/L/min)

RSBI
(fIVY)

Comfort
Score

Extubation
outcome

Succes s

Failure

Succe ss

Failure

Succe ss

Failure

Succe ss

Failure

Succe ss

Failure

CPAP/PS
(n=110)

0 (0, 0.1)*
0.00 (0, 0.26)?
9.0 (6.4, 16.7)*

9.7 (6.7, 15.3)

24.0 (17.3,
28.4)!
27.1(21.4,
37.8)2

3.8 (2.6, 5.7)
6.1(4.1, 7.1
12 (10, 13)

12 (10, 14)

p_

value

0.73

0.85

0.11

0.04

0.72

CPAP
(n=105)
0.26 (0.19,
0.49)
0.31 (0.26,
0.65)?

8.4 (5.8, 11.6)"

9.0 (5.5, 10.4)

20.3 (15.5,
26.1)!
23.4 (17.4,
35.6)2

4.9 (3.3,6.7)
7.7 (4.9, 8.5)
12 (10, 13)

11 (10, 14)

p-
value

0.14

0.72

0.15

0.02

0.61
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Abstract

Background

Ventilator liberation is one of the most challenging aspects in patients with respiratory failure.
Most patients are weaned through a transition from full to partial respiratory support, whereas
some advocate using a continuous spontaneous ventilation (CSV). However, there is little
scienti ¢ evidence supporting the practice of pediatric ventilator liberation, including the timing

of onset of and the approach to weaning mode. We sought to explore di erences in patient e ort
between a pressure controlled continuous mode of ventilation (PC-CMV) [in this cohort PC assist/
control (PC-A/C)] with a reduced ventilator rate and CSV, and to study changes in patient e ort
with decreasing PS.

Methods

In this prospective physiology cross-over study, we randomized children <5 years to rst PC-A/C
with a 25% reduction in ventilator rate, or CSV (continuous positive airway pressure [CPAP] + PS).
Patients were then crossed over to the other arm. Patient e ort was measured by calculating
inspiratory work of breathing (WOB) using the Campbell diagrankngMQBand by pressure-
rate-product (PRP) and pressure-time-product (PTP). Respiratory inductance plethysmography
(RIP) was used to calculate the phase angle. Measurements were obtained at baseline, during
PC-A/C and CPAP + PS, and during decreasing set PS (maximuy®)6 cmH

Results

Thirty-six subjects with a median age of 4.4 (IQR 1.5 — 11.9) months and median ventilation
time of 4.9 (IQR 3.4 — 7.0) days were included. Nearly all patients (94.4%) were admitted with
primary respiratory failure. WOR  during baseline (0.67 (IQR 0.38 — 1.07) Joules/L) did not

di er between CSV (0.49 (IQR 0.17 — 0.83) Joules/L) or PC-A/C (0.47 (IQR 0.17 — 1.15) Joules/L
Neither PRP, PTP, Pes nor phase angle was di erent between the two ventilator modes. Reducing
pressure support resulted in a statistically signi cant increase in patient e ort, albeit that these

di erences were clinically negligible.

Conclusions

Patient e ort during pediatric ventilation liberation was not increased when patients were in a
CSV mode of ventilation compared to a ventilator mode with a ventilator back-up rate. Reducing
the level of PS did not lead to clinically relevant increases in patient e ort. These data may aid in
a better approach to pediatric ventilation liberation.

Keyword

pediatrics, mechanical ventilation, work of breathing, weaning, pressure-rate-products, pressure-
time-product, phase angle.
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Background

Mechanical ventilation (MV) is one of the core features of the pediatric intensive care unit
(PICU). Despite lifesaving, MV is also associated with undesired e ects, which may ultimatel
a ect physical functioning and quality of life. These include amongst others the occurrence of
ventilator induced lung injury (VILI), nosocomial pneumonia, upper airway trauma, hemodynamic
instability and increased need for sedation or even neuromuscular blockade with subsequent risk
for withdrawal syndrome or deliriddh This underscores the need to start ventilation liberation

as soon as the clinical condition of the patient allows for this. It is estimated that almost half of
the total ventilation time is related to wearfihdJnfortunately, there is little scienti ¢ evidence
supporting the practice of pediatric ventilation liberation, including the timing of onset of and
the approach to weaning. This can be partly explained by the relative short ventilation time and
low extubation failure rates observed in the pediatric popufetion

The most common approach to weaning in infants and children is a gradual reduction of
ventilatory support through a reduction of the ventilator rate and/or a reduction in inspiratory
pressures when the patient is in pressure controlled mode of ventilatiod. (®@&vhatively, it
has also been proposed to periodically use a continuous spontaneous ventilation (CSV
(i.e., pressure support [PS]) in combination with continuous positive airway pressure (C
alternate this with complete ventilatory support. The rationale for this approach is to (
train and reactivate the respiratory mustclel®wever, there is no pediatric data that has sho
superiority of one approach over the offieAside from weaning technique, the unanswer
question is also how much PS to give. Both over- and undersupport may exert negative
on respiratory muscle function and patient e ort.

Irrespective of the approach chosen by the clinical team, it is imperative to assess work
of breathing (WOB) when the patient is weaned from the ventilator. The gold standard for
measuring inspiratory WOB is through the Campbell diagram (WWQBby making use of an
esophageal catheter. This diagram re ects the energy that is needed to expand the lungs and
chest wall during inspiratiéh Surrogate parameters include esophageal pressure swing ( Pes),
the pressure rate product (PRP) and the pressure time product (PTP), which both can distinguisl
patient e ort from the total e ort, and the phase angle calculated from respiratory inductance
plethysmography readingfst®

Based on the hypothesis that weaning using CSV would not result in increased WOB,
irrespective of the level of PS, we sought to characterize in a randomized cross-over trial patien
e ort during ventilator weaning by comparing WQRB,..,,PTP, PRP, Pes and the phase angle
measured during PC-A/C with a reduced ventilator rate and during CSV in ventilated children
who were deemed eligible for weaning by the attending physician. We also studied if there was
a relationship between patient e ort and the level of PS.

85



Chapter 5

Methods

Study design

This study was designed as a prospective, physiological, randomized cross-over study comparing
two di erent weaning strategies and the e ect of the level of PS on the work of breathing in
mechanically ventilated children admitted to the 20-bed tertiary medical-surgical pediatric
intensive care unit (PICU) of the Beatrix Children’s Hospital, University Medical Center Groningen
(Groningen, The Netherlands). The study was approved by the institutional review board (IRB)
(NL38361.042.11), and written informed consent was obtained from parents or legal caretakers.

Patients

Patients were daily assessed for eligibility when the attending physician who identi ed the
patient ability for weaning, which was de ned by the ability to maintain adequate oxygenation
and ventilation under stable ventilator settings (i.e., no need for increase of inspiratory pressures
or positive end-expiratory pressure, and fraction inspired oxygen<(Bi® within 6 hours prior

to enrolment). Subjects were enrolled if they were younger than 5 years of age, ventilated for
at least 24 hours, able to trigger the ventilator and had su cient respiratory drive and stable
hemodynamics (i.e., no need for increase in vaso-active drugs and/or uid challenges at least 6
hours prior to enrolment). Excluded were subjects born prematurely with a corrected gestational
age <40 weeks, congenital or acquired neuromuscular disorders, congenital or acquired paralysis
of the diaphragm, severe traumatic brain injury (i.e., Glasgow Coma Score < 8), uncorrected
congenital heart disorder, chronic lung disease and severe pulmonary hypertension. Patients
with endotracheal tube (ETT) leakage > 18% were also excluded.

Ventilator protocol

Prior to enrolment, subjects were ventilated with the AVEA® ventilator (Vyaire, Mettawa, Ill, USA)
in supine position using a time-cycled, pressure limited ventilation mode. This was either in PC-
continuous mandatory ventilation [PC-CMV] mode (in our cohort PC assist/control [A/C]) or in

a PC-IMV mode (in our cohort PC synchronized intermittent mandatory ventilation [SIMV]) with
PS. Choice for PC-CMV or PC-IMV + PS was dictated by patient age (usually, in children < 1 year
of age we use PC A/C). Irrespective of mode, an expiratory Vt 5 - 7 ml/kg actual bodyweight (as
there was no obesity in the patient cohort) was targeted and VTe was measured at the Y-piece
of the patient circuit (VarFl&xVyaire, Mettawa, lll, USA). Peak inspiratory pressures (PIP) were
aimed at < 28 cm}® (< 32 cmH20 when there was an increased chest wall elastance). Fraction
inspired oxygen was targeted at SmD92 — 97%. Flow trigger was set between 0.5 and 1.0 L/
min. A heat moisture exchanger (Gibeck, Tele ex Medical, Vianen, The Netherlands) was in situ
between the patient circuit and the endotracheal tube (ETT) (KimVent, Microcu Endotracheal
Tube, Paediatrics, Roswell, USA).

All patients a routinely instrumented with a catheter to measure the esophageal
pressure (Pes) (Avea SmartCath 6 or 8 Fr, Vyaire, Mettawa, Ill, USA). Correct positioning was visual
con rmed by checking for pressure de ections during spontaneous breathing and/or by a chest
radiograph that was done for other indicatins
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Randomization protocol

Baseline de ned the ventilator mode and settings that the subject was on before randomization.
Subjects were randomized to one of two groups (A and B), de ning the order of the weaning
approaches tested. Subjects randomized to group A were on CPAP + PS with the level of PS equ
to the set pressure above PEEP (PAP) that the subject was on before randomization rst, an
subsequently to PC-A/C with the ventilator rate set at 25% of baseline. Subjects randomized tc
group B were on PC-A/C with the ventilator rate set at 25% of baseline rst, and subsequently to
CPAP + PS.

Measurement protocol

After obtaining informed consent and enrolment, age appropriate respiratory inductance
plethysmography (RIP) bands (Viasys, Healthcare, Respiband Plus, Hoechberg, Germany) wi
placed circumferentially around the patient’s chest and abdomen. For calibration, the ETT was
occluded at the end of an exhalation during a stable breathing for 3-5 consecutive breaths
(12,17). The esophageal catheter was connected to a BiCore Il pulmonary monitor (CareFusiol
Houten, The Netherlands) with a sampling frequency of 200 Hz. Then, the esophageal
volume was titrated up to a maximum of 1.25n® Kipediatric balloon) or 2.5m|CH(adult
balloon). Optimal balloon volume was achieved by titrating volume and graphically dep
the maximum amplitude of the Pes curve ( Pes).

Baseline recordings were obtained during 5 minutes of stable breathing with
ventilator settings the subject was on before randomization. Subsequently, the subje
placed on the ventilator mode and settings according to the randomization outcome. After 5
minutes of stabilisation, data was then recorded for 5 minutes. Thereafter, the subject was placec
on the baseline ventilator mode and settings for 10 minutes and then on the ventilator mode
and settings according to the randomization outcome. After 5 minutes of stabilisation, data was
then recorded for 5 minutes. In a second series of measurements, each patient had the level of P
reduced by 2 cm}® on three consecutive steps. Each step consisted of 5 minutes of stabilization
followed by 5 minutes of recordings (Figure 1).

Data collection included respiratory rate (RR), heart rate (HR), central venous pressur
(CVP), mean arterial blood pressure (ABP), transcutaneous measured oxygen satugption (SpC
minute volume (AMV), expired tidal volume (VTe), end-tig4EGLY), inspiratory pressures,
PEEP, FjGOnspiratory time gp), mean airway pressure (Pmean) and set ow trigger. Patient
comfort was assessed by calculating the Comfort B'&dbatients had an indwelling arterial
line, blood samples were drawn to determine arterial partial pressurg(B&CQ) and Q (PaQ).

For characterization of the cohort, gender, age, weight, 24-hr Pediatric RISk of Mortality (PRISI
Il score, admission diagnosis, ETT-size were collected in the &fatdbapeatory terminology
was used based on the Chatburn classi cdtion
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Data analysis

Patient inspiratory breathing e ort was primary assessed by \\/QB Secondary outcomes

included PRP, PTP, Pes and the RIP phase angle. Pes and RIP data was analyzed using a custor
build software program (Polybench, Applied Biosignals, Weener, Germany). Pes and RIP signals
were rst o ine reviewed for artifacts (i.e., pressure swings due to esophageal spasms, coughing

or body movement) and signal quality. We then selected 30 consecutive, stable breaths and
manually placed markers in the RIP and Pes signal to indicate the onset and end of inspiration.
WOR,,-sz Was calculated as the integral of the Pes over the volume displaced during one
inhalatiorf'. Pes represented the amplitude of inspiratory tidal Pes swings. PTP was calculated by
the integral of the Pes signal over time during inspiration multiplied by respiratory rate, and PRP
by Pes multiplied by the respiratory rate. The phase angle was calculated from the RIP tracings
as described previou&lyThe rapid shallow breathing index (RSBI) was calculated by dividing
Vte-exp by the respiratory rate.

Statistical analysis

Data was assessed for normality using the Kolmogorov-Smirnov test. Descriptive data were
expressed as median (interquartile range), percentage (%) or mean (xSD) of total. The Wilcoxon
signed rank test was used to detect di erences between study time points. By using a generalized,
linear mixed model the correlation between WQOR  and multiple parameters was studied.
Statistical analysis was performed using SPSS v23 (IBM, Armon, RValu&Ax 0.05 were
considered statistically signi cant.
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Results

Thirty-six subjects were included (66.7% male) with an overall median age of 4.4 (IQR 1.5 - 11.9)
months and weight 6.5 (IQR 4.6 — 9.9) kg. Forty-two out of 252 data samples were excluded due to
poor quality (Supplemental Figure 1). Patient characteristics were comparable between group A
and B (Table 1). Almost all patients were admitted with primary respiratory failure (94.4%). Twenty-
seven subjects (75%) had received neuromuscular blockage (NMBA) for a median time of 33.8
(IQR 15.1 — 41.5) hours.

Table 1 | Characteristics of the cohort. Data are shown as number (% of total) or median (interquartile range)

Randomisation group p - value
A B
Number of patients 18 18
Male (%) 61.1 72.2 0.584
Age (yrs) 0.56 (0.23 - 1.34) 0.23 (0.11 - 0.56) 0.091
0 — 3 months (%) 27.8 55.6
3 — 6 months (%) 22.2 111
6 — 12 months (%) 11.1 22.2
1 -2 years (%) 27.8 5.6
2 —5years (%) 11.1 5.6
Weight (kg) 9.05 (5.15-10.50) 5.40 (4.08 —7.07) 0.075
PRISM Il (24 h) score 3.00 (2.00 - 6.00) 3.00 (0.75 — 4.00) 0.161
PIM 11 (24 h) score -4.55 (-4.67 - -4.08) -4.24 (-4.74--3.83) 0.584
Admission diagnosis (n) 1.000
Respiratory 17 17
Postoperative 1 1
Respiratory disease (%) 0.539
Healthy lungs 5.6 5.6
Obstructive disease 11.1 16.7
Restrictive disease 22.2 5.6
Obstructive+ restrictive disease 61.1 72.2
Duration of mechanical ventilation (days) 3.88 (2.66 — 6.46) 5.94 (3.92 - 7.83) 0.054
HFO ventilation (%) 44.4 50.0 0.791
HFO ventilation duration (days) 2.15 (1.05 —2.94) 2.67 (1.98 — 4.06) 0.139
Length of PICU stay (days) 5.83 (3.46 — 8.53) 7.31(5.11-10.44) 0.085
Extubation outcome
Reintubation < 48hrs (%) 5.6 11.1 0.791
UAO (n) 1 1
Excessive WOB (n) - 1

Abbreviations: PIM= Pediatric Index of Mortality, PRISM= Pediatric Risk of Mortality, HFO= High Freque
Oscillation, PICU= Pediatric Intensive Care Unit, UAO= Upper Airway Obstruction, WOB= Work of Breathing
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They were discontinued 43.5 (IQR 26.7 — 71.4) hours before randomization (Table 1, extr
supplemental material). Baseline ventilator settings before enrolment for the whole cohort was
PEEP 6 (IQR 5 — 6) gmHPS 14 (IQR 12 — 16) gnkhd FiQ0.30 (IQR 0.26 — 0.39) (Table 2).
Subjects were ventilated for 4.92 (IQR 3.4 — 7.0) days before enrolment.

Patient e ort during CSV and PC-A/C

Median WOR,,..- during baseline recording was 0.67 (IQR 0.38 — 1.07) Joules/L and decreasec
to 0.49 (IQR 0.17 — 0.83) for CPAP/PS and 0.47 (IQR 0.17 — 1.15) Joules/L for PC-A/C (Figur
Except for respiratory rate which was signi cantly higher when patients were in CPAP + PS, nc
other di erences in clinical parameters were observed (Table 2). The Comfort B score was simile
between CPAP + PS and PC-A/C.

Figure 2 | The work of breathing calculated through the gold standard, the Campbell diagram (Joules/L).
Figure 2a shows the work of breathing during the di erent weaning strategies. Figure 2b shows the wc
breathing during downtapering of pressure supp0rd5
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Table 2 | Patient vital paramet&ata is compared to the baseline or the previous step in the stepwise reduction
of the amount of pressure support. No blood samples were withdrawn during the downgrading of pressur
support. Data is shown as median (IQR). Statistic test used is the Wilcoxon sigré@d0Bnk Seitpressure

support or the applied pressure above PEEP when on pressure regulated ventilation

Baseline CPAP/PS  PC-AIC Baseline PS - PS - PS -
2cmH 20 4cmH 20 6cmH 20
Clinical parameters

Comfort score 12 (11 #15) 11(11 £+ 12(11 #13) 11 (11 +14) 11 (11 £14) 11 (11 +14) 11 (11 #14)

14)
Heart rate
(beats/min) 138 (123 £149) 135(122 138 (116 * 134 (117 * 134 (119 + 130(114 £+ 133 (117 *

+149) 150) 144) 142) 149) 150)
Peripheral 98 (95 +99) 97 (95 * 98 (96 +98) 97 (95 +98) 97 (95 +98) 96 (94 +98) 97 (96 -100)
saturation (%) 98)
Respiratory 37 (26 +48) 35(22 + 32 (23 +43)* 37 (21 +48) 36(23 * 37 (30 35 (27 +53)

rate (/min) 48) 53)* 53)*
Respiratory parameters
Expired tidal

volume (ml) 41.1(279 419262 + 438(26.1 + 41.1(24.8 + 382(22.2 + 34.6(23.7 + 365(28.2
+82.9) 85.7) 88.2) 79.9) 69.6)* 74.8)* 73.4)

Endtidal CO»  49.4 (459  49.05(43.7 + 488 (45.1 + 497 (448 + 49.3(45.6- 49.4(447 + 53.0(46.7 +

(mmHg) +54.5) 54.9) 53.4) 52.5) 53.5) 56.3) 55.8)*

Tinsp 0.50(0.43 052(0.39 + 0.63(0.44 + 052(0.40 = 0.49(0.38 = 0.51(0.41 + 053 (0.43 +
+0.67) 0.69) 0.73) 0.76) 0.68)* 0.63) 0.69)

RSBI 0.88 (0.33 0.78 (0.31 = 0.61(0.29 + 0.80(0.28 + 1.00(0.33 + 1.10(0.40 + 0.88(0.36 *
+1.64) 1.70) 1.50)* 1.74) 2.09)* 2.09) 2.07)*

Ventilator settings

E’é”‘;‘r‘gg 30 (26 +39) 30(26+  30(26 £39) 30 (25 +40) 30 (27 +40) 30 (27 +40) 30 (27 +40)

oxygen (%) 39)

PEEP (cmH,0) 6 (5-6) 6 (5 -6) 6 (5 -6) 6 (5 -6) 6 (5 -6) 6 (5 -6) 6 (5 -6)

PS (cmH,0)* 14 (12 +16) 14 (12 + 14(12 #16) 14 (12 #16) 12(10 +14) 10(8 #12) 8 (6 %10)

16)

Metrics of oxygenation and ventilation

PaO; 76.51 (66.68 + 74.93(66.54 76.51 (67.21

(mmHag) 87.76) - 85.89) +86.26)

PaCO: 50.10 (56.25 + 50.18 (45.00 51.75 (47.25 )

(mmHg) 46.50) +5.28) +54.98) No blood samples withdrawn

Oxygenation  4.92 (3.79 * 4.33(3.72 + 4.63(3.79 +

index 6.03) 5.82) 5.74)

PF Ratio 257 (181 + 228 (185 + 249 (192 +

295) 278) 287)

Abbreviationsi:n;: Inspiratory Time, RSBI= Rapid Shallow Breathing Index, PEEP= Positive End Expiratory Pres:
PS= Pressure Support
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Similar observations regarding comparable patient e ort were found in PRP (baseline 296
(IQR 181 — 445), CPAP + PS 212 (IQR 119 — 417) and PC--A/C 213 (IQR 14@#820) cmH
and PTP (baseline 138 (IQR 68 — 195), CPAP + PS 105 (IQR 54 — 170), and PC-A/C 114 (IQ
155) cmHO's/sec) (Supplemental Figure 2). Pes decreased from baseline 8.37 (IQR 4.36 — 12.5¢
cmHO to 7.28 (IQR 3.39 — 10.25) @nétiring CPAP + PS and 6.33 (IQR 4.08 — 11.89) cmH
during PC-A/C (Figure 3A) . The phase angle was higher during PC-A/C (28.7 (IQR 12.7 — 42
although this did not reach statistical signi cance when compared to baseline (21.1 (IQR 8.1 —
42.3)) or during CPAP + PS (25.8 (IQR 1.7 — 38.6)).

Figure 3 | The work of breathing calculated through measuring the di erence in esophageal pressure ( Pes
in cmHO. Figure 3a shows the Pes during the di erent weaning strategies. Figure 3b shows the Pes du
downtapering of pressure supjmt0.05

Patient e ort during PS titration

We observed a signi cant increase in WQRB_ from baseline (0.28 (IQR 0.11 — 0.76)) to 0.71
(IQR 0.40 - 1.22) Joules/L) when PS was decreased byO6(Eigtite 2B). EtC€)gni cantly
increased, whereas respiratory rate, expiratory Vt (mL/kg) and the RSBI index did not chang
during the downwards PS titration (Table 2). Similarly, PRP and PTP signi cantly increased durir
the downwards PS titration, with PRP increasing to 390 (IQR 231 — 6@8maméhd PTP

to 173 (IQR 112 — 289) ¢@is/min at PS -6 cmH20. (Supplemental Figure 2) Pes showed a
(signi cant) stepwise increase from 6.31 (IQR 3.33 — 9.3%) dorkhg baseline recordings to

11.14 (IQR 6.92 — 15.90) gnét PS -6 cm@. (Figure 3B)The phase angle did not change.
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In a correlation analysis, we did not nd a signi cant association between WQOB
and duration of MV prior to enrollment, use of high-frequency oscillatory ventilation, ETT size,
extubation outcome, or NMBA use or time between discontinuation and study measurements.

Discussion

We have demonstrated in this physiology study that using a continuous spontaneous ventilation
mode in pediatric patients resolving from respiratory failure did not lead to increased patient
e ort compared with an CMV mode. Decreasing PS resulted in a statistically signi cant, but
clinically acceptable increase in patient inspiratory e ort. These data may contribute to a better
understanding of the patient e ort during pediatric ventilation liberation.

To our best of knowledge, this is one of the rst studies that compared two di erent
ventilation liberation approaches in children recovering from acute respiratory failure by
evaluating patient e ort according to the golden standard (i.e., Campbell di&gréve)did
not detect clinical relevant di erences in patient e ort between CPAP/PS and PC-A/C. Observed
values for WQR, ..., and PRP and phase angle were in line with previous reported values in
childrert>#-2 This means that weaning patients in a CSV mode does not lead to increased patient
e ort. In fact, the PRP values in our study were lower compared with the PRP values reported by
Khemanket alin extubated, spontaneously breathing childterhis may suggest that even lower
levels of support can be used.

We did observe higher baseline values in YWQR., PTP, PRP and Pes than during
stable, quiet breathing in CPAP/PS or PC-A/C. This may be explained by the fact that subjects
had to be instrumented prior to study measurement which may have caused patient discomfort
leading to a temporarily increase in respiratory rate and larger esophageal pressure swings rather
than re ecting true increased patient e ort, especially since at baseline there was no reduction
in ventilator rate or inspiratory pressures. Increases in respiratory rate are easily picked up by PTP
and PRP, thus potentially explaining our observétions

In our study, we found that patient e ort during inspiration increased when PS was
decreased, although the clinical relevance of this increase can be questioned. PRP increased, but
reached levels that are comparable with the PRP values reported by KdteatiaNionetheless,
our data con rms that neither approach do lead to increased patient e ort and that a mode in
which the patient is more responsible for respiratory homeostasis appears to be at least non-
inferior. Since our study was not designed to test superiority or inferiority of CPAP + PS versus PC-
A/C with reduced ventilator breath rate, it could be argued that the next step would be to design
a randomized controlled trial exploring if weaning and ventilation time can be shortened by one
approach or the other.

Our ndings also fuel the delamtbf how much pressure support must be given during
pediatric ventilation liberation. It is common practice in pediatrics to add a minimum amount
of PS because of the presumed increased resistances of especially smaller endotracheal tubes
and thus the fear of increasing the imposed work of breathing ir(M)/,C\)Ehich is the work the
patient has to generate to overcome the resistance of the patient circuit and the ETT. In passively
breathing patients, this work is done by the ventilator and is added to the work the ventilator has
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to generate to in ate the lungd4’? Under spontaneous breathing, the patients have to generate
this work, but in ventilator modes that allow spontaneous breaths in-between mandatory
breaths, the work by the ventilator during these mandatory breaths may have a ected the
measured patient e ort. Nonetheless, the ndings from our present study support previous work
from us and others, in which we showed both in a bench and in a clinical study that there was
no di erence in WORB, between smaller and larger bigger ET T Zi2eBherefore, probably not
only during extubation readiness testing but also earlier on during pediatric ventilation liberation
it appears to be appropriate to use a lower level of PS when assessing patient e ort and that
spontaneous breathing trials can be performed without added PS. Setting more PS than actually
needed has been shown to overestimate extubation readiness in cHildren

Some limitations of this study need to be addressed. First, it was a single-center study, albei
that it included a homogenous study population, thereby potentially limiting the generalizability
although we think this is of no concern for a physiology study such as ours. Second, the 10 minute:
duration for the measurements was arbitrarily chosen as others also haVé>ddaeertheless,
this does not rule out that the period was too short to detect clinically meaningful changes. It
may be surmised that a longer duration on each approach could have led to increasing f
and di erent results. Third, the decision to start weaning was at the discretion of the atte
physician and not protocolized, making it subject to practice variability and that subjects ma
di erence in baseline e orts of breathing. Reassuringly, we did not nd a signi cant correl
between duration of ventilation prior to enrolment and indices of patient e ort of breathing

Conclusion

In children recovering from acute respiratory failure and who are ready to be weaned from the
ventilator, e ort of breathing was comparable between CPAP + PS and PC-A/C with a reduced
ventilator breath rate. Reducing PS did not lead to clinically unacceptable e ort of breathing.
Our study ndings provide helpful insights into optimizing the weaning strategy in ventilated
children.
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Extra supplemental material

Figure 1 (ESM) | Flow diagram of the study. Pes = esophageal pressure, WOB= work of breathing.

96



Effect of pediatric ventilation weaning technique on work of breathing

Figure 2 (ESM) | The work of breathing calculated through the pressure-rate-product (PRP) ar
pressure-time-product (PTPigure 3a shows the work of breathing during the di erent weaning
strategies. Figure 3b shows the work of breathing during downtapering of pressure support. *p<C
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Chapter 6

Abstract

Introduction

Allowing the ventilated adult patient to breath spontaneously may improve tidal volyme (V
distribution towards the dependent lung regions, reduce shunt fraction and decrease dead
space. It has not been studied if these e ects under various levels of ventilatory support also
occur in children. We sought to explore the e ect of level of ventilatory suppartimtribution

and end-expiratory lung volume (EELV) in spontaneously breathing ventilated children in the
recovery phase of their acute respiratory failure.

Methods

This is a secondary analysis of data from a prospective, clinical trial comparing two di erent
ventilator modes during weaning in mechanically ventilated children <5 years (continuous
positive airway pressure [CPAP] + pressure support [PSV] and pressure control [PC]/ intermittent
mandatory ventilation [IMV] + PSV) with the mandatory breath rate set at 25% of baseline. Using
electrical impedance tomography (EIT), we assesshstribution by calculating the center of
ventilation (CoV). Polynomial functions of the second degree were plotted to evaluate regional
lung lling characteristics. Changes in end-expiratory impedance were calculated to assess
changes in EELV. Baseline measurements were compared with measurements during CPAP/PSV,
PC/IMV + PSV and during a downwards titration of the level of pressure support.

Results

35 subjects with a median age 4.5 [2.1 - 12.9] months and a median ventilation time of 4.9 [3.3
- 6.9] days were studied. The overall median CoV was 50.1% and not di erent between CPAP/
PSV or PC/SIMV + PSV. Regional lling characteristics of the lung identi ed a homogeneous V
distribution under all study conditions. Downtapering of the level of PSV resulted in a signi cant
shift of the CoV towards the dependent lung regions.

Conclusions

Our data showed that allowing ventilated children in the recovery phase of respiratory failure to
breath spontaneously in a continuous spontaneous ventilation mode did not negatively a ect V
distribution or EELV.

Key Words

Pediatrics, Children, Intensive Care, Pediatric intensive care, Mechanical Ventilation, Weaning,
Spontaneous breathing, Electrical Impedance Tomography
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Global and regional tidal volume distribution in spontaneously breathing mechanically ventilated children

Introduction
Allowing the mechanically ventilated patient to breath spontaneously can be a double-edged
sword. Experimental studies and observational data from adults reported that spontaneous
breathing in the presence of severe lung injury may lead to patient self-in icted lung injury
(P-SIL1)Vigorous breathing may cause injurious transpulmonary pressure swings leading to lung
in ammatior?3 On the other hand, experimental and clinical physiology studies demonstrated
that the posterior part of the diaphragm contracts more than the anterior part during spontaneous
breathing> This resulted in distribution of the tidal volumg {@wvards the dependent, well-
perfused lung regions, thereby attenuating ventilation-perfusion mismatch and a reduced shunt
fraction, decreasing lung collapse and lung in ammatibn

The term “spontaneous breathing during mechanical ventilation” can refer to a continuous
spontaneous ventilation mode (CSV) such as continuous positive airway pressure (CPAP) with ¢
without pressure support or a mode of ventilation that allows the patient to trigger the ventilator
with or without positive end expiratory pressure (PEEP). It is unknown if the physiological bene ts
of spontaneous breathing also occur in mechanically ventilated children. One study reported
a shift of ventilation towards the non-dependent lung regions and a signi cant reduction in
end-expiratory lung volume (EELV) when spontaneous breathing was eliminated through the
induction of anesthesia It may also be surmised that in especially small children there is less
gravitational e ect on Mistribution because of a smaller anteroposterior chest wall dim&nsion

We hypothesized that pediatric patients with resolving respiratory failure breathing
spontaneously in a ventilation mode (CPAP + Pressure Support) that allows the patient to trigger
the ventilator and delivers at the same a low mandatory breath rate (thereby having these
act as a sigh) displays a better global and regional lung aeration as well as a more homo
V, distribution. We tested this hypothesis through a secondary analysis of data collecte
a parent trial comparing two di erent modes of support during pediatric ventilator weal
using electrical impedance tomography (EIT). EIT o ers a unique opportunity for a non-in
radiation-free, and bedside imaging technique of real-time global and regional lung aerati
measuring relative impedance changes in lung tissue and it creates images of local vEritilation
We also explored the e ect of the level of pressure support on global and regidisaibution
measured with EIT.

Methods

This is a secondary physiology-driven analysis of data from a clinical study comparing two di erent
ventilator modes during weaning in children with or without acute lung injury performed in
the 20-bed tertiary medical-surgical pediatric intensive care unit (PICU) of the Beatrix Children’
Hospital, University Medical Center Groningen (Groningen, The Netherlands). The study wa
approved by the institutional review board (IRB), and written informed consent was obtained
from parents or legal caretakers.

Subjects with resolving respiratory failure were included if they were younger than 5 years
of age, ventilated for at least 24 hours and were in the weaning phase of their disease trajectory
according to the clinical team, i.e. subjects were able to trigger the ventilator, had su cient
respiratory drive and stable ventilator settings and hemodynamics (i.e., no need for increase ir
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vaso-active drugs and/or uid challenges at least 6 hours prior to enrolment). Excluded were
subjects born prematurely with a corrected gestational age <40 weeks, congenital or acquired
neuromuscular disorders, congenital or acquired paralysis of the diaphragm, severe traumatic
brain injury (i.e., Glasgow Coma Score < 8), uncorrected congenital heart disorder, chronic lung
disease and severe pulmonary hypertension.

In our unit, patients are ventilated with a time-cycled, pressure-limited synchronized mode
of ventilation with pressure support. Children < 10 kg are ventilated using pressure controlled
(PC) / assist control (IMV), whereas children > 10 kg with lung injury are ventilated using PC /
synchronized intermittent mandatory ventilation (PC/IMV + PSV) and those without lung injury
using VC with preset tidal volume)(With pressure support (VC/IMV + PSV).

An expiradry tidal volume of 5 — 7 ml/kg actual bodyweight was targetecad/measured
at the Y-piece of the patient circuit (VarlpPxyaire, Mettawa, Ill, USA]). Peak inspiratory pressures
(PIP) were aimed at < 28 cfdH< 32 cmbD when there was an increased chest wall elastance)
with an initial positive end expiratory pressure (PEEP) of 4 - @ amal patients. If necessary,
PEEP was titrated and guided by the fraction inspired oxygent@Fitaintain a Sp®f 92 —

97%. Flow trigger was set between 0.5 and 1.0 L/min. A heat moisture exchanger (Gibeck, Tele ex
Medical, Vianen, The Netherlands) was in situ between the patient circuit and the endotracheal
tube (ETT) (KimVent, Microcu Endotracheal Tube, Paediatrics, Roswell, USA).

Data acquisition
In the parent study, we studied two di erent ventilator modes during weaning (i.e., CSV [subject
was on continuous positive airway pressure (CPAP) / pressure support (PSV)] versus partial
ventilatory support [subject was on pressure control (PC) / synchronized intermittent mandatory
ventilation (IMV) with set mandatory breath rate at 25% of the rate before enrolment]). Each
subject underwent a period with CPAP/PSV and PC/IMV + PSV (in random order) and subsequently
a period with downgrading of PSV (Extra supplemental material, Figure 1).

For baseline recording, data was stored during 5 minutes of stable breathing and the
EIT recordings were performed during the last 60 seconds. Based on the randomisation order,
patients were then switched to CPAP/PSV with the level of PSV similar to the added pressure
above PEEP during baseline measuring. After 5 minutes of stabilisation, respiratory data was again
recorded for 5 minutes including an EIT recording in the last minute. After a resting period of 10
minutes where ventilator settings were similar to baseline, the mandatory breath rate was set
at an arbitrarily chosen 25% from baseline. Finally, all patients were switched to the CPAP/PSV
mode, using the same ventilator settings as in the spontaneous breathing mode. Then the level of
pressure support was reduced three times by 2,Chyger step. Each step consisted of 5 minutes
of stabilisation followed by 5 minutes of recording ending with a one-minute EIT recording.
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Global and regional tidal volume distribution in spontaneously breathing mechanically ventilated children

Figure 1 | Functional EIT image during pressure support ventilation (PSV) and pressure control (PC)
synchronized intermittent mandatory ventilation (IMV) (PC/IMV) ventilation with a set mandatory breath
rate at 25% of the rate before enrolm&he color red is an indication of high impedance changes whereas the
green and blue colors indicates low impedance changes.

EIT data were acquired using the Goéttingen MF 1l system (CareFusion, Yorba Linda, C
USA). For this purpose, 16 electrodes (Blue Sensor BR-50 — K, Ambu, Denmark) were appl
circumferentially on the patient’s chest at the level of the intermammary line. Each electrode
injects a small unit of current that will cause a potential di erence (because of di erent bioelectrical
tissue characteristics) that is measured by a pair of passive electrodes, which are not used fc
injection. Subsequently, all adjacent electrode pairs are used for current injection and by d
completing one data cycle of 208 di erent surface potentials (16 current injections x 13 v
measurement$}*® Using the back-projection image reconstruction algorithm, a relative ch
in impedance ( Z) can be calculated. Whereas Z is calculated through ZZ) / Z . (where 7
is the instantaneous local impedance and Zref the reference impedance), determined fro
data cycl&# With a modi cation of the concept by Milic-Estil regional lling characteristics
of the lung also can be studied by tting regional versus global tidal volume evaluated by EIT to
a polynomial function of the second deg## Prior to the measurements a 30-seconds during
reference measurement is made with a 13 Hz scan rate and all the measurements were relatec
to this measurement. One-minute EIT recordings were made with a scan rate of 13 Hz at baselin
and after each period following a 5-minute stabilisation period (Extra supplemental material,
Figure 1).

At the time of EIT data acquisition, we recorded subject physiology data (respiratory
rate [RR] and transcutaneous measured oxygen saturation [SpO2] [Masimo Corporation, Irvine
CA, USA]) as well as ventilator data (AVEA [Vyaire, Mettawa, Ill, USA] including mean airw
pressure P (Paw), minute volume (VE), expiratory tidal volyraed ¥énd-tidal CQ(Petcg)).
Ventilator settings (mandatory breath rate, inspiratory pressures, positive end-expiratory pressure
fraction inspired oxygen and inspiratory time (Ti)) were also recorded. Subject demographics
were obtained to characterize the study cohort, including gender, age, weight, 24-hr Pediatric
RISk of Mortality (PRISM) Il score, admission diagnosis and*Elfediadiatric Mechanical
Ventilation Consensus Conference (PEMVECC) de nition was used to stratify patients base
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on their admission diagnosis (i.e., the clinical phenotype) and PARDS was identi ed using the
pediatric acute lung injury consensus conference (PALICC) dé%iftion

Data analysis

EIT data were analyzed using Auspex (V1.6, VUmc, Amsterdam, The Netherlands) and MATLAB
(The Mathworks, Natick, MA, USA). Both the respiratory and cardiac components of the EIT signal
were identi ed in frequency spectra generated from all EIT measurements using fast Fourier
transformation. The EIT data was low pass Itered with a cut-o frequency of 2 Hz to eliminate
small impedance changes synchronous with the heartb&dten, local end-inspiratory to end-
expiratory amplitudes of relative impedance changes were calculated in all image pixels and
functional scans showing the distribution of regional tidal volumes were generated.

An EIT image is ass-sectional image of the chest showing regions from the lungs, chest
wall and mediastinum. The outer boundaries of the lungs were determined from functional EIT
images based on the calculation of local impedance variation witH.time

The impedance variations of the chest wall and mediastinum are lower than those of
the lungs. We therefore set the threshold impedance variation of these structures at a value
corresponding to 20% of the maximum variation within the functional image and used it as the
limit to de ne the EIT lung regioti$® Regional pixel tidal volumes from these EIT lung regions
were then plotted versus the global tidal volume calculated from the sum of all image pixels
within the whole cross-section from one inspiration. The regional and global tracings of relative
impedance change beginning at inspiration and ending at expiration were normalized to the
regional and global tidal end-inspiratory to end-expiratory dierence in relative impedance
change, thus, they are given as fractions &% Tl@e regional versus global tidal volume plots
were subsequently tted by a polynomial function of the second degreeax + bx + cThe
quality of tting was assessed by simultaneously plotting tted and measured data points.
Fittings were accepted if the correlation coe cienf)(Ras 0.90. The curvature of the plot is
characterized by the polynomial coe cient of the second-degree a. A polynomial coe cient of
the second degree of nearly zero (-0.2 to 0.2) indicates a regional tidal volume change that occurs
almost homogeneously during inspiration. Negative values (< - 0.2) of the polynomial coe cient
of the second degree indicate that the degree of impedance change in region of interest (ROI)
is greater at the beginning of the inspiratory cycle compared to global but eases o towards
the end, suggesting hyperin ation of that ROI. A positive polynomial coe cient of the second
degree (> 0.2) indicates that the degree of impedance change at the beginning of the inspiratory
cycle is less in the ROl compared to global but increases towards the end of the inspiratory cycle
suggesting tidal recruitmefit To assess ventral to dorsal distribution of regional lling, pro les
of average polynomial coe cients were generated. In each of the 32 rows of the 32x32 matrix
of polynomial coe cient values, two average polynomial coe cients were calculated from 16
individual pixel values in the right and 16 in the left halves of the matrix respectively.

To objectify the occurrence of pendelluft, a MatLab script was developed (Mathworks,
Natick, MA, USA) that calculated for each recorded breath in the 32 x 32 pixel matrix if there was
both a decrease and increase in relative impedance, suggestive for shifting of air.
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Statistical analysis

Data of all variables were assessed for normality using the Kolmogorov-Smirnov test. Descriptiv
data were expressed as median (25-75 interquartile range [IQR]) or percentage (%) of total. F
the univariate analysis, data measured during the two ventilator modes and gradual reduction
of PSV, the Wilcoxon signed rank test was used. Linear regression analysis was used to study t
correlation between median polynomial coe cients of the second degree and lung mechanics
and parameters for gas exchange. Statistical analysis was performed using SPSS v23 (IBM, Arnr
NY, USA). P values < 0.05 were considered statistically signi cant.
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Results

Table 1 | Demographics of the cohort. Admission diagnosis is based on the de nitions in the PEMVECC paper,
R is de ned as resistance and C is compliance. Data is shown as median [IQR].

Patients (n) 35

Male (%) 68.6

Age (months) 4.53 [2.06 — 12.90]
<1 year (%) 74.3

Weight (kg) 6.48 [4.55 - 9.87]

PRISM Il (24 h) score 3[1-4]

PIM 1l (24 h) score
Admission diagnosis (n)

-4.38 [-4.72 — -4.09]

Respiratory 34
Postoperative 1
PEMVECC clinical phenotype classification (%)
Normal lung mechanics 29
Obstructive lung disease 14.3
Restrictive lung disease 14.3
Mixed lung disease 68.6
Baseline ventilation mode (n)
Pressure A/C 22
CPAP/PSV 13
Tube size (n)
3.0mm 7
3.5mm 11
4.0mm 13
4.5mm 3
Duration of mechanical ventilation (days) 4.86 [3.35-6.89]
HFO ventilation (%) 48.6

HFO ventilation duration (days)
Time between enroliment and extubation (hrs)
Length of PICU stay (days)

2.38[1.52 — 3.19]
23.04 [17.80 - 44.56]
5.92 [4.24 - 9.00]

Abbreviations: PIM= Pediatric Index of Mortality, PRISM= Pediatric Risk of Mortality, PEMVECC= Paedi
Mechanical Ventilation Consensus Conference, HFO= High Frequency Oscillation, PICU= Pediatric Intensive
Unit

Data from 35 subjects (68.6% male) with an age of 4.5 [IQR 2.1 - 12.9] months and weight 9.0
[IQR 5.2 - 12.0] kg was analyzed (Table 1). Subjects were ventilated for 4.9 [IQR 3.3 - 6.9] days an
studied after 87 [IQR 58 - 129] hours of ventilation. Neuromuscular blocking agents (NMBA) were
used in 77.1% of the cohort. Time between stopping NMBA and study enrolment was 65.4 hours
[IQR 30.1 - 188.5]. Average length of pediatric intensive care unit (PICU) stay was 5.9 days [IQR 4.2
9.0] (Table 1). Ventilatory support remained unchanged after enroliment during the study period
(i.e., PEEP, F#Dd level of pressure support).

Overall, no signi cant dierences with clinical signi cance were found in respiratory
physiology variables such as respiratory rate, end-tigak €@ (Table 2).
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Figure 2 | The e ect of the two di erent weaning methods and reduction of pressure support on the center o
ventilation.The amount of pressure support during baseline measurement while downgrading the support i
accordance with the level of support used in the spontaneous breathing mode. PSV = pressure support ver
and PC/IMV = pressure control (PC) / synchronized intermittent mandatory ventilation (IMV) with a set manc
breath rate at 25% of the rate before enrolment. *noted as a statistical signi cance, p<0.05

Overall median center of ventilation (CoV) was 50.1% (IQR 47.2 — 52.9) and was not di erer
between the two ventilator modes (Figure 2), indicating that there was no gravity-dependent V
distribution or preference of Yowards the non-dependent or dependent lung zones. Similar

ndings were made for EELV (Figure 3), albeit that there was a statistically signi cant di erence.
EELV was signi cantly lower during CPAP/PSV compared with PC/SIMV+PSV.

Analysis of regional lling characteristics showed an overall coe cient of 0.10 [IQR - 0.20
— 0.49] and was not di erent between the two ventilator modes, indicating a homogenous
distribution of Ythroughout the lung (Figure 4). Pendelluft was not observed.
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Global and regional tidal volume distribution in spontaneously breathing mechanically ventilated children

Figure 3| The e ect of the two di erent weaning methods and reduction of pressure support on end-expiratory
lung volume (EELWMIhe amount of pressure support during baseline measurement while downgrading th
support is in accordance with the level of support used in the spontaneous breathing mode. PSV = pressure
ventilation and PC/IMV = pressure control (PC) / synchronized intermittent mandatory ventilation (IMV) with
mandatory breath rate at 25% of the rate before enrolment. *noted as a statistical signi cance p<0.05

CoV decreased signi cantly when the level of pressure support was tapered down to 6
cmHO from baseline (Figure 2). We also observed a signi cant decrease in in EELV from -7.
(IQR -9.6 - -5.4) to -5.5 (IQR -7.5 - -4.0) during pressure support reduction (Figure 3), but the
was no change in the distribution oftliroughout the lung represented by the regional lling
characteristics (Figure 5).

111



Chapter 6

Figure 4 | Polynomial coe cients of regional versus global lling charactebsttesare expressed as median

[IQR]. Polynomial coe cients of regional vs. global lling during di erent approaches of weaning, in the dorsal
to ventral direction by making use of electrical impedance tomography measurements. PSV = pressure supp
ventilation and PC/IMV = pressure control (PC) / synchronized intermittent mandatory ventilation (IMV) with a s
mandatory breath rate at 25% of the rate before enrolment.
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