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General introduction and outline of the thesis

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 days**. This, together with the need for mechanical ventilation (MV) for
other indications (e.g., post-surgery, trauma, sepsis), makes the ventilator mainstay of treatment
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 rstarti cial respirator using a negative pressure
tank on electric power which eventually evolved into the iron lung®. It was the dramatic polio
pandemic in 1952 that initiated the development of positive respiratory support’. Equipped 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 consequence
of the absence of respiratory support or the complications associated with the negative pressure
support (aspirations, pneumonia and atelectasis)®.

To improve this mortality rate the local doctor Henry Cai Alexander Lassen (1900-1974) consulted
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 (|

ventilationf'(Figure 1).

11



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 thereafter®. Next, 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 air'®. 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)!. Di erent lung pathologies demanded di erent ventilation strategies and
induced the development of di erent ventilation modes? It 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
(R)=.

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 hypercapnia®*.

12



General introduction and outline of the thesis

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 weaning
phase is ventilation liberation by decreasing the respiratory support and the patient becoming
increasingly responsible for generating the energy necessary for e ective gas exchange® The
decision to start weaning is frequently based on the measurement of clinical variables and varies
between patient but also from practitioner to practitioner'>¢, Most patients can be extubated
successfully when the acute phase of disease has resolved?’.

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?

WEANING PHASE

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 management®, Yet, 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 drugs
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.,

13



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
(ie, biotrauma), or a combination of all'®%. It is also recognized that unregulated respiratory
e ortin an attempt to normalize gas exchanges may contribute to lung injury, a phenomenon
known as patient self-in icted lung injury (P-SILI)!* 2+, 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 assistance?. VAP is not a rare
phenomenon in ventilated children. The risk of VAP already increases after four days of ventilation
and can attribute to increased mortality?.

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 delirium?%®, The occurrence of IWS is increasing with
increasing duration of treatment with sedato-analgesic drugs, especially when used for more
than ve days®*, Both IWS and delirium negatively a ect patient outcomes, including increased
mortality and long-term cognitive impairment among survivors®®, Neuromuscular 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 mortality***3. MV weaning and ventilation
liberation should therefore be targeted as soon as the patients 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 complications®®. However, premature
extubation can lead to extubation failure and need for reintubation which by itself is associated
with poorer patient outcomes®. 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 (Table 1)%. This may to some degree
be explained by the relatively short ventilation time and low extubation failure rates reported in
children*-*, 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 mode’*,
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General introduction and outline of the thesis

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

Known Unknown
x Ventilation should stop as soon as possible x Definition of weaning?
x Longer ventilation time causes: x Onset of weaning?
r Increased risk of VILI X Method of weaning?
r Increased risk of VAP x How to control weaning?
r Increased risk of cardiovascular instability X When to stop weaning?
r Longer need for sedatives and/or analgesics x How to predict extubation outcome?

r Increased risk of soft tissue injury due to
tube irritation
x Ventilation can cause diaphragm weakness

x Children are not little adults

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 asit 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 designed to determine
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 law?. For that reason, pressure support is added to overcome this
perceived resistance*“, However, providing pressure support during spontaneous breathing
may underestimate and overcompensate the patientse 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) (WOBpnys) work of breathing
Work of breathing (intubated) = WOBpnys + WOBimp Joules/L
(WOBy)
Imposed work of breathing = ;29 fME -t Joules/L
(WOBimp) 4
Work of breathin = = 32194, Joules/L

g P(emHO) xV (L) =1, " 1t
"3HV = PeSpase PeSthrough cmH0
Pressure-time-product (PTP) = qXelan 4 o 244 cmHO*s/min

4 ' !

Pressure-rate-product (PRP) = "3sXRR cmH;O/min

Abbreviations: Paw= Airway pressur¢@niMEEP= Positive End Expiratory PresgDje RessHEsophageal
pressure (cnyB), P = Pressure (gd)HPtr= Tracheal pressure (OMHRR= Respiratory rate (x/mL@:), T
inspiratory time (s), V= Volume (Liters), Vti= Inspiratory tidal volume (ml)

Monitoring patientse ort

Improving pediatric ventilation liberation requires better monitoring of the patients 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 breathing (WOBp) during normal,
stable breathing describes the energy needed to overcome the elastic forces, ow resistances
and inertial work to expand the lungs and chest wall (WOBphyS) in a healthy adult subject, the
WOB,, . is approximately 0.3 0.6 Joules/L>*%,

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 (WOBimp) (Table 2). Calculating WOB, | requires tracheal manometry to
measure the pressure gradient across the ETT. In adults, WOB, can constitute up to 80% of the
total WOB, but pediatric data is absent®®.

The total work in spontaneously breathing ventilated subjects is known as WOB o and can
be considered as WOBphys plus WOBimp. Oesophageal pressure manometry is required to calculate
WOB, as the oesophageal pressure re ects pleural pressure (Figure 3). Oesophageal pressure
manometry allows the calculation of WOB, using the Campbell diagram, which is considered
the gold standard®”. WOB, is de ned by the area under the esophageal pressure-volume curve
(Figure 4). Alternative measures forWOBp include pressure-time-product (PTP), and pressure-rate-
product (PRP), i.e. the peak-to-through oesophageal pressure multiplied by time (PTP) or rate
(pRp)sa,sel
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General introduction and outline of the thesis

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 diaphragm, (E,)
has been proposed as a good indicator of the patients neuro-respiratory drive®®. E strongly
correlates with the esophageal pressure in adults and children®%. However, measuring Edi is
still invasive because it requires a special kind of esophageal catheter, and additionally limited to
one brand of ventilator®, 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 g Chest Wall Compliance
g
8
<
E
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 Riinensberger
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General introduction and outline of the thesis

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) WOB, is 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 summarize in chapter two current 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 three, 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. Fourdi erent set tidal volumes
were tested (i.e, 25ml/kg, 5.0ml/kg, 7.5ml/kg and 10ml/kg). In this way, we quanti ed WOB,
in a spontaneous breathing model across the range of ETT sizes. We also aimed to determine
if shortening endotracheal tubes or adding a tracheal pressure manometry catheter into the
endotracheal tube signi cantlya ected WOB, .In the next chapter four we studied the e ect of
pressure support on WOB, | during a spontaneous breathing trial in 112 mechanically ventilated
children deemed ready for extubation. They were subjected to a spontaneous breathing trial.
WOB, 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 (WOBp) 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 patiente ort, quanti ed
by calculating WOB using the Campbell diagram and the surrogate parameter PTP and PRP. In
chapter six we studied lung volumes using electrical impedance tomography (EIT).
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Part Ill: Quantifying patient e ort using surface EMG

In chapter seven our 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 eight incorporates 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 provided. Chapter nine includes 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.gov,
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 patients 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
patients 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 (PICU).
Unmistakably lifesaving, MV is also associated with serious adverse events including ventilation-
induced lung injury (VILI), ventilation-induced diaphragmatic dysfunction, nosocomial
pneumonia, cardiovascular instability, endotracheal tube (ETT) related upper airway injury,
and need for sedatives and/or analgesics drugs associated with inherent side-e ects such as
withdrawal syndrome or delirium®2, MV Weaning and ventilation liberation should therefore be
targeted as soon as the patients 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 complications®®.

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 success®. Ventilator 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 20%%°. Nonetheless, 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 and
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
researchers®,
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Methods

We used an adaptation of meta-narrative review, based on Kuhns notion of the scienti ¢
paradigm (a coherent body of work that shares a common set of concepts, theories, methods
and instruments)®. Publications were included if they included subjects greater than 36 weeks
gestation and less than 18 years of age, requiring mechanical ventilation via an endotracheal tube
for acute respiratory failure, and admitted to PICU. Publications were excluded if they included
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, COCHRANE,
and EMBASE using a combination of the (MESH) search terms: ((((((((((((((weaning[MeSH Terms]))
OR (mechanical ventilator weaning[MeSH Terms])) OR (respirator weaning[MeSH Terms])) OR
(ventilator weaning[MeSH Terms])) OR (ventilator weaning, mechanical[MeSH Terms])) OR
(spontaneous breathing trial[MeSH Terms])) OR (airway extubation[MeSH Terms])) OR (airway
extubations[MeSH Terms])) OR (endotracheal extubation[MeSH Terms])) OR (endotracheal
extubations[MeSH Terms])) OR (extubation, airway[MeSH Terms])) OR (extubation failure[MeSH
Terms])) OR (failed extubation[MeSH Terms])) OR (extubation readiness testing[MeSH Terms]). Trial
registers searched included the following: ClinicalTrials.gov, European Union clinical trials register,
International Standardized Randomized Controlled Trial Number register. The search included all
studies up to May 2022. A search of databases and hand sift was performed. Titles and abstracts
were reviewed. Full text articles were reviewed by two reviewers (JvD, MK). Included articles were
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 stabilized
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 permitted FiO, and/or 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

31




Chapter 2

improved. Failed extubation rates after planned extubation are usually below 10%, thus most
patients can be successfully extubated on their rst attempt!. Among 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 successfully*2*3, Interestingly, 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 factors®.

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
therapists'®!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 ¢ evidence®®,

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®?2, 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 extubation?. This 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 breathing trial (SBT)?2,

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 during MV,

Neurally Adjusted 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. Foronda et al
reported areduced duration of MV amongst children randomized to a 2-hour trial of breathing with
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PS 10 cmH, 0O (with 5 cmH,0 PEEP) compared to standard care % It requires increased awareness
amongst critical care practitioners to identify patients who meet screening criteria and are ready
for a spontaneous breathing trial, something that can be achieved by means of a protocolized
weaning algorithm or closed-loop systems®-, However, to date weaning protocols or closed-
loop systems are infrequently used probably because a bene cial e ect on patient outcome
has not been unequivocally demonstrated**¢, 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 = 60)!2. The 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 SBT if
they experienced tachypnoea and/or SpO, < 95%. 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 algorithm* 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 allows
the critical care practitioner to assess the capability and endurance of the patients respiratory
system to resume unassisted ventilation. The literature is messy in di erentiating ERTs from SBTS,
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 ready
for extubation. ERTs typically incorporate factors such as presence of airway protective re exes,
degree of sedation, measures of respiratory muscle strength, assessment of risk of upper airway
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 standardized
2-hour SBT with the level of PS dictated by ETT size and 5 cm H,0 PEEP*. 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). Chavez et alreported
that children tolerated a 15-minute SBT when the endotracheal tube was connected to a ow-
in ating bag set to provide 5 cm H,O CPAP*, Farias and co-workers did not observe adi erence in
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reintubationrate (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 PS 10 cm H,0
with 5 cm H,O PEEP vs T-piece that only provides ow*. PS is often added during an SBT as it is
presumed that especially with smaller ETT sizes there is an increased imposed work of breathing
(WOB, ) 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 resistance®*, At the time of extubation, ow rates for children
are generally in a predicted physiologic range*. Obviously, objective criteria are needed when
the SBT outcome is evaluated, thereby reducing practice variability and subjective assessment of
patiente ort.

Another unanswered 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 (PTP)*® However, 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
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of respiratory load and capacity are sometimes used, such as the tension time index (TTi), or
TTi of the diaphragm (TTdi) are a measure of the load capacity ratio of the diaphragm. It is
derived by relating the mean transdiaphragmatic pressure per breath to the maximal inspiratory
transdiaphragmatic pressure (Pdimax) and the inspiratory time (Ti) to the total respiratory cycle
time (Ttot). Phase angle from Respiratory Inductance Plethysmography (RIP) isanother nonspeci ¢
measure which can point to either increased respiratory load or decreased capacity. Ultrasound
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 activity*®. Of the various parameters measured, TFdi has been
identi ed as a strong parameter for predicting extubation success®.

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 tested®® 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 of
Mortality (PRISM) score, mean airway pressure (mPaw), oxygenation index (Ol), spontaneous
respiratory rate, and hemodynamic status!®2446475371 | imited studies have been performed in
pediatric cardiac patients’. 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

Arecent systematic review and network meta-analysis including 36 RCTs in adults showed a lower
reintubation rate with non-invasive respiratory support compared to usual care, although no
mode of non-invasive respiratory support proved superior’™. In pediatrics, there is very little data
supporting or refuting the use of non-invasive ventilation to prevent reintubation’”. Nonetheless,
use of post-extubation NIV either routinely or as a rescue therapy is common, This signi 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™®2 The recently published FIRST-line support for assistance in breathing in children (FIRST-
ABC) trial addressed the question what type of post-extubation non-invasive respiratory support
would be preferable®, 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 patients respiratory disease, such as uid balance and level of sedation“®. Alobaidi et al
performed a systematic review of all prospective and retrospective studiesincluding 7507 patients
examining the e ect of any uid overload (FO) on patient outcome®. FO was associated with
fewer ventilator-free days or prolonged ventilation > 48 hours (odds ratio (25 75 interquartile
range) 2.14 (125 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 outcome®, 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 care®, 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 approach®. Thus, 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
answers®. There is a need to generate more evidence related to pediatric ventilator liberation so
that any recommendations can have stronger certainty®8, Many 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 strength®.
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We propose that future studies should be designed to address important knowledge gaps,
including how to promote more timely weaning from ventilation, and how to wean children
who fail SBTs. These investigations should not only examine the weaning technique itself, but
also if this weaning needs to be protocolized. Recently completed studies highlight the potential
bene ts of protocolized weaning to reduce time on ventilation and prevent respiratory muscle
weakness, and a larger clinical trial is ongoing (Real-time E ort Driven VENTilator Management
(REDvent) (https://clinicaltrials.gov/show/NCT03266016)% .,
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Chapter 3

Abstract

Objective

To calculate imposed work of breathing (WOBimp) during 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 WOB, ~for various ETT sizes (30 mm 7.5 mm). WOBIimp 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 di erent
combinations of set spontaneous Vt (2.5, 5.0,7.5 and 10 mi/kg), age-appropriate inspiratory times,
length of ETT and presence of intraluminal catheter.

Measurements and Main Results

Overall median WOB, [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 adolescents.
Shortening the ETTs resulted in a signi cant di erence in reduction in overall WOB, ., but the
absolute reduction was most notable in small children (0.030 Joules/L) and the least e ect in
neonates (0.016 Joules/L). Overall WOB, " increased in each age group when an intraluminal
catheter was in situ: 91.09% increase inWOB, in neonates 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 WOB, = were not di erent across the range of ETT sizes. The low WOB, values
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 WOBimp values need to be con rmed in a
clinical study.

Key words

mechanical ventilation, paediatrics, imposed work of breathing, bench test, spontaneous
breathing
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Spontaneous breathing and imposed work of breathing during pediatric mechanical ventilation: a bench study

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 lung injury*.
Allowing for spontaneous breathing confers several physiologic bene ts, including amongst
others prevention of muscular atrophy, reduced shunt fraction and improved distribution of the
tidal volume (Vt) towards the dependent zones of the lungs?®. At the same time, pediatric critical
care practitioners also often assume that especially young children who are intubated with small
endotracheal tubes (ETT) may breathe through a straw because it is perceived that small ETTs
generate more resistance and thus respiratory load than larger ETTs*.

Consequently, it is not uncommon that a level of pressure support (PS) is added or that
the ETT is shortened to overcome the assumed increased resistance with smaller ETTs, even in
randomized controlled trials although in adults using PS may infer a positive e ect on extubation
success®8, 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®*3 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 cmH,0, continuous positive airway pressure (CPAP) 5 cmH,0 without PS and during
spontaneous breathing 5 and 60 min post-extubation'4, In this particular study, addition of PS
10 cmH,0 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/
min15‘16‘

These clinical and experimental observations suggest that in general the imposed work
of breathing (WOBimp) is clinically irrelevant, even in small children. WOB, is the 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 ofWOBimp in children, but in adults WOB, '<1J /L has been considered
clinically acceptable?®. In the absence of clinical data, we sought to measure WOB, in a bench
model across a range of pediatric and adult ETT sizes at various Vt. The secondary aims of our
study were to determine if shortening the ETT would result in a signi cantly IowerWOBimp and to
study if insertion of a tracheal catheter necessary to measure P, . would resultin a higher WOB, | o
because of the inherent reduction of the ETT lumen.

trach
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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 toacu ed ETT sized 3.0 to 7.5 mm internal
diameter (ID) - (ETT 3.0 55mm ID Halyard Health, Alpharetta, GA, USA; ETT 6.0 to 7.5 mm ID
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 aVt of 2.5, 5.0, 7.5 and 10 mL/kg for each ETT size with an age-appropriate inspiratory time
(Tinsp) 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 P__ by means of such catheter is necessary for WOB,
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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 mm
ID has an original length of 19.9 cm and was therefore reduced by 7.4 cm to achieve the desired
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, 6.5,7.0,75
4.0 5.0 6.5
Flow sensor Neonatal Neonatal Adult Adult

Analytical calculations

The Reynolds Number was calculated to explore if higher levels of WOB, & were 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 WOB, . 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 ow
sensors atzero 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 analysis. WOB, =~ was
calculated from the area under the pressure-volume curve.

Statistical analyses

Normality of data was assessed using the Kolmogorov-Smirnov test. If normally distributed, data
were expressed as mean — standard deviation. First, we compared the di erence in WOB, for
each Vit strati ed by ETT using one-way ANOVA for each series of measurements with Bonferroni
post-hoc testing. Then, we compared WOB, foreach Vtstrati 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 (IBM,
Chicago, USA).
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Results

E ectofVtonWOB, |
Atotal 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 breathingm(é)\ﬁ@Ba 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, IMD&ased when Vit

was increased, but overall WQBemained below 0.4 J/L.

52



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

Figure 2 graphically summarizes WOB, and peak inspiratory ow rate (PIFR) across the
range of ETT sizes strati ed by age category. Overall median WOB, during 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 small
childrenand 0.077 J/L (IQR0.032 0.132) for adolescents. Multivariate linear regression (excluding
measurements with 10 mL/kg) showed that age category (  0.006, 95%Cl -0.01 - -0.002), set
Vt ( 0.035, 95%Cl -0.031 0.039) and PIFR ( 0.002, 95%Cl 0.002 0.0003) all independently
(p < 0.001) but modestly contributed to WOB, . Within each age group, ETT size contributed
independently to WOB, when adjusted for set Vt and PIFR.
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Figure 3 | Mean * standard deviation values of imposed work of breathing X\WO® 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@wuﬂBwer whenthe ETT

was shortened, but this di erence was modest for all ETT sizes.
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E ectof ETT shortening

Shortening the ETTs resulted in median (IQR) change in length of 34.5% (324  37.1). WOB,__
decreased in neonates from 0.088 J/L (IQR0.048 0.136) to 0.072 J/L (IQR0.039 0.114), for infants
from 0.076 J/L (IQR 0.032 0.1232) to 0.054 J/L (IQR 0.019 0.088), in small children from 0.121
J/L(IQRO.051 0.202)t0 0.091J/L (IQR0.034 0.153) and it decreased in adolescents from 0.090
J/L(IQR0.046 0.133)t00.062 J/L (IQR0.030 0.093) (Figure 3). Although we found a statistically
signi cant di erence in reduction in overall WOB, between 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 breathing X\\O® 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 calietargh WOW% 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%Cl -0.041 -0.034),set Vit (0.028,95%Cl 0.023 0.032), PIFR (0.004, 95%CI 0.004 0.005)
and ETT shortening (-0.22, 95%Cl -0.026 -0.018) all independently (p < 0.001) but modestly
contributed to WOB, .
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E ectof ETT catheter in situ

Figure 4 graphically summarizes the added WOB, when an intraluminal catheter was inserted
into uncut ETTs. Overall WOB, | increased in each age group: 91.09% increase in WOB, in
neonates to 0.168J/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 0.140J/L. Linear regression analysis (excluding measurements with 10
mL/kg) showed that age category (  0.024, 95%CI -0.033 - -0.015), set Vit (0.053, 95%Cl 0.045
0.062), PIFR (0.005, 95%CI 0.003 0.006) and presence of intraluminal catheter (0.065, 95%Cl 0.058

0.071) all independently (p < 0.001) but modestly contributed to WOB, .

Calculation of the Reynolds Number

The Reynolds Number was calculated for each measurement (n = 52). Flow was laminar for all
ETTs when the set Vt was 2.5 ml/kg and became turbulent when set Vt was > 7.5 ml/kg and
patient weight > 25 kg (Table 1, extra supplemental material).

Discussion
The main nding of this bench study simulating spontaneous breathing was that WOB, ~was
notdi erent between younger and older pediatric patients and could be interpreted as clinically
irrelevant since observed WOB, o values were low in all age groups. Set Vt and PIFR all contributed,
although modestly to WOB, | o irrespective of ETT size. Shortening of the ETT did not result in a
clinically relevant reduction in WOB, .

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 WOB, values 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 CPAPZ, Others reported WOB, values 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 (HFOV)?. In adults, a physiologic WOB ranging from 0.3 0.6 J/L has been considered
clinically acceptable with WOB, contributing up to 80% of the total WOB, depending on
ventilator settings**. We found that WOB, ~did not exceed 037 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 negligible®. It is obvious that
extubation outcome is determined by many factors. We found thatWOBimp 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 negligible®.
Recently, Subira et al. found a higher percentage of successful extubations (82.3% vs 74.0%) in
a heterogeneous group of mechanically ventilated adults randomized to a 30-min SBT with PS
compared with a 2-hr T-piece SBT® Our 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, even
from a physics standpoint this seems questionable. The Hagen-Posseuille law states that resistance
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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 resistance®, Mohr 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 WOB, / when 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
WOB,  when the intratracheal catheter was inserted, albeit that the absolute WOB,  remained
below 0.25 J/L, irrespective of ETT size. The increase in WOB, | , can most probably be explained by
the change in type of ow, from laminar to turbulent?®#, 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 Rohrers coe cients
and equation) and thus higher resistance and WOBimpZ"‘. Nonetheless, 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 the WOB, does 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 cana ect ow characteristics and thus add to WOB, . Also, due to technical
limitations, we could not generate PIFR > 35 mL/kg explaining the overlap in WOB, and PIFR
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 (FiO, 0.21). 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 WOBimp3°. Third, we did not account for
the curvature of the ETT whichmaya ect ow characteristics and subsequently WOB, *. Fourth,
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 higherWOBimp. Also, our
model was not designed to include a functional smaller lumen size that may occur because of
for instance secretions®. 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 low WOBimp values 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 becar
turbulent when the set tidal volume was 7.5 ml/kg and patient weight was > 25 kg (except infant, ETT 4.0mm a
set tidal volume 10 ml/kg).

Set Tidal Volume

Tube Size 25milkg 50mikg 7.5mlkg  10.0 mikg
Neonatos 3.0mm 443 886 1329 1772
(350 3.5mm 380 759 1139 1519
4.0mm 332 664 997 1329
et 4.0mm 803 1606 2409 3212
(oK) 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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Abstract

Background

Paediatric critical care practitioners often make use of pressure support (PS) to overcome the
perceived imposed work of breathing (WOBimp) during 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 WOB, ' during an ERT with and without added
pressure support and to study its clinical correlate.

Thiswas a prospective study in spontaneously breathing ventilated children < 18 years undergoing
ERT. Using tracheal manometry, WOB, ~ was calculated by integrating the di erence between
positive end-expiratory pressure (PEEP) and tracheal pressure (P, . ) over 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 cmH20. WOB, = was signi 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) breaths/min, p < 0.001) and higher ET-CO, (5.90 (5.38 6.65) vs
6.23 (555 6.94) kPa, p < 0.001) and expiratory Vt decreased (7.72 (6.66 8.97) vs 7.08 (5.82
8.08) mL/kg, p < 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 (10 13), P=0.987). Multivariable
analysis showed that changes in WOB, occurred independent of endotracheal tube size.

Conclusions Withholding PS during ERT does not lead to clinically relevant increases in 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%)*“ Patients who failed extubation
may experience prolonged intensive care stay and even increased mortality®. This signi 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 the
process of discontinuing mechanical ventilation (MV). ERTs can be done using continuous
positive airway pressure (CPAP) with or without added pressure support (PS) or withaT piece.
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 the ERT®". This practice is
based on the perceived added resistance of the patient circuit and smaller endotracheal tube
(ETT)inyoung children, leading to increased respiratory workload® Indeed, bench testing showed
that the resistance in the smallest ETT is larger when matched for ow compared to larger ETTs,
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 meta-
analysis of 16 studies examining patient e ort during various spontaneous breathing trials (SBT)
con rmed that although PS reduced respiratory e ort, only using T-piece (or CPAP 0 cmH,0)
more accurately re ected physiologic conditions after extubation®, Observational 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 children*s, More recently, Khemani and
colleagues reported similar pre- and post-extubation pressure-rate products (PRP) as proxy for
total WOB (WOB, ,) when comparing CPAP with added PS versus CPAP alone in 409 mechanically
ventilated children®®. These studies suggest that SBTs should be done without using PS.

WOB,, not only includes the physiologic WOB (WOB | ), but 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 WOB (WOB, | p), which is calculated by integrating
the di erence between positive end-expiratory pressure (PEEP) and tracheal pressure (P, ) over
the measured tidal volume (VTe). To date, clinicians do not routinely measure P, necessary for
calculating WOB, making it di cult to determine what causes increased WOB during a SBT
(ie. WOB, ~or WOBphys)ls. In the present study, we measured WOB, in a heterogeneous group
of mechanically ventilated children to test the hypothesis that the increase in WOB, when 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 Childrens
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 <12cm H,0, FiO, < 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, 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 between WOB, | and extubation outcome.
The Institutional Review Board (IRB) approved the study and waived the need for informed
consent.

Measurement protocol

Patients were intubated with a cu ed ETT (KimVent, Microcu Endotracheal Tube, Paediatrics,
Roswell, USA) and ventilated with the AVEAfi ventilator (CareFusion, Yorba Linda, CA, USA). Prior to
the ERT, a 3.5 French (Fr) catheter for ETT < 45 mm and 5 Fr for ETT < 4.5 mm (Argyle, Covidien,
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 (VarFlex™, CareFusion, 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).

Heart rate (HR), respiratory rate (RR), peripheral saturation (SpO,) and fraction inspired
oxygen (FiO,) were recorded on case record forms at baseline (ie. 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 to
assess patient comfort'’. Demographic and baseline clinical data were collected to characterize
the studied population included gender, age, weight, 24-hr Pediatric RISk of Mortality (PRISM) Ill
score, admission diagnosis and ETT 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 inspiratory
pressure (PIP), P, .. PEEP, mean airway pressure (mPaw), expiratory Vt number of breaths, RR,
rapid shallow breathing index (RSBI), end-tidal CO, (ET-CO,), peak inspiratory ow rate (PIFR) and
WOB,  was calculated for the 5-minute recordings after removal of artefacts. Peak inspiratory
resistance (cmH,0/L/S) was calculated using ETT size (3.0mm  6.0mm) and PIFR using formulae
used by Khemani et af*.

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 alone
using the Wilcoxon signed rank test. Subsequently, multivariate linear regression analysis using
backward selection was performed to study the independent contribution of ETT size, VTe,
inspiratory time (T, () and PIFR to changes in WOB, ( WOB, ) because we presumed these
variables to be related to WOB, o Statistical analysis was performed using SPSS v23 (IBM, Armon,
NY, USA). Pvalues < 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) cmH,0. 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 IlI 3.00 (1.00, 5.00)

PIM I -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 WORB
When patients were on CPAP alone compared to CPAP/PS, they had a signi cantly higher
spontaneous breath rate (p < 0.001), higher ET-CO, (< 0.001) and signi cantly lower expiratory Vt
(p <0.001) (Table 2). WOB,  was 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 by
ETT size, the di erencein WOBimp between CPAP/PS and CPAP without PS ( WOBimp) showed no
signi cant di erence between each of the ETT groups (3.0 35 mm, 40 45 mm, >50 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 WOB, | o between CPAP/PS and CPAP alone persisted and was the most
prominent in patients with ETT 40 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 and WOB, . Also, there was no
signi cantdi erence inWOB, 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 in WOB, ' between 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 PregsufeanSp@aneous measured oxygen saturation,
EtCCG-= End-tidal COVTe= Tidal volume

Factors independently associated with delta WOR,

Multivariate regression analysis was used to test if ETT size, expiratory VT, T, _ o and PIFR can predict
the delta WOBimp. Results showed that 15% of the variance was explained by these variables (R? =
0.154,F (5, 3.499), p = 0.006) when corrected for the measured WOB, during CPAP/PS ventilation.
Furthermore, the size of the endotracheal tube did not contribute to WOBimp ( -0.030, 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
(WOB, ) was stated as dependent variafilee measured WQRluring CPAP/PS was noted as baseline

woR . The e ect of baseline \Ilr\r{pOBndotracheaI tube size (ETT-size), inspiratomé'}jrpea(ﬁ'inspiratory

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

Dependent Parameter Std. Error  Beta t p-value
variable

Baseline WOBimy,  0.085 0.087 0.097 0.979 0.330

ETT-size - 0.030 0.022 -0.310 -1379 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= Endotracheg| Jimspifatory time, PIFR= Peak
Inspiratory Flow Rate, VTe= Tidal volume

Discussion

This study showed that WOB, | o generated 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.

Itis 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
WOB,, . when patients were on CPAP alone®. To our best of knowledge, the present study is one
ofthe rstreportingWOB, in the paediatric context. As a consequence, there is no data on what
values of WOBimp 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 chest wall** 2, Higher values
can be expected when the respiratory load is increased because of increases in elastic and/or

ow-resistive work.
Kirton et alreported WOB, up to 1.1 Joules/L in 21 adults who were ventilated > 48 hours and
apparent ventilatory insu  ciency observed during a weaning or pre-extubation trial¢. They also
observed that WOB, & was almost twice WOB,, . and may even contribute as much as 80% to
the total work of breathing, underscoring the importance of taking WOB, into account when
identifying causes underlying a failed ERT. In the present study, WOB, values 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 erencesin WOB, between children who
did and did not fail extubation. The extubation failure rate was 8%, which is in agreement with
previously reported rates*. Based on the WOB, o values observed in this study, approximately
3500 patients would be needed in an observational study to establish the suitability of WOB, ~as
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 paediatric
unplanned extubation is about 50%?. 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 WOB, requires the insertion of a catheter in the ETT. Placement of such
catheters reduces intraluminal space and will automatically result in increased ow resistance,
which may be more relevant in the smallest ETT. It can be calculated that a 3.5 Fr catheter in ETT

4.5 mm resulted in a 15% reduction in intraluminal space (ETT 3.0mm); for the larger tubes
(i.e. ETT 7.5mm) in the present study this was 5%. Reassuring, WOB, values were the lowest in
patients with ETT 3 and 3.5 mm and measured PIFRs were comparable with previously published
data, indicating that the values found in this study in young children were not overestimated®!52,
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 reached yet??,

There are a few limitations that need to be discussed. First, the present study is a single-
center study although our unitis 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, so
the reported values of resistance may be over- or underestimated®. However, these limitations are
not di erent from the ones reported in the study by Khemani et al®. 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 further
study although the issue of presumed increased resistance of the ETT is only relevant for young
children. Lastly, WOB, was 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.
Khemani et 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 were
already on CPAP/PS before the ERT. Their WOB, values 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 may
have seriously a ected the results in the present study.
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Conclusion

In conclusion, this study showed the WOB, generated 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 &otiobiation 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 suppirnigpajients required
re-intubation or non-invasive ventilation within 48 hours and were labeled as failed extubation. Datz
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
(cmH20O/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)?

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)2

8.4 (5.8, 11.6)*

9.0 (5.5, 10.4)

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

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

11 (10, 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 erencesin patiente 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 diagram (WOBCampbe”), and 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 (maximum -6 cmH,0).

Results

Thirty-six subjects with a median age of 4.4 (IQR 1.5 11.9) months and median ventilation
time of 49 (IQR 34 7.0) days were included. Nearly all patients (94.4%) were admitted with
primary respiratory failure. WOB_, . during baseline (0.67 (IQR 038  1.07) Joules/L) did not
di er between CSV (049 (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 ultimately
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 delirium?®2, 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 weaning*®. Unfortunately, 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 population®?,

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 ventilation (PCV)®. Alternatively, it
has also been proposed to periodically use a continuous spontaneous ventilation (CSV) mode
(i.e., pressure support [PS]) in combination with continuous positive airway pressure (CPAP) and
alternate this with complete ventilatory support. The rationale for this approach is to (slowly)
train and reactivate the respiratory muscles®. However, there is no pediatric data that has shown
superiority of one approach over the other'®. Aside from weaning technique, the unanswered
question is also how much PS to give. Both over- and undersupport may exert negative e ects
on respiratory muscle function and patiente 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 (WOB.,,..,) by making use of an
esophageal catheter. This diagram re ects the energy that is needed to expand the lungs and
chest wall during inspiration®*. Surrogate parameters include esophageal pressure swing ( Pes),
the pressure rate product (PRP) and the pressure time product (PTP), which both can distinguish
patient e ort from the total e ort, and the phase angle calculated from respiratory inductance
plethysmography readings!#%.

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 patient
e ort during ventilator weaning by comparing WOB_,,.... .. 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.
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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 Childrens 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 (FiO,) < 0.5 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 AVEAfi 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 (VarFlex™, Vyaire, Mettawa, lll, USA). Peak inspiratory pressures (PIP) were
aimed at < 28 cmH,0 (< 32 cmH20 when there was an increased chest wall elastance). Fraction
inspired oxygen was targeted at SpO, of 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).

All patients are routinely instrumented with a catheter to measure the esophageal
pressure (Pes) (Avea SmartCath 6 or 8 Fr, Vyaire, Mettawa, Ill, USA). Correct positioning was visually
con rmed by checking for pressure de ections during spontaneous breathing and/or by a chest
radiograph that was done for other indications®.
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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 equal
to the set pressure above PEEP (PAP) that the subject was on before randomization rst, and
subsequently to PC-A/C with the ventilator rate set at 25% of baseline. Subjects randomized to
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) were
placed circumferentially around the patients 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 (CareFusion,
Houten, The Netherlands) with a sampling frequency of 200 Hz. Then, the esophageal balloon
volume was titrated up to a maximum of 1.25ml H,0 (pediatric balloon) or 2.5ml H,0 (adult
balloon). Optimal balloon volume was achieved by titrating volume and graphically depicting
the maximum amplitude of the Pes curve ( Pes).

Baseline recordings were obtained during 5 minutes of stable breathing with the
ventilator settings the subject was on before randomization. Subsequently, the subject was
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 placed
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 PS
reduced by 2 cmH,0 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 pressure
(CVP), mean arterial blood pressure (ABP), transcutaneous measured oxygen saturation (SpO,),
minute volume (AMV), expired tidal volume (VTe), end-tidal CO, (EtCO,), inspiratory pressures,
PEEP, FiO,, inspiratory time (Tinsp), mean airway pressure (Pmean) and set ow trigger. Patient
comfort was assessed by calculating the Comfort B score?®, If patients had an indwelling arterial
line, blood samples were drawn to determine arterial partial pressure of CO, (PaCO,) and O, (PaO,).
For characterization of the cohort, gender, age, weight, 24-hr Pediatric RISk of Mortality (PRISM)
Il score, admission diagnosis, ETT-size were collected in the database'®. Respiratory terminology
was used based on the Chatburn classi cation®.
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Data analysis

Patient inspiratory breathing e ort was primary assessed by WOB,,, ... .- Secondary outcomes
included PRP, PTP, Pes and the RIP phase angle. Pes and RIP data was analyzed using a custom-
build software program (Polybench, Applied Biosignals, Weener, Germany). Pes and RIP signals
were rsto 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.
WOB,,,..;, Was calculated as the integral of the Pes over the volume displaced during one
inhalation?. 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 previously??. The 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 (—SD) 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 WOB_, ..., and multiple parameters was studied.
Statistical analysis was performed using SPSS v23 (IBM, Armon, NY, USA). Pvalues < 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 (IQR4.6  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
(IQR15.1 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 (%) 111 22.2
1 -2 years (%) 27.8 5.6
2 — 5 years (%) 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 Il (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 435 (IQR 26.7  71.4) hours before randomization (Table 1, extra
supplemental material). Baseline ventilator settings before enrolment for the whole cohort was
PEEP 6 (IQR5 6) cmH,0, PS 14 (IQR 12  16) cmH,0 and FiO, 0.30 (IQR 0.26  0.39) (Table 2).
Subjects were ventilated for 4.92 (IQR 3.4  7.0) days before enrolment.

Patiente ort during CSV and PC-A/C

Median WOB_, ..., during baseline recording was 0.67 (IQR 0.38 1.07) Joules/L and decreased
to 049 (IQR 0.17 0.83) for CPAP/PS and 0.47 (IQR 0.17 1.15) Joules/L for PC-A/C (Figure 2A).
Except for respiratory rate which was signi cantly higher when patients were in CPAP + PS, no
other di erences in clinical parameters were observed (Table 2). The Comfort B score was similar
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 sigr@d0Bnk Ktpressure

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

Baseline CPAP/PS  PC-AIC Baseline PS - PS - PS -
2cmH 20 4cmH 0 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)
H)‘Zaafs;iﬁf‘) 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
Eg‘lfj'r’fg(tr'gl")i' 411(27.9 41.9(26.2 + 438(26.1 + 41.1(248 + 382(222 + 346(23.7 + 365(282 ¢
+82.9) 85.7) 88.2) 79.9) 69.6)* 74.8)* 73.4)
Endtidal CO,  49.4 (459  49.05(43.7 + 48.8(45.1 + 49.7(44.8 + 493 (456- 49.4(44.7 + 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 + 063 (0.44 + 052(0.40 + 0.49(0.38 + 051(0.41 + 053 (0.43 +
+0.67) 0.69) 0.73)* 0.76) 0.68)* 0.63) 0.69)
RSBI 0.88(0.33 078(0.31 + 061(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) 2.00)* 2.09) 2.07)
Ventilator settings
IFanacltr'gg 30 (26 +39) 30(26+  30(26 +39) 30 (25 +40) 30 (27 +40) 30 (27 +40) 30 (27 +40)
P 39)
oxygen (%)
PEEP (cmH20) 6 (5 -6) 6(56) 6(5-6) 6 (5 -6) 6 (5-6) 6 (5-6) 6 (5-6)

PS (cmH0)* 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
(mmHg) 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)

Abbreviations; J= Inspiratory Time, RSBI= Rapid Shallow Breathing Index, PEEP= Positive End Expiratory Pres:
PS= Pressure Support

92



Effect of pediatric ventilation weaning technique on work of breathing

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 140  320) cmH,0/min)
and PTP (baseline 138 (IQR 68 195), CPAP + PS 105 (IQR 54 170), and PC-A/C 114 (IQR 61
155) cmH,O’s/sec) (Supplemental Figure 2). Pes decreased from baseline 8.37 (IQR 436  12.56)
cmH,0 to 7.28 (IQR 3.39  10.25) cmH,0O during CPAP + PS and 6.33 (IQR 408 11.89) cmH,0
during PC-A/C (Figure 3A) . The phase angle was higher during PC-A/C (28.7 (IQR 12.7 42.3),
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 WOB_, ... . from baseline (0.28 (IQR 0.11  0.76)) to 0.71
(IQR 040 122) Joules/L) when PS was decreased by 6 cmH,O (Figure 2B). EtCO, signi cantly
increased, whereas respiratory rate, expiratory Vt (mL/kg) and the RSBI index did not change
during the downwards PS titration (Table 2). Similarly, PRP and PTP signi cantly increased during
the downwards PS titration, with PRP increasing to 390 (IQR 231  608) cmH,0/min and PTP
to 173 (IQR 112 289) cmH,0’s/min at PS -6 cmH20. (Supplemental Figure 2) Pes showed a
(signi cant) stepwise increase from 6.31 (IQR 3.33  9.35) cmH,0O during baseline recordings to
1114 (IQR6.92 15.90) cmH,0 at PS -6 cmH,0. (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 WOB_, ... |
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 diagram)?. We did
not detect clinical relevant di erences in patient e ort between CPAP/PS and PC-A/C. Observed
values for WOB_,,,...., and PRP and phase angle were in line with previous reported values in
children®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
Khemani et alin extubated, spontaneously breathing children®®. This may suggest that even lower
levels of support can be used.

We did observe higher baseline values in WOB_,, ..., 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 observations?,

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 Khemani et al®. Nonetheless,
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
arandomized controlled trial exploring if weaning and ventilation time can be shortened by one
approach or the other.

Our ndings also fuel the debate of 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 (WOBimp), which 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 toin ate the lungs®?"?, 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 patiente 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
nodi erence in WOB, between smaller and larger bigger ETT sizes®*. Therefore, 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, albeit
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 minutes
duration for the measurements was arbitrarily chosen as others also have done****, Nevertheless,
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 fatigue
and di erent results. Third, the decision to start weaning was at the discretion of the attending
physician and not protocolized, making it subject to practice variability and that subjects may have
di erence in baseline e orts of breathing. Reassuringly, we did not nd a signi cant correlation
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.
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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 volume (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 support on V. distribution
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 assessed V. distribution 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 ectV,
distribution or EELV.

Key Words

Pediatrics, Children, Intensive Care, Pediatric intensive care, Mechanical Ventilation, Weaning,
Spontaneous breathing, Electrical Impedance Tomography
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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-SILN~ Vigorous breathing may cause injurious transpulmonary pressure swings leading to lung
in ammation2®, 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 volume (V) towards the dependent, well-
perfused lung regions, thereby attenuating ventilation-perfusion mismatch and a reduced shunt
fraction, decreasing lung collapse and lung in ammation®>*,

The term spontaneous breathing during mechanical ventilation can refer to a continuous
spontaneous ventilation mode (CSV) such as continuous positive airway pressure (CPAP) with or
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 anesthesial®. It may also be surmised that in especially small children there is less
gravitational e ectonV, distribution because of a smaller anteroposterior chest wall dimension*?

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 breaths
act as a sigh) displays a better global and regional lung aeration as well as a more homogeneous
V, distribution. We tested this hypothesis through a secondary analysis of data collected from
a parent trial comparing two di erent modes of support during pediatric ventilator weaning
using electrical impedance tomography (EIT). EIT o ers a unique opportunity for a non-invasive,
radiation-free, and bedside imaging technique of real-time global and regional lung aeration by
measuring relative impedance changes in lung tissue and it creates images of local ventilation*s,
We also explored the e ect of the level of pressure support on global and regional V, distribution
measured with EIT.

Methods

Thisis 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 Childrens
Hospital, University Medical Center Groningen (Groningen, The Netherlands). The study was
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 in
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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 (V,) with pressure support (VC/IMV + PSV).

An expiratory tidal volume of 5 7 ml/kg actual bodyweight was targeted.V, was measured
at the Y-piece of the patient circuit (VarFlex™ [Vyaire, Mettawa, Ill, USA]). Peak inspiratory pressures
(PIP) were aimed at < 28 cmH,0 (< 32 cmH,0 when there was an increased chest wall elastance)
with an initial positive end expiratory pressure (PEEP) of 4 - 6 cm H,O in all patients. If necessary,
PEEP was titrated and guided by the fraction inspired oxygen (FiO,) to maintain a SpO, of 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 cmH,O per 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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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 G ttingen MF Il system (CareFusion, Yorba Linda, CA,
USA). For this purpose, 16 electrodes (Blue Sensor BR-50 K, Ambu, Denmark) were applied
circumferentially on the patients chest at the level of the intermammary line. Each electrode
injectsasmall unit of current that will cause apotential di erence (because ofdi erent bioelectrical
tissue characteristics) that is measured by a pair of passive electrodes, which are not used for
injection. Subsequently, all adjacent electrode pairs are used for current injection and by doing so
completing one data cycle of 208 di erent surface potentials (16 current injections x 13 voltage
measurements)*”*°, Using the back-projection image reconstruction algorithm, a relative change
inimpedance (- Z) can be calculated. Whereas Zis calculated through (2, Z )/ Z  (where Z,
is the instantaneous local impedance and Zref the reference impedance), determined from each
data cycle®2, With amodi cation of the concept by Milic-Emili et aJregional 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 degree®?, Prior to the measurements a 30-seconds during
reference measurement is made with a 13 Hz scan rate and all the measurements were related
to this measurement. One-minute EIT recordings were made with a scan rate of 13 Hz at baseline
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, lll, USA] including mean airway
pressure P (Paw), minute volume (VE), expiratory tidal volume (V) and end-tidal CO, (Petco,)).
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 ETT-size?*. The Pediatric Mechanical
Ventilation Consensus Conference (PEMVECC) de nition was used to stratify patients based
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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) de nition??%,

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 heartbeat?. Then, 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 a cross-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 regions®?#, 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 di erence in relative impedance
change, thus, they are given as fractions of 1.0%. The regional versus global tidal volume plots
were subsequently tted by a polynomial function of the second degree: y = ax + bx + clhe
quality of tting was assessed by simultaneously plotting tted and measured data points.
Fittings were accepted if the correlation coe cient (R¥) was 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 ROI compared to global but increases towards the end of the inspiratory cycle
suggesting tidal recruitment®. 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. Descriptive
data were expressed as median (25-75 interquartile range [IQR]) or percentage (%) of total. For
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 the
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, Armon,
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)
Male (%)
Age (months)
<1 year (%)
Weight (kg)
PRISM Il (24 h) score
PIM 1l (24 h) score
Admission diagnosis (n)
Respiratory
Postoperative
PEMVECC clinical phenotype classification (%)
Normal lung mechanics
Obstructive lung disease
Restrictive lung disease
Mixed lung disease
Baseline ventilation mode (n)
Pressure A/C
CPAP/PSV
Tube size (n)
3.0mm
3.5mm
4.0mm
4.5mm
Duration of mechanical ventilation (days)
HFO ventilation (%)
HFO ventilation duration (days)
Time between enrollment and extubation (hrs)
Length of PICU stay (days)

35

68.6

4.53[2.06 — 12.90]
74.3

6.48 [4.55 — 9.87]
3[1-4]

-4.38 [-4.72 — -4.09]

34
1

2.9

14.3
14.3
68.6

22
13

7
11

13

3

4.86 [3.35 — 6.89]
48.6

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 and
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 [[QR 4.2 -
9.0] (Table 1). Ventilatory support remained unchanged after enrollment during the study period
(e, PEEP, FiO, and level of pressure support).
Overall, no signi cant di erences with clinical signi cance were found in respiratory
physiology variables such as respiratory rate, end-tidal CO, or FiO, (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 notdi erent
between the two ventilator modes (Figure 2), indicating that there was no gravity-dependent V.
distribution or preference of V. towards 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 V. throughout the lung (Figure 4). Pendelluft was not observed.
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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
cmH,0 from baseline (Figure 2). We also observed a signi cant decrease in in EELV from -7.1
(IQR -9.6 - -5.4) to -5.5 (IQR -7.5 - -4.0) during pressure support reduction (Figure 3), but there
was no change in the distribution of V, throughout the lung represented by the regional lling
characteristics (Figure 5).
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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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Figure 5 | Polynomial coe cients of regional versus global lling characteDatasre expressed as median
[IQR]. Polynomial coe cients of regional vs. global lling during gradual reduction of pressure support ventil
mode (PSV), in the dorsal to ventral direction by making use of electrical impedance tomography measurer
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Discussion

We showed that in spontaneously breathing intubated children there was no gravity-dependent
e ecton V. distribution and that there was a homogeneous V_ distribution throughout the lung.
Ventilation liberation by means of only CPAP/PSV compared to a mode with mandatory ventilator
breaths did not result in clinically relevant changes in V. distribution or end-expiratory lung
volume. The occurrence of pendelluft could not be demonstrated. Our ndings may contribute
to a better understanding of ventilator liberation in pediatrics.

Our ndings on the distribution of the center of ventilation are in contrast with
observations made in animal studies and mechanically ventilated adults®®. The e ect of gravity
may be less noticeable due to smaller circumference of the pediatric thorax. Also, the pediatric
thorax has a more circular shape, at least partially explaining that the center of ventilation is more
in the middle part of the thorax'? The lower elastic recoil in children may further cause a shift
to the more anterior parts of the lung®. Recently, Inay and colleagues reported similar ndings
on the center of ventilation in 25 children who had either continuous spontaneous ventilation
or no positive pressure support®:. However, they also reported that under controlled ventilation
the center of ventilation was more directed towards the non-dependent zones. This di erence
with our ndings can most likely be explained by the fact that subjects in our study were much
younger, thereby eliminating the e ect of gravity and the possible use of sedatives in the study
mentioned. This is because especially younger children have a higher chest wall compliance,
making those infants having a signi cantly lower relaxation volume (i.e., EELV). Under normal
circumstances, children breathe from a EELV that is higher than the relaxation volume, but when
sedated this elevated EELV is changed and in combination with the higher tendency of the airways
to collapse, causes a breathing pattern that is similar to that of adults with preferential ventilation
of the non-dependent lung regions®2. Another explanation might be that there were di erences
in how much the subjects breathed spontaneously between our baseline measurements and
the measurements under controlled ventilation in their study. Interestingly, studies in pre-term
infants did show a gravity-dependent e ect of V_distribution. Frerichs et al studied twelve non-
sedated and healthy neonates (10 were pre-term) and found that di erent body position a ects
the topographical distribution during spontaneous breathing. A nding subscribed by Riedel et
al. who compared the ventilation inhomogeneity between preterm and term-born infants during
quiet natural sleep breathing in supine position. They found that in the preterm infant, the tidal
breath was preferentially distributed to the anterior parts of the lung333,

Traditionally, children are weaned from the ventilator by reducing the level of ventilatory
support to a certain minimum. An extubation readiness test (ERT) can be performed to assess if
the patient can be liberated from the ventilator. Most ERTs make use of some pressure support This
minimum level of support is not only applied because of the perceived added resistance of the
endotracheal tube, but clinicians may also fear that patients will become tachypneic and develop
shallow breathing when insu cient levels of support are delivered?. Our study results may at
least partially prove otherwise. First, we did not nd a change in EELV between partial ventilatory
support or continuous spontaneous ventilation. Second, although EELV decreased signi cantly
when pressure support was decreased, this di erence is in our view clinically irrelevant since
we did not observe clinically relevant changes in oxygenation (i.e, SpO, and FiO,). At the same
time, it may be argued that our results were confounded by the relatively high level of pressure
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support that was set before it was reduced. In perspective, most of the ERT s are executed with
too much pressure support and thereby masking the physiological e ect of such tests®. Future
studies should therefore compare changes in V. distribution and EELV during CPAP with and
without added pressure support, especially since the added resistance by the endotracheal tube
is negligible®,

We did not observe the intra-breath movement of gas from the non-dependent to the
dependent lung regions without a change in tidal volume, a phenomenon that is known as
pendelluft®, This might be explained by the absence of inter-alveolar pores and/or bronchoalveolar
channels in the pediatric, immature lung®. On the other hand, it is vigorous breathing in the
presence of severe lung injury that might give rise to pendelluft, but the subjects in our study had
no or mostly resolved lung injury®44, Future studies therefore are needed to examine the e ects
of vigorous, potentially injurious spontaneous breathing in the pediatric context.

To our best of knowledge, this is the rst prospective pediatric study examining global
and regional lung volume changes using EIT during ventilation liberation. However, several
limitations of our study are to be mentioned. Our clinical study was designed a single-centre
study that may limit the generalizability of our ndings, although our unit is comparable to most
large units globally. Subjects were enrolled into our study when the attending physician deemed
the patient eligible for weaning. However, it is known that the time point when weaning starts
is ill-de ned in ventilated children?, This may have caused a selection bias with the respiratory
less stable patients not being included. Also, we made EIT recordings for 1 minute but this might
have resulted in a variable number of patient breaths during this period, potentially causing bias.
Nonetheless, we think this can be neglected since most subjects in our study were young and
had a comparable respiratory rate.

Animportantlimitation of EITis the fact that the images do not necessarily detect ventilation
di erences in the whole cephalo-caudal direction. They show changes in electrical impedance
derived from a three-dimensional chest slice because regions out of the electrode plane also
a ect the measured electrical potential di erences and in uence the generated images*.
However, this does not preclude the underestimation of possible ventilation heterogeneity by
EIT in remote chest regions. Furthermore, positioning of the EIT electrodes is important when
assessing EELV; this should be kept in mind when comparing studies that used other techniques
to study EELV such as multi-breath washout.

Conclusion

Global and regional tidal volume distribution was not gravity-dependent and homogeneously
distributed in mechanically ventilated children during the ventilation liberation phase, irrespective
of ventilator mode or level of pressure support. These ndings may help in a better understanding
of the pediatric ventilation liberation process.
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Chapter 7

Abstract

Rationale

Monitoring the electrical activity of the diaphragm (EAdi) measures the patients neuro-
respiratory drive and correlates with respiratory e ort but requires a dedicated esophageal
catheter. Transcutaneous (surface) monitoring of respiratory muscle electromyographic (SEMG)
signals may be considered a suitable alternative to EAdi because of its non-invasive character and
it allows for simultaneously monitoring of other respiratory muscles.

Objectives
To study neuro-respiratory drive, timing of inspiratory muscles and neuro- mechanical coupling
using SEMG in a cohort of children enrolled in a pediatric ventilation liberation trial.

Methods

This is a secondary analysis of data from a randomized cross-over trial in ventilated patients
aged < 5 years. SEMG recordings of the diaphragm and parasternal intercostal muscles (ICM),
esophageal pressure tracings and ventilator scalars were simultaneously recorded during
continuous spontaneous ventilation and pressure controlled- intermittent mandatory ventilation,
and at three levels of pressure support. Neuro-respiratory drive, timing of inspiratory muscles and
neuro-mechanical coupling were quanti ed.

Measurements and main results

Twenty-nine patients were included (median age 5.9 months). In response to decreasing pressure
support, both amplitude of EMG (diaphragm: p = 0.001 and ICM: p = 0.002) and neuro-mechanical
e ciency indices increased (diaphragm: p = 0.05 and ICM: p < 0.001). Poor correlations between
neuro-respiratory drive and respiratory e ort were found, with R% 0.088 [0.021-0.152].

Conclusion

SEMG allows for the quanti cation of the electrical activity of the diaphragm and ICM in
mechanically ventilated children. Both neuro-respiratory drive and neuro-mechanical e ciency
increased in response to lower inspiratory assistance. There was poor correlation between neuro-
respiratory drive and respiratory e ort.

Key words

Children, mechanical ventilation, neuro-respiratory drive, neuro-mechanical coupling, surface
electromyography, pressure support
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Introduction

Acute respiratory failure necessitating mechanical ventilation (MV) is one of the main indications
for pediatric intensive care unit (PICU) admissions. Although the technique of MV itself is
lifesaving for patients with impaired gas exchange, it can also cause lung and diaphragm injury
by a variety of interacting mechanisms®* Whereas lung injury mainly comes from mechanical
stress and strain caused by the ventilator (ventilator-induced lung injury), there is also mounting
evidence that spontaneous breathing during especially moderate-to-severe disease plays a role
in the progression of lung injury, a paradigm known as patient self-in ected lung injury (P-SILI).
Vigorous spontaneous breathing causes increased transpulmonary pressure swings, thereby
amplifying lung damage®’. Ventilator-induced diaphragmatic dysfunction refers to diaphragm
atrophy and injury, occurring mainly through overassistance myotrauma (i.e., excessive unloading
of the respiratory muscles), leading to a reduction or even suppression of the neuro-respiratory
drive®®. Oppositely, insu cient ventilatory support failing to adequately unload respiratory
muscles (i.e., excessive respiratory muscle loading), may cause in ammation and injury leading to
underassistance myotrauma®, In critically ill adults, both types of myotrauma have been linked to
prolonged duration of MV, prolonged ICU admission and a higher risk of complications including
reintubation and need for tracheostomy?.

It is commonly accepted to allow for spontaneous breathing in mechanically ventilated
patients breathing to protect the respiratory muscles. However, this must be balanced against
the risk for P-SILI. Individualized monitoring respiratory e ort is necessary for the delivery of lung
and diaphragm protective ventilation. Esophageal pressure (Pes) manometry is considered the
gold standard for measuring patient inspiratory e ort and transpulmonary driving pressure***?,
However, accurate Pes monitoring is invasive, requires correct catheter positioning and an
individualized balloon lling volume making it a cumbersome monitoring tool*. Monitoring
the electrical activity of the diaphragm (EAdi) using a speci cally designed esophageal catheter,
measures the patients neuro-respiratory drive and correlates strongly with the transpulmonary
driving pressure®*s, However, monitoring EAdi is limited to only one ventilator brand and is also
an invasive tool. The invasive nature of esophageal pressure manometry and EAdi monitoring
may be perceived as challenging especially in small children. We propose that transcutaneous
(surface) monitoring of respiratory muscle electromyographic (SEMG) signals may be considered
a good alternative to EAdi because of it is non-invasive design, plus that it also allows for
simultaneously monitoring of other respiratory muscles. We therefore sought to study the neuro-
respiratory drive, timing of inspiratory muscles and neuro-mechanical coupling using sSEMG in a
cohort of children enrolled in a pediatric ventilation liberation trial.
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Materials and methods

Study population

This study is a secondary analysis of data from mechanically ventilated children enrolled in a
randomized cross-over trial investigating pediatric ventilation liberation performed in the 20-
bed tertiary medical-surgical PICU of the Beatrix Childrens Hospital, University Medical Center
Groningen (Groningen, the Netherlands). Subjects < 5 years of age deemed ready for weaning
from invasive MV by their treating clinician were eligible for inclusion. Those with congenital or
acquired neuromuscular disorders or paralysis of the diaphragm, severe traumatic brain injury
(i, Glasgow Coma Score < 8), uncorrected congenital heart disorder, chronic lung disease and
severe pulmonary hypertension were excluded. The Institutional Review Board approved the
study (NL38361.042.11), and written informed consent was obtained from the parents or legal
caretakers.

Study protocol

In the parent study, the e ects of two di erent ventilator modes and down tapering the level
of pressure support (PS) were studied. Brie y, subjects were randomly assigned to rsta 10 min
period in a continuous spontaneous ventilation (CSV) ventilation mode (i.e., PS ventilation) or
pressure controlled-intermittent mandatory ventilation (PC-IMV) (i.e., pressure controlled assist/
control [PC/AC]) with a low mandatory breath rate (25% of the set rate prior to study enrollment).
Subsequently, subjects were crossed over to the other randomization arm. Afterwards, the subject
was switched to PS ventilation. Then the PS level was decreased on three consecutive steps by 2
cm H,0. Positive end-expiratory pressure (PEEP) and fraction of inspired oxygen (FiO,) remained
constant throughout the study.

Data acquisition

EMG recordings, esophageal pressure manometry and ventilator scalars were acquired at baseline
and subsequently during each intervention according to the randomization outcome. Data was
recorded for 5 minutes during stable breathing.

Electrical activity of the diaphragm and parasternal intercostal muscles (ICM) was measured
transcutaneous using pairs of single Ag/AgCl electrodes (EasyTrode TM Pre gelled Electrodes,
Multi Bio Sensors Inc, El Paso, USA). Two electrodes were placed bilaterally at the costo-abdominal
margin in the nipple line, and an electrode at both the left and right second intercostal space. A
common electrode was placed at the sternal level (16). SEMG was recorded using the Porti-16 data
acquisition system (22 bits, TMSi; The Netherlands) with unipolar electrophysiological channels
(71.5 nV/bit, gain: 20). An age-appropriate esophageal balloon catheter (Avea SmartCath 6 or 8 Fr,
Vyaire, Mettawa, lll, USA) was positioned in the lower 1/3 of the esophagus and connected to the
Bicore Il (Vyaire, Mettawa, Ill, USA). Correct position was veri ed by negative pressure de ections
during spontaneous breathing and/or chest radiography that was done for other indications (17).
Esophageal balloon volume was titrated up to a maximum of 1.6 ml (pediatric catheter) or 2.6 ml
(adult catheter). Optimal balloon volume was achieved by determining the volume with the Pes
maximum amplitude.
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A proximal ow sensor (VarFlex™, Vyaire, Mettawa, lll, USA) was used to measure ow
and Vt near the Y-piece of the ETT. Ventilator scalars were acquired using the ventilator s analog
output port. All signals were digitized with a sample frequency of 1024 Hz and stored o ine
(Polybench, Applied Biosignals GmbH, Weener, Germany).

Patient characteristics (gender, age, weight, 24-hr Pediatric RISK of Mortality (PRISM) IIl
score, admission diagnosis and endotracheal tube size) were obtained to characterize the study
population?®,

O ine signal processing and parameter calculation
The recorded sEMG signals of both diaphragm and intercostal muscles were processed as
described previously®.

We visually selected a period of 30 consecutive breaths free of artifacts from each series
of measurements. Onset, peak, and termination of inspiratory muscle activity were determined
in SEMG signals as reported by us previously®. The neuro-respiratory drive was quanti ed by the
following breath-by-breath parameters, normalized to muscle activity at baseline measurement:
maximal electrical activity (peak activity, EMGpeak), the amplitude (the di erence between the peak
and tonic activity, EMG, ), the integral of EMG signal over time during the inspiration multiplied
with respiratory rate (area under curve, EMG, , /min), and mean electrical activity during a whole
breath (mean activity, EMG___ ). To evaluate the timing of inspiratory muscles relative to the MV,
trigger and cycle times were determined as described previously®®. The tidal esophageal peak-
to-through during inspiration (Pesamp) was calculated. The esophageal pressure time product
(Ptp) was calculated by the integral of Pes over time during inspiration multiplied by respiratory
rate. Expiratory tidal volume (Vte), respiratory rate and inspiratory time were calculated from the
proximal ow signal. The neuro-mechanical coupling, i.e., the relationship between the inspiratory
muscle SEMGs and Pes was analyzed by calculating indices for neuro-mechanical e ciency (NME)
(ie., Pesamp/EMGamp, and PTP/ EMG, , /min).

Statistical analysis

Statistical analyses were performed using Prism 5 (Graphpad software, San Diego, CA, USA) and
Matlab R2018a (Mathworks, Natick, MA, USA). The Shapiro-Wilk test was used to test data for
normality. Descriptive data were expressed as median [IQR] or percentage (%) of total. The neuro-
respiratory drive, neuro-mechanical coupling, and timing of the inspiratory muscles at each
measurement series were compared using the Wilcoxon signed rank test. To assess if the changes
in PS level induced signi cant changes in neuro-respiratory drive, neuro-mechanical coupling,
and timing of the inspiratory muscles, one-way analysis of variance for repeated measures was
performed (Skillings-Mack test). The relationship between neuro-respiratory drive and Pes-
derived data (e ort) in each ventilatory condition was assessed. For both inspiratory muscles,
the correlation between EMG, | o and Pes__ and between EMG, /minand PTP were determined

amp’ AUC
using the determination coe cient R% A p value < 0.05 was considered statistically signi cant.
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Results

Thirty-six subjects were enrolled in the parent study. SEMG recordings from seven subjects were
excluded from analysis because of missing data (N = 1), inability to detect inspiratory SEMG activity
in both diaphragm and/or parasternal intercostals due to crosstalk i.e. electrical muscle activity
of adjacent muscles (N = 4) and electrical interference (N = 2). Thus, 29 subjects (19 boys and 10
girls) with a median age of 5.9 [1.3-14.1] months and weight 6.8 [4.9-10.0] kg were included (Table
1). All but two subjects were admitted for primary respiratory failure.

Neuro-respiratory drive
Figure 1A displays the neuro-respiratory drive (i.e., EMGpeak, EMGamp, EMG__.. and EMG, /min)

for the whole cohort and strati ed by ventilator mode (i.e,, PS ventilation or PC-IMV). For the
whole cohort, the neuro-respiratory drive to the diaphragm was estimated by a median EMG,,,
of 95.5% and 91.3%, median EMGampl of 97.4% and 98.5%, median EMG,___of 92.3% and 92.9%,
and median EMG,,/min 92.0% and 89.3% during PS ventilation and PC-IMV, respectively.

Table 1 | Patient characteristics

Patients
(n=29)

Age (mo) 5.9[1.3-14.2]
Sex male/female 19/10
Weight (kg) 9.0[5.1-12.0]
PRISM IlI (24 h) score 3.0[1.0 - 4.50]
PIM Il (24 h) score -4.38 [-4.68 - -3.91]
Admission diagnosis (n)

Respiratory 27

Postoperative 2
Respiratory disease (n)

Healthy lungs 2

Obstructive disease 5

Restrictive disease 5

Obstructive + restrictive disease 17
Duration of mechanical ventilation (days) 5.0[3.3-6.9]

HFO ventilation (n) 11

Duration of HFO ventilation (days) 22[1.3-27]

Length of PICU stay (days) 7.0[4.8-9.6]
Extubation failure (n) 3

Abbreviations: HFO= High Frequency Oscillation, PICU= Pediatric Intensive Care Unit

The neuro-respiratory drive to the ICM was described by a median EMG_,, of 101.9%
and 95.8%, median EMG,_ | of 106.8% and 109.1%, median EMG, _ of 99.5% and 95.0%, and
median EMG,,/min 97.9% and 96.0% during PS ventilation and PC-IMV, respectively. The neuro-
respiratory drive estimates were comparable between the two ventilation modes. For both
inspiratory muscles, EMGamp changed with decreasing PS in the diaphragm (median EMGamp 87.0,
98.2,105.9, and 107.4% of baseline for PS base, -2, -4, and -6 cm H,0, respectively; p = 0.001) and
ICM (median EMG, ,1051,112.1,1126, and 137.6% of baseline for PS base, -2, -4, and -6 cm H,0,

respectively; p=0.002) (Figure 1B).
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Figure 1 Inspiratory muscle activity of diaphragm and parasternal intercostals during (A) two di
weaning methods and (B) reduction of pressure supportTieeetlectromyography values are normal
to activity during baseline measurement. Values are depicted as median (interquartile range). In
represent continuous spontaneous ventilation (CSV) and open dots represent pressure-controll
mandatory ventilation (PC-IMV). In B., lled and open dots represent EMG activity of the diaphragm
intercostals, respectively. EMGpeak: peak EMG activity, EMGamp: EMG activity amplitude, EMG
activity level during one breath, EMGAUC/min: integral of EMG signal over time during the inspiration mul
with the respiratory rate.

Similar patterns were observed for diaphragmatic EMG,,, and EMG, /min (median

EMG,, 914,926, 1009, and 96.8% of baseline for PS base, -2, -4, and -6 cm H,0, respectively; p
=0.02, and median EMG, /min 91.0,95.1, 102.1, and 101.4% of baseline for PS base, -2, -4, and -6
cm H,0, respectively; p = 0.03). The other neuro-respiratory drive estimates remained constant
at various PS levels (p > 0.05). Absolute values of neuro-respiratory drive estimates are shown in

Table E2 of ESM.
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Table 2 | Trigger and cycle times of diaphragm and parasternal intercostals at di erent PS levels

PS base PS -2 PS -4 PS -6
Trigger time  0.42[0.35- 0.43 [0.36- 0.38 [0.28- 0.41 [0.35-
Diaphragm (s) 0.48] 0.55] 0.49] 0.51]
Cycle time (s) 0.03 [-0.08- 0.06 [-0.01- 0.03 [-0.02- 0.03 [-0.04-
0.08] 0.12] 0.10] 0.14]
Trigger time  0.43 [0.38- 0.49 [0.39- 0.47[0.37- 0.43[0.38-
Parasternal (s) 0.56] 0.52] 0.55] 0.50]
intercostals ) 0.08 [0.00- 0.06 [-0.01- 0.05 [0.02- 0.04 [0.00-
Cycle time (s) 1) 0.13] 0.15] 0.12]

Abbreviations: PS=Pressure Support

Timing of respiratory muscles

For the whole cohort, median diaphragmatic trigger time was 0.429 sec during PS ventilation and
0.428 sec during PC-IMV, and median ICM trigger time was 0.449 sec during PS ventilation and
0.508 sec during PC-IMV. Trigger times were not signi cantly di erent between PS ventilation and
PC-IMV (p > 0.05).

Figure 2 | Trigger and cycle times of diaphragm and parasternal intercostals in two weaning approaches.
Values are depicted as median (interquartile range). Filled dots represent continuous spontaneous ventilati
(CSV) and open dots represent pressure-controlled intermittent mandatory ventilation (PC-IMV). * Signi ca
di erence between two weaning approaches (p < 0.05)

An increased cycle time during PC-IMV compared to PS ventilation was found for
both diaphragm (median trigger time 0.017 and 0.157 sec during PS ventilation and PC-IMV,
respectively; p=0.04) and ICM (median trigger time 0.066 and 0.205 sec during PS ventilation and
PC-IMV, respectively; p= 0.06). Trigger and cycle times of both inspiratory muscles are graphically
depicted in Figure 2. We did not observe any changes in trigger or cycle times when PS was
reduced (Table 2). There were no timing di erences between diaphragm and ICM within one
ventilation condition.
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Figure 3 | Neuro-mechanical coupling of diaphragm and parasternal intercostals during two di erent
weaning methods (left) and reducement of PS level (Mghtgs are depicted as median (interquartile range).
Filled and open dots represent NMC of the diaphragm and parasternal intercostals, respectively. Pesamp/ EN
esophageal pressure amplitude divided by EMG activity amplitude and Ptp/min / EMGAUC/min: pressuri
product of esophageal pressure divided by integral of EMG signal over time during the inspiration multipliec
the respiratory rate.
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Figure 4 | Correlation for the global population between inspiratory muscle activity of diaphragm (left) and
parasternal intercostals (right), and inspiratory work of breathing in each condition of ventilator assistance.

On the right side of each graph, the respective determination coe cient R2 is shown for each condition o
ventilator assistance; CSV (black), PC-IMV (red), PS-base (blue), PS -2 (orange), PS -4 (green), and PS -6
Pesamp: esophageal pressure amplitude, EMGamp: EMG activity amplitude, Ptp/min: pressure time produci
esophageal pressure multiplied with the respiratory rate, and EMGAUC/min: integral of EMG signal over tii
during the inspiration multiplied with the respiratory rate.

Neuro-mechanical coupling
Neuro-mechanical coupling of the diaphragm was estimated by a median PesampI/EMGampl of
3.3 and 28 cmH,0/ V, and median Ptp/EMG, . min™ 0.69 and 0.59 cmH,0 s min™/ V during
PS ventilation and PC-IMV, respectively. Neuro-mechanical coupling of ICM was described by
a median Pesampl/EMGampl of 54 and 4.9 cmH,0/ V, and median Ptp/EMG, . min* 0.70
and 0.81 cmH,0smin-1/ V during PS ventilation and PC-IMV, respectively. Neuro-mechanical
coupling was comparable between PS ventilation and PC-IMV (Figure 3). Estimates for neuro-
mechanical coupling increased for diaphragm and ICM when PS was reduced, indicating that
inspiratory muscles generated more pressure for 1 'V of EMG, as shown in Figure 3. Diaphragm
neuro-mechanical coupling estimates were median Pesampl/EMGampl 31,3748 and 5.2 cmH,0/
V for PS base, -2, -4, and -6 cm H,O, respectively; p = 0.05; and median Ptp/EMG, . min™0.56,
0.63,0.76,and 0.89 cmH,O s min-1/ V for PS base, -2, -4,and -6 cm H,0, respectively; p=0.004.ICM

neuro-mechanical coupling estimates were median Pes, /EMG, 44,63 6.8, and 7.4 cmH,0/

ampl
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V for PS base, -2, -4, and -6 cm H,0, respectively; p < 0.001 and median Ptp/EMG, . min™ 0.78,
0.96, 0.92, and 1.18 cmH,0 s min/ V for PS base, -2, -4, and -6 cm H,O, respectively; p < 0.001.
Diaphragmatic EMG, and EMG,  /min were poorly correlated with Pesamp (R* < 0.15) and Ptp

(R? < 0.26) (Figure 4). For the parasternal intercostals, comparable weak relationships were found
between EMG, ~and Pes, ~(R?<0.31) and EMGauc/min and Ptp (R* < 0.06) (Figure 4)]

Discussion

The main nding of this study is that it was possible to quantify the electrical activity of the
diaphragm and parasternal intercostal muscles in mechanically ventilated children through
transcutaneous recordings (SEMG). Breath-by-breath analysis showed a time-dependent relation
between inspiratory SEMG and the ventilator pressurization re ected by a positive trigger time
and almost neutral cycle time in PS ventilation. Furthermore, the electrical activity of both
diaphragm and parasternal intercostals increased in response to decreasing inspiratory level of
assist on a cohort level.

Neuro-respiratory drive

In clinical practice, monitoring of the electrical activity of inspiratory muscles may facilitate in
identifying patient-ventilator asynchrony'*?, diaphragm paresis?, and central hypoventilation
and apneas?, titrating ventilatory support?*?, and assessing the use of (accessory) inspiratory
and expiratory muscles in spontaneously breathing children?2, To date, normal SEMG values of
inspiratory muscles are lacking, making it di cult to interpret the SEMG values observed in this
study. Theoretically, SEMG values can be interpreted in relation to the maximal SEMG obtained
during a voluntary maximal e ort, equal to EAdi®. However, voluntary maximal e ort cannot
reliably be obtained in critically ill children. In this study, we therefore normalized the inspiratory
muscle activity to activity at baseline measurement for the interpretation of the neuro-respiratory
drive. In previous investigations, absolute?3 as well as normalized SEMG values are published®?,

To our best knowledge, this is the rst study examining several neuro-respiratory drive
parameters of the diaphragm and ICM in MV pediatric patients. We found that EMGamp of
both diaphragm and ICM, and diaphragmatic EMG,,, and EMG, ,/min increased in response
to decreasing pressure support. In contrast, MacBean and colleagues only assessed EMGpeak
of ICM and reported also higher values during less ventilatory support?. Others reported that
(pre-term) infants and children failing extubation had a higher diaphragmatic EMG_., and tonic
EMG, both pre and post extubation®, In ventilated adults, it was shown that EMG,,, and EMG, .
of both diaphragm and extra-diaphragmatic inspiratory muscles increased in response to lower
inspiratory support levels?2,

Based on our results, EMG, s the most accurate neuro-respiratory drive parameter. For
both inspiratory muscles, EMG, | o responded to increasing respiratory load on a group level. When
reducing the level of inspiratory support, rst diaphragmatic EMG, ) increased linearly whereas
EMG, of ICM remained constant. Subsequently, diaphragmatic EMG, reached a plateau and
EMG, of ICM increased exponential at the lowest level of support. Therefore, our data suggests
that ICM were more recruited when the diaphragm impended exhausted at the lowest level of
PS.
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The neural respiratory drive is best represented by measured electrical activity of the
diaphragm?:, Recruitment of the accessory muscles is a well-known clinical sign of an increase in
respiratory load. In both healthy subjects and ventilated patients, there is a hierarchy with respect
to respiratory muscle recruitment®. In case of an increase in respiratory load, the diaphragm
is immediately activated, followed by the chest wall muscles and subsequently by expiratory
muscles??’. In our pediatric patients, we observed a similar recruitment pattern of the diaphragm
and parasternal intercostal muscles represented by EMG, .

Remarkably, in our study diaphragmatic EMG parameters showed values less than 100%
of baseline. The higher levels of diaphragmatic electrical activity during baseline measurements
might be explained by patients being agitated from instrumenting them for the data acquisition,
since the diaphragm responds to an acute increase of respiratory load. However, accessory
inspiratory muscles including parasternal intercostals are recruited by a prolonged increased
work of breathing, explaining possibly that EMG levels of parasternal intercostals were not lower
than baseline levels.

Timing of respiratory muscles

In mechanically ventilated children, the patient ventilator interaction is often asynchronous®,
We showed an increased cycle time during PC-IMV compared to CSV in both diaphragm and
parasternal intercostals, indicating a more asynchronous patient-ventilator interaction during
PC-IMV. In PS ventilation, the timing of expiration is indirectly determined by the patient, i.e.
the expiration trigger setting, instead of a set inspiration time as in PC-IMV, underlying a more
synchronous interaction. In contrast to our nding, others did not report a di erence in cycle
time between PC-IMV and CSV but we cannot easily explain this®. Although our study was not
designed to test this, we did not nd any trigger asynchronies (ine ective or double-triggered
breaths); the most frequent patient-ventilator asynchronies in MV children,

Neuro-mechanical coupling

We found that NME indices for both diaphragm and parasternal intercostal muscles were a ected
by the level of assistance. Such a relation has also been described by the level by Essouri et af® in
pediatric patients when comparing the NME during mechanical ventilation and post extubation,
using EAdi instead of surface EMG. Of note, Mortamet et aF’ did not nd signi cant changes
in Pes, /EAdi,  before, during and after a spontaneous breathing trial. However, they also
reported no increase in neuro-respiratory drive and respiratory e ort, indicating that patients did
not develop respiratory distress or fatigue during the spontaneous breathing trial. In ventilated
adults, both NME indices depending on the level of assistance and stable NME indices are
reported’*. The dependency of NME indices on the level of muscle loading might be caused by
the recruitment of accessory muscles®, the increased e ciency of the diaphragm and parasternal
intercostals together or a combination of both. In addition to the diaphragm and ICM, other
accessory inspiratory muscles should be recorded to model the interaction between neuro-
respiratory drive and respiratory e ort accurately, in future research.
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In each condition of ventilator assistance, a poor correlation was observed between
neuro-respiratory drive and respiratory e ort in the global population, suggesting muscle
electrical activity is not synonymous with muscle contraction and force generation. In contrast, a
strong linear correlation was previously described between EAdi and respiratory e ortindi erent
ventilator conditions in pediatric patients®®. However, in that particular study, measurement noise
was reduced trough aggregation of similar breaths in their analysis. Bellani et af* described
that the NME index was highly variable between di erent patients but appeared to be fairly
stable within a respiratory stable patient. Even when the electrical activity of the diaphragm
is transcutaneously recorded instead of transesophageally®**. However, in case of respiratory
distress or muscle fatigue, this relationship can change as indicated by our data.

Limitations

Several limitations of our study need to be addressed. First, this study was designed a single
center study potentially limiting the generalizability of our ndings, although our unit is
comparable to most large PICUs globally. Second, patients could be enrolled in our study when
the attending physician deemed the patient eligible for weaning. Nevertheless, weaning is often
not considered early enough in the course of MV in pediatric patients®. This may have led to
a selection bias with the less stable patients regarding their respiratory condition not being
included. Also, not all patients tolerated the lowest PS level in our study because of respiratory
distress. Third, the study was not blinded but all signals were analyzed o ine. From each enrolled
subject, a single time period to be analyzed was manually selected. Subsequently those time
periods were analyzed automatically using a custom-written Matlab script, making it unlikely
that the results were a ected by the unblinded nature of the study. Fourth, we found that in
several patients no muscle activity could be detected from parasternal intercostal muscles during
particular ventilatory conditions or in others during the whole study period. This could be caused
by inactivity of the muscles or low signal-to-noise ratio. Finally, we were not able to perform
synchronized breath-by-breath analysis of EMG- and Pes-derived data as these physiological data
was simultaneously recorded on two di erent non-synchronized devices.

Conclusions

In summary, monitoring SEMG of parasternal intercostal muscles and diaphragm in the weaning
phase of ventilated children is feasible and it might be helpful in a better understanding of the
pediatric ventilation liberation process. We demonstrated that both neuro-respiratory drive and
neuro-mechanical e ciency increase in response to lower inspiratory level of assist.
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Extra supplemental material

Table 1 (ESM) | Ventilatory parameters in two ventilation modes and at di erent PS levels with CSV: continuous
spontaneous ventilation

Ventilation modes Reducing PS level

Csv PC-IMV PS base PS -2 PS -4 PS -6

6.5[6.1- 6.8[6.0- 6.8[6.1- 6.6 [5.7- 6.1[5.2-  6.0[5.3-
vt(mike)  g'g) 7.3] 8.1] 7.5] 7.3] 6.8]

RR (/min) 37 [25-51] 33[25-43] 37[24-49] 36[23-48] 38[26-50] 39 [28-51]
i) 0.45[0.37- 0.60[0.55- 0.48[0.38- 0.48[0.38- 0.47[0.39- 0.52 [0.40-

0.65] 0.66] 0.68] 0.66] 0.64] 0.58]
etCo, 6.8[59- 6.5[60- 66[6.0- 68[6.1- 68[6.0- 6.9[6.2-
(kPa) 7.4] 7.2] 7.1] 7.2] 7.5] 7.4]

Abbreviations: Vt= Tidal Volume, RR= Respiratory Rate, Ti= InspiratgryefichidatOQCSV= Continuous
Spontaneous Ventilation, PC-IMV= Pressure Controlled-Intermittent Mandatory Ventilation, PS= Pressure Supj

Table 2 (ESM) | Absolute values electrical muscle activity of diaphragm and parasternal intercostals in two
ventilation modes and at reducing PS levels.

Ventilation modes Reducing PS level

Csv PC-IMV PS base PS -2 PS -4 PS -6
EMGpeak (V)  6.03[5.20-8.96]  6.01[4.29-7.90]  5.86 [4.93-8.61]  5.47[5.00-7.95]  6.01[4.91-9.16]  6.36 [5.06-9.58]

% EMGampi (V)  2.23[1.31-3.49]  1.92[1.17-2.95]  1.81[1.31-3.17]  1.90[1.47-2.66]  2.09[1.47-3.38]  2.06 [1.61-3.95]
.2:0‘_ EMGmean (UV)  4.95[4.20-6.85]  4.91[3.40-6.36]  4.87[4.09-6.70]  4.79[3.93-5.87]  5.24[4.13-6.73]  5.35[4.02-6.86]
& EMGau/min 203 [162-251] 204 [127-258] 204 [152-250] 182 [158-244] 196 [162-284] 220 [159-308]
O (uvxs/min)

EMGpeak (V)  5.18[4.54-5.78]  4.83[4.33-5.25]  5.18[4.22-5.56]  4.96 [4.30-5.52]  5.05[4.42-5.69]  4.96 [4.46-5.62]
o EMGampi (UV)  1.27[0.97-1.57] 1.19[0.81-1.54]  1.27[0.90-1.73]  1.04[0.84-1.51]  1.29[0.87-1.87]  1.50[1.07-1.98]
S EMGuem (UV) 4.55[3.69-4.82] 4.16[3.54-4.65] 4.21[3.43-4.84] 4.27[3.56-4.81] 4.31[3.57-4.86]  4.14 [3.60-4.61]
3 EMGauc/min 159 [139-184] 140 [124-164] 155 [121-174] 156 [137-176] 156 [135-176] 151 [126-184]
(HVxs/min)

Intercostal

S
Abbreviations: CSV: Continuous Spontaneous Ventilation, PC-IMV: Pressure Controlled-Intermittent Mandat
peak EMG activity, EMGamp: EMG activity amplitude, EMGmean: mean EMG activity level during one breath,
during the inspiration multiplied with the respiratory rate.
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General discussion and future perspectives

Mechanical ventilation (MV) is unmistakable lifesaving, making its use ubiquitous in pediatric
intensive care units. However, it is also associated with serious adverse events including
ventilator-induced lung injury (VILI), nosocomial pneumonia, cardiovascular instability and upper
airway injury caused by the endotracheal tube (ETT), and additionally unwanted side-e ects of
treatment with sedatives and/or analgesics drugs required to facilitate MV3, This signi es that
discontinuing MV should be targeted as soon as the patients clinical condition has improved
su ciently enough, and the patient is able to maintain acceptable respiratory homeostasis
without excessive work of breathing (WOB).

Despite it being an integral part of ventilation management, pediatric ventilation
liberation has been poorly studied, leaving the bedside team with little guidance on the optimal
strategies* Much of what has been learned about ventilation liberation in adults cannot be
easily extrapolated to children because of amongst others developmental di erences in lung
mechanics and the underlying disorder that resulted in acute respiratory failure necessitating
MV. This lack of scienti ¢ guidance may be best exempli ed by the practice variability reported
in pediatric MV*5, A better scienti ¢ basis for pediatric ventilation is much wanted as it has been
reported that up to 50% of children with unplanned extubation did not require reintubation,
suggesting that these patients may have been extubated at an earlier stage®. Therefore, studies
are needed that identify which patient has a high risk for extubation failure and which measures
best predict extubation outcome.

Obviously, the decision to wean and extubate a ventilated patient is balanced against the
risk for failed extubation (FE). Reported FE rates vary considerable in children, partly because of
di erent de nitions used (i.e., reintubation within 24 hrs vs 48 hrs), and the inclusion of children
with ashort duration of ventilation (usually less than 48 hours) in observational studies’. Premature
extubation necessitating reintubation is associated with a vefold increase in mortality, and
increased morbidity including the development of nosocomial infections, increased exposure
to sedatives and analgesics, longer PICU stay, longer hospital stay, poorer neurodevelopmental
outcomes, and obviously increased nancial costs®4,

The studies described in this thesis were designed to provide scienti ¢ basis supporting
the daily clinical practice of pediatric ventilation liberation through investigations on work of
breathing (i.e,, patient e ort). For this purpose, we designed bench models simulating the clinical
situation and performed clinical studies in which we measured patient e ort by various means,
including easily obtainable biological signals such as respiratory rate and tidal volume (Vt), and
also advanced respiratory monitoring tools such as esophageal and tracheal pressure manometry,
electromyography of the respiratory muscles (EMG), respiratory inductance plethysmography
(RIP) and electrical impedance tomography (EIT).
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Table 1 | Overview of the main ndings of this thesis

Chapter
Two

Chapter
Three

Chapter
Four

Chapter
Five

Chapter
Six

Chapter
Seven

144

Main aim
Summarizing the
published literature
on pediatric
ventilation liberation

Study the level of
WOBimp (Joules/L)
across the range of
ETT

Measure WOBimp
(Joules/L) during a
SBT with and without
PS in mechanically
ventilated pediatric
patients

Study WOByp
(Joules/L) in two
different weaning
strategies during
ventilation liberation
in pediatrics

Exploring the
changes in lung
aeration and EELV
between two different
ventilation modes

Assessing the
neurorespiratory
drive and neuro-
mechanical coupling
through sEMG during
two different weaning
strategies

Main outcome
1. No evidence for:
a. When to start weaning
b.  When weaning ends (i.e.,
extubation)
c. Method of weaning
2. There is evidence for:
a. Daily SBT without pressure
support
1. No significant differences were
found in level of WOBimp
(Joules/L) between different ETT
sizes
2. Shortening ETT or insertion of a
catheter does not clinically
meaningful impact WOBimp
1. Level of WOBimp (Joules/L) is
linearly related to the level of PS
2. Not setting pressure support
during SBT does not lead to
clinically relevant increased
WOBimp or patient discomfort
1. A full spontaneous breathing
mode did not lead to increased
breathing effort
2. Reducing PS did not lead to a
clinically meaningful increase of
WOB

1. Global and regional Vt
distribution was not gravity
dependent. There was no shift of
CoV to the dependent lung
regions

2. Irrespective of weaning method,
Vt distribution was found to be
homogeneously

3. No pendelluft was observed
during a full spontaneous
breathing mode

1. A full spontaneous breathing
mode did not lead to increased
neuro-respiratory drive or neuro-
mechanical coupling

2. Better synchrony between patient
and ventilator during a full
spontaneous breathing mode .

Clinical applicability
1. More research needed for:
a. Better understanding for the
liberation process
b. Providing evidence for
guidelines
2. Adequate estimation of respiratory
muscles strength is important

1. The findings add to the increasing
evidence that SBTs should be
performed without pressure support

2. There is a need for a clinical trial to
study WOBimp (Joules/L)

1. No need for setting PS during a
SBT even in children with small
ETT sizes

1. It appears clinically safe and
feasible to use a full spontaneous
breathing mode

2. PS can be safely lowered without
causing increased WOB, so there
is no need for certain amount of
pressure

1. It appears better to use a full
spontaneous breathing mode
during weaning as there is no
negative effect on lung aeration

1. It appears better to use a full
spontaneous breathing mode
during weaning
SEMG can detect increased levels
of respiratory muscle activity and
patient effort.



General discussion and future perspectives

In the rst part of this thesis (chapter two), we present a scoping review of the current
literature on pediatric ventilation liberation. We found that 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 and that the de nition of weaning
is in and of itself challenging. Obviously, not all patients need to be weaned as they can be
successfully extubated once the acute phase has improved?®®. 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 alternatively, extubation may
also constitute the end of weaning. The starting point of weaning di ers from patient to patient,
but also from practitioner to practitioner. In clinical practice, this starting point is often based on
non-speci c clinical assessments of patient improvement.

Regarding weaning technique, we also did not nd any pediatric data supporting or
refuting any technique over the other, or if weaning should be led by physicians, nurses, or
respiratory therapists'®®, It is increasingly being advocated to incorporate 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. Testing for extubation readiness (ERT) is a key component of the weaning
process as it allows the critical care practitioner to assess the capability and endurance of the
patients respiratory system to resume unassisted ventilation. However, we found that literature
is messy in di erentiating ERTs from SBTs, with inconsistent de nitions, as well as regarding the
optimal method and duration of SBTs in children. Furthermore, it is unclear which predictors for
FE need to be incorporated to assess extubation readiness, but emerging literature suggest that
measures of respiratory capacity need to be included. By assessing respiratory muscle strength
through such breathing tests on a daily basis and incorporate it in a weaning protocol, ventilation
and weaning time can be reduced®®%. Nonetheless, there are no recommendations related to
weaning children from the ventilator that can be supported by rigorous evidence, and our review
did not provide any de nitive answers?,

In summary, there is the need for rigorous scienti ¢ evidence on pediatric ventilator
liberation to improve patient outcome and the development of more solid practice
recommendations???, Future steps should minimally include a better de nition of pediatric
weaning. This de nition need to be easily applicable and operationalized. Given the observed
practice variability among ventilated children, future investigations should examine if there is a
role for computer decision tools. By introducing such tools, practice variability can be eliminated
oratleastsigni cantly minimized, leading to a better weaning strategy that can resultin shortened
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ventilation times?. A computerized protocol is based on a closed-loop system that continuously
processes multiple variables (e.g., respiratory rate, tidal volume, PetCO,) and make adaptation
based on those values to the ventilator settings. The few studies examining this in pediatrics
reported safety and feasibility, and showed a trend to reduced weaning time similar to what has
been reported in adults?*?,

PART IRDED WORK ORNBREATH
In this part of the thesis, we addressed a common misconception that especially young, intubated
children are breathing through a straw during spontaneous breathing “ This assumption led to
the common practice of providing a minimum level of PS (often ranging from 5 10 cmH,0)
and the development of automatic tube compensation (ATC) to overcome the resistance of the
ETTS033 ATC is a method by which the ventilator supports a patient e ort with an exact amount of
support to unload the resistive forces of the ETT for the ow measured at that time®, Also, it is not
uncommon in ventilated children that the ETT is shortened to reduce dead space and resistance.
Where does this practice originate from? According to the Hagen-Poisseuille law, a
decrease in radius will cause an increase in resistance to the fourth power. This increase must be
compensated either by the ventilator or the patient. Indeed, it has been shown that a constant
amount of gas within a same amount of time that is being pushed through a smaller diameter
will result in a higher resistance and thus higher imposed work of breathing®, However, the
question is if this actually happens in ventilated children. Usually, a child is instrumented with an
age-appropriately sized ETT. Peak inspiratory ow rates are most of the times within age related
limits, making that the added resistance is negligible*. For example, neonates breathing through
an 2.5mm ETT will not have peak inspiratory ows > 10 L/kg/min. Peak inspiratory ow rate is
approximately 0.5 L/kg/min, so a 3.0 kg neonate would have a peak inspiratory ow rate of 1.5
2.0 L/min3* However, the often cited bench study by Manczur et al made use of inspiratory ows
outside age-appropriate limits®, Reducing ETT length for small ETTs and in case high inspiratory
ows are delivered was recommended by the same bench study®. For example, they measured
a reduction in resistance up to 22% when the length of a 4.0mm tube was reduced from 20.7cm
to 11.3cm?, Work of breathing, however, was not measured. We designed a bench test study to
measure across the range of ETT sizes for a given Vt (chapter three) and a clinical study measuring
WOBimp with and without added pressure support (PS) (chapter four) during a spontaneous
breathing trial. In line with the ndings from Manczur et a¥, we observed that increasing
inspiratory ows resulted in increased level of WOB, especially in smaller ETTs (Figure 1).
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Figure 1 | The mean values of imposed work of breathing, (VifOBoules/L plotted against the measured
peak inspiratory ow rates (L/min) for the di erent endotracheal tube sizes.

We did not detect signi cant di erences in WOB, ~between the small ETTs, [0.23 (IQR
0.19 0.37)Joules/L]and large ETTs [0.29 (IQR 0.16  0.67) Joules/L], nor did we detect a clinically
meaningful increase in WOB, | o when no added PS was delivered. We could also not demonstrate
areductionin WOB, when the ETT was shortened. Overall, WOB, values never exceeded values
that were reported in adults (pediatric reference data is lacking)***. WOB, increased from 0.01
(IQR0.00 0.11) Joules/L with 10cm H,0 added PS (IQR 10-12) to 0.27 (IQR 0.20  0.50) Joules/L
without PS. Multivariable regression analysis con rmed that our ndings were made irrespective
of ETT size. Our clinical study is unique in that is the rst to report imposed work of breathing in
children.

Obviously, our bench test only approximated the real clinical situation, as we did not use
a humidi er or other equipment such as proximal ow sensors and capnography sensors, and
the curvature of the ETT was straight. All of those componentsin uence ow characteristics and
thereby WOB,  *'#% Also, it may be argued that in our clinical study the arbitrarily chosen 5 10
minutes observation time may have been too short, although others have used a similar time
period®. Nonetheless, based on the data from the bench study and the clinical study, we are
con dent that if a patient is equipped with an appropriately sized ETT and does not generate
excessively high inspiratory ows (which one might expect only when the patient is showing
vigorous breathing), there is no need to set a minimum level of pressure support when the patient
is assessed for extubation readiness, because patients are in fact breathing through a hose instead
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of through a straw*??, Setting pressure support underestimates post-extubation breathing e ort,
thereby making assessment of the risk of failed extubation more complicated®43,

As a secondary analysis of the data gathered in chapter four, we were interested in the
ratio of the WOB,  versus the total WOB in clinical practice. As yet these data are unpublished.
We found that the WOB, _signi cantly increased when pressure support was downsized, from
0.00 (IQR 0.00 0.01) Joules/L without PS to 0.66 (IQR 0.44 1.10) Joules/L with PS, respectively.
This signi cant increase was also found when the total WOB was considered. Total WOB during
ventilation with pressure support was 0.66 (IQR 0.44 1.10) Joules/L and increased to 1.29 (IQR
100 1.93) Joules/L without pressure support. Interestingly, when the cohort was categorized
in three di erent tube classes based on ETT (3.0-3.5mm, 4.0-45mm and >5.0mm) no signi cant
contribution of the WOB, = to WOB_ was found. This implicates that a smaller ETT during
spontaneous breathing does not contribute on itself to more total work of breathing.

PARTVIEANIG TECHNE ABNIENT EFFORT
Aside from a not having a proper pediatric de nition for weaning, it is also clear that there is
no conclusive data for the Pediatric European Mechanical Ventilation Consensus Conference
(PEMVECC) 2017 to recommend on the best strategy to wean?. In general, most pediatric
clinicians prefer to apply a (synchronized) intermittent mandatory ventilation mode with a gradual
reduction in the set mandatory breath rate, combined either with or without pressure support.
Thisapproach increasingly shifts the balance from the ventilator to making the patient responsible
for maintaining gas exchange when the underlying disease resolves and the respiratory muscles
need to become more active*4’. However, in adult Intensive Care practice has moved away from
using SIMV after it was demonstrated that this ventilator mode actually prolonged instead of
reduced ventilation time*. Some advocate using a weaning technique that consists of periods
of (almost) full ventilatory support alternated with periods having the patients themselves fully
responsible for gas exchange. This approach is also known as sprinting and might potentially
result in less diaphragm atrophy and weakness. Respiratory muscle weakness is one of the
consequences of excessive unloading of the respiratory muscles, leading to diaphragm atrophy
through disuse through a variety of cellular pathways®. In adults it has been proposed that a lung
and diaphragm - protective ventilation strategy is based on three targets and by making use of
(advanced) monitoring technology®. First, maintain modest inspiratory e ort to prevent atrophy
but avoid excessive respiratory e ort which can induce load-induced injurys. Second, prevent
expiratory cycling dys-synchrony by assessing the airway pressure and ow waveforms on the
ventilator®2. Third, avoid excessive expiratory braking which is de ned as a contraction of the
diaphragm during expiration. It is very important during such protective ventilation strategy to
monitor patient respiratory e ort and by doing so, prevent excessive transpulmonary pressures.
This can be achieved through esophageal manometry®°.
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The modi ed Campbell Diagram

) < 100 )
Lung Compliance g 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 2 | 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
red arrow). Next upon this is the exhalation (downward pointed red arrow) which is a passive process due
stored energy in the chest wall (orange area). Modi cation on the traditional Campbell diagram is performe
include the additional ow-resistive load (yellow marked area) imposed by the breathing apparatus. Total wc
breathing for a spontaneously breathing patient, intubated patient is the physiologic work of breathing (blue
grey area) plus the imposed work of breathing (yellow area). (From Riinensberger

While there is currently no pediatric data on weaning technique and the e ects on
patient e ort, it makes sense to apply the above outlined strategy also in children. In chapter
ve, we describe the results from a randomized cross-over trial examining the e ects of two
di erent weaning technigues on patient e ort in 36 subjects. Patients were randomized to a
continuous intermittent ventilation mode with a low back-up rate or a continuous spontaneous
ventilation mode (in this case pressure support (PS) + continuous positive airway pressure (CPAP).
The primary outcome for this study was WOB_ measured using the Campbell diagram, which is
considered the gold standard.
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Figure 3 | The ow diagram in combination with the airway pressure and esophageal pressure is displayed.
The grey dotted line implicate the onset and end of and spontaneous breath based on an increase in ow ar
return to no ow (respectively). Pressure time product (PTP) is the yellow colored area is the area under the ¢
(AUC) of the esophageal pressure. Also shown is the R&s in cmH

Secondary outcome parameters are surrogate parameters for patient e ort, including PRP,
PTP, Pes and the phase angle calculated from respiratory inductance plethysmography (RIP)
tracings (Figure 3)*%4, Some of these parameters can more easily be calculated and are therefore
suitable for bedside monitoring (PRP, PTP,  Pes). Normal values are for PRP 150-300 cmH,0/min,
for PTP 50-150 cmH,O*s/sec, for  Pes 5-10 cmH,0 and for phase angle +/- 25 (30,43,44,55-59). In
adults, values around 0.3 0.6 Joules/L for total breathing e ort during normal, stable breathing
with normal lung functioning are acceptable®%%°,

Recordings were made during 5 minutes of stable breathing for each study period
(respectively baseline, CPAP/PS, and PC-IMV) and during reduction of pressure support
(respectively PS Baseline, PS -2cmH,0, PS -4cmH,0, PS -6cmH,0) resulting in 252 data samples. In
our study, we could not nd a statistical or clinically signi cant di erence between CPAP/PS and
PC-IMV in WOB [0.49 (IQR 0.83 1.17) Joules/L and 0.47 (IQR 0.17 1.15) Joules/L, respectively].
Similar ndings were made for PRP, PTP, Pes and the phase angle. In the same set of subjects, we
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also measured patiente ortat various levels of added pressure support (PS Baseline, PS -2cmH,0,
PS-4cmH,0, PS -6cmH,0). We observed a decrease in WOB o with increasing pressure support, but
the maximumWOB was 0.71 (IQR 0.44  1.22) Joules/L. Likewise, a (small) increase in PRP, PTP, dPes
and phase angles was observed when PS was reduced. However, the Comfort B score (measured
to assess overall patient comfort) did not change, suggesting that the increase in patient e ort
did not result in patient discomfort.

A potential risk of spontaneous breathing is the development of patient self-in icted lung
injury (P-SILI®. Especially if severe lung injury is present, spontaneous breathing may lead to
injurious transpulmonary pressures swings. Pendelluft (i.e, intra-tidal movement of gas from the
dependent to the non-dependent lung zones without a change in tidal volume) may also occur,
causing regional overdistension®2¢, Although it may be surmised that the concept of P-SILI may
be more relevant during the acute phase of illness, vigorous breathing during the weaning phase
is also unwanted as it may potentially still lead to lung injury. At the same time, spontaneous
breathing results in a better distribution of tidal volume as it is directed towards the dependent
lung zones, thereby improving ventilation-perfusion, i.e, the center of ventilation is shifted towards
these lung zones. Another bene t of spontaneous breathing is maintaining end-expiratory lung
volume (EELV) by reducing atelectasis. Furthermore, spontaneous breathing can possibly prevent
or attenuate lung in ammation in adults®*®°. This physiological and in ammatory e ects have not
been con rmed in children. It is also unclear if the ventilator mode used during weaning a ects
lung aeration. It might be surmised that a weaning technique that provides some mandatory
breaths may lead to a better EELV and a more preserved center of ventilation because these
breaths may act as a sigh. In chapter seven, we report changes in EELV and Vt distribution in 35
subjects enrolled in the cross-over trial examining the two di erent weaning techniques (chapter

ve) through a secondary analysis. EIT data was recorded during the last minute of each study
period (n=7) and data was analyzed o ine. We compared the center of ventilation (CoV) and end
expiratory lung volume (EELV) during baseline recording, with PC/IMV and CPAP/PS. At baseline,
the CoV was 50.1% (IQR 47.2  52.9) indicating ventilation in the middle parts of the lung. CoV
and EELV were not di erent between the two weaning techniques. At -6cmH,0O the center of
ventilation signi cantly shifted to the more dependent lung regions from 4952 % (IQR 47.46
53.17) to 51.65 % (IQR 48.38 54.07). EELV decreased signi cantly, from -7.08 (IQR -9.58 - -5.40)
to -5.47 (IQR -7.53 - -4.01). We did observe a homogeneous regional Vt distribution (Figure 4).
Pendelluft was not observed in our cohort.
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Figure 4 | Functional EIT image during pressure support ventilation (CSV) 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. As can be seen between the two di erent weani
methods there was no (signi cant) change.

Anatomical di erences between children and adults may be an explanation that we did
not detect gravitational e ects on the CoV. Children have a smaller circumference of the thorax
and the thorax is more circular with a lower elastic recoil resulting in a more anterior shift of the
ventilation™™,

Our ndings indicate that irrespective of age it is feasible to pursue a more aggressive
weaning strategy in in the general PICU population, giving the patient more control rather than
a careful reduction in mandatory support. Such an approach was not associated with increased
work of breathing or undesirable changes in lung aeration. Furthermore, it also appears feasible to
wean with lower amount of support than currently being set. This latter conclusion is supported
by work from Khemani et ai®. They reported higher values of PRP after extubation (300 (IQR 150

500) cmH,0/min)) than before extubation. We found a PRP of 212 (IQR 119  417) cmH,O/min.
This di erence might be explained by the fact that the median PS in our cross-over trial was 14
(IQR12 16) cmH,0 compared to the 10cm H,O used in their study. It suggests that the amount
of pressure support given in our cohort during a spontaneous breathing mode may have been
too much®. Itis clear, based on previous published material that a decrease in ventilatory support
will cause an increase in work of breathing which is irrespective of the outcome parameter (i.e.
WOBCampbe", PRP, PTR, Pes or Phase Angle). However, the level of work of breathing with low or
no pressure support showed comparable levels with those after extubation (if post-extubation
WOB was measured). This implicates that the set amount of pressure support overcompensates
the respiratory load. Furthermore, if the clinician wants to reliably estimate the patient capability
to sustain adequate oxygenation and ventilation through a spontaneous breathing trial, it should
be performed without any pressure support304344597273,
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PART IIl: QUANTIFYING PATIENT EFFORT USING SURFACE EMG

It is increasingly becoming apparent that measuring esophageal pressure or measuring the
electrical activity of the respiratory muscles may provide better information on patient e ort
in the individual patient compared to traditionally used parameters. However, esophageal
pressure manometry is only used in less than 1% of adult ARDS patients and data on pediatric
use is lacking™. Chapter ve describes the patient e ort during weaning by making use of the
esophageal catheter during the recovering phase of respiratory failure. It showed that there
was no di erence in patient e ort between a spontaneous breathing mode or a continuous
intermittent ventilation mode.

Another method to assess inspiratory e ort is by measuring the electrical activity of the
respiratory muscles. Adult literature has shown some promising results for predicting neuro-
respiratory drive, especially when the diaphragm is measured (Edi)™®™. Edi can be measured
through a commercially available catheter that is positioned in the esophagus. Neurally adjusted
ventilator assist (NAVA) makes use of this by providing pressure support in proportion to the
patients Edi, thereby individualizing support to the patients neural drive. Potential advantages
include better synchrony and lower pressures and volumes being delivered’"®. However,
this technique is limited to one ventilator brand and by design an invasive monitoring tool.
Transcutaneous electromyography (EMGtc) of the respiratory muscles may overcome these
limitations. We measured EMGtc in the cohort that was enrolled in the randomized cross-over trial
and correlated it with esophageal pressure measurements (chapter seven). Data from twenty-
nine patients was available for analysis, and showed no di erence between the CSV and PC-
IMV mode. Furthermore, there was more synchrony between patient and ventilator during CSV.
Measuring EMGtc allowed us to quantify the changes in respiratory drive when PS was decreased,
showing that the increase in respiratory drive did not result in more patient discomfort.

Future directions

Based on the ndings in this study, it can be concluded that using a spontaneous breathing
mode with lower pressure support than traditionally used during ventilation liberation is feasible,
does not increase work of breathing and patient discomfort, does not lead to changes in lung
aeration and is associated with less asynchrony.

Although our ndings can easily lead to practice changes in the pediatric intensive care
unit, there is obviously the need for further studies examining if we can reduce ventilation time
and ultimately improve short and long term patient outcomes. Next steps are well-designed
randomized controlled trials comparing CSV with other ventilator modes, and trials comparing
SBT with and without PS to con rm if ventilation duration can be signi cantly shortened.
Secondary outcome parameters can include amongst others prevalence of ventilator associated
pneumonia, respiratory muscle atrophy or incidence of delirium and mortality*®8, However,
before these trials are initiated, a better identi cation of which patient does require weaning is
necessary as most patients can be successfully extubated when the underlying disease is resolved
and respiratory homeostasis is maintained on its own®,

Use of (advanced) respiratory monitoring assessing respiratory muscle strength through
(non-)invasive measures and diagram ultrasound should therefore be incorporated in the
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decision-making to extubate or not. There is currently an ongoing trial that makes use of a novel
computer-based approach that incorporates real-time measures from esophageal manometry to
adjust ventilator settings (REDvent trial; ClinicalTrials.gov: NCT03266016). Another method that
needs more extrapolation is the method of measuring the electrical activity of the respiratory
muscles.

To conclude, we made substantial progress in better understanding what mechanical
ventilation can contribute to pediatric critical care. We added substantial knowledge about
the weaning process in children, with interesting results debunking many beliefs. This provides
a basis for implementation of practice changes in in ventilation liberation in pediatric Critical
Care Medicine. The studies presented in this thesis, albeit single-center, may help the critical care
practitioner in improving ventilation and weaning strategies. This thesis contributes to existing
knowledge with important answers of some unknowns. It also raises questions for further research
leading to even better care of the critical ill child already given at present.
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Mechanische ventilatie is een hoeksteen in de behandeling van respiratoire insu ci®ntie
op de kinder-intensive care (PICU). Hoewel het gebruik ervan levensreddend is, wordt het
ook geassocieerd met meerdere complicaties die de gezondheid van het ernstig zieke kind
verder kunnen verslechteren. Daarnaast kan het ook de longfunctie op latere leeftijd negatief
be nvloeden.

Dit is @@n van de belangrijkste redenen waarom het ontwennen van mechanische
beademing zo snel mogelijk moet worden gestart. Dit ontwenningsproces is in de volwassen
literatuur vrij uitgebreid bestudeerd en veel van de beschikbare richtlijnen zijn dan ook evidence-
based. Dit in tegenstelling met de praktijkvoering op de PICU, hier wordt namelijk veel uitgevoerd
op basis van klinische ervaring of op wat werkt bij volwassenen. Alhoewel, de literatuur over
de vraag hoe we mechanische beademing moeten toepassen bij ernstig zieke kinderen de
afgelopen decennia is toegenomen, zijn er nog tal van onbeantwoorde vragen.

De onderzoeken die in dit proefschrift zijn gepresenteerd, zijn bedoeld om meer
wetenschappelijk bewijs te leveren over het ontwennen van mechanische beademing bij
kinderen. Dit werd bereikt door de ademarbeid te onderzoeken met behulp van een translationele
benadering, dat wil zeggen; door middel van bench-simulatie en klinische studies, met behulp
van slokdarm- en tracheale manometrie en door gebruik te maken van elektromyogra e van de
ademhalingsspieren (EMG), ademhalingsinductie plethysmogra e (RIP) en elektrische impedantie
tomogra e (EIT).

In hoofdstuk twee wordt middels een meta-narratieve review het huidige bewijs voor
de ontwenning van pediatrische beademing samengevat. Het incorporeren van een dagelijkse
beoordeling van de ademspiercapaciteit en/of verhoogde adembelasting in de praktijk kan de
beademingstijd verkorten. Een spontane ademtest (SBT) is een van de methoden die gebruikt
kan worden, waarbij de pati®nt met of zonder drukondersteuning (PS) kan ademen. Er is echter
steeds meer bewijs dat het toevoegen van PS juist de ademarbeid van de pati®nt onderschat. Ook
kan het zo zijn dat niet alle ge ntubeerde pati®nten een dagelijkse ontwenningsstrategie nodig
hebben om de beademing af te kunnen bouwen maar direct veilig kunnen worden ge®xtubeerd
na het passeren van de eerste SBT. Gebaseerd op deze resultaten stellen we dan ook voor dat
ontwennen gebaseerd moet zijn op het vermogen om spontaan te ademen om zo ook zwakte
van de ademhalingsspieren te voorkomen. Echter zijn goed opgezette studies over de methode
van ontwennen zeer beperkt ondanks dat ze zeer noodzakelijk zijn.

Deel I: De opgelegde ademarbeid
De gedachte achter het instellen van een bepaald niveau van drukondersteuning wanneer
ge ntubeerde pati®nten spontaan ademen, is dat ademen door een endotracheale tube (ETT)
extra weerstand en dus meer opgelegde ademarbeid genereert. De energie die nodig is om deze
extra weerstand te overwinnen, is de opgelegde ademarbeid (WOBimp) en kan worden berekend
met behulp van tracheale drukmanometrie.

In de studie, beschreven in hoofdstuk drie, hebben we de WOB, (Joules/L) berekend
in een in vitro onderzoek. Een spontane ademhaling werd gesimuleerd met behulp van een
kunstlongmodel. Hierbij werd gebruikt gemaakt van vier teugvolumina (2,5 ml/5,0 ml/7,5 mi/10
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ml), verschillende ETT maten (3,0 mm 7,5 mm) en vier verschillende leeftijdsgroepen (neonaat
(3,5 kg), zuigeling (10 kg), klein kind (25 kg), adolescent (40 kg)). We konden geen signi cante
verschillen inWOB, | o (Joules/L) detecteren tussen alle ETT-groottes. De mediane WOB, | , was niet
hoger dan 0,109 Joule/L en was het hoogst in de groep met kleine kinderen. Het verkorten van
de lengte van de ETT resulteerde in een (statistisch signi cante) verlaging van 0,030 Joule/L, maar
de klinische relevantie van zon kleine verlaging van WOB, is twijfelachtig. We concludeerden
daarom dat de gemeten lage niveaus van WOB, _ klinisch niet relevant zijn, hetgeen sterk
suggereert dat PS tijldens een spontane ademhaling niet nodig is, zelfs niet bij zeer kleine kinderen.
De mogelijke klinische toepassingen op basis van de resultaten uit hoofdstuk drie zijn
getest in een klinische studie, zoals beschreven in hoofdstuk vier. In deze studie hebben we de
hypothese getest dat een spontane ademhalingsproef zonder drukondersteuning (bijv. alleen
met continue positieve luchtwegdruk (CPAP)) niet zal leiden tot verhoogde niveaus van WOB,
en het comfort van de pati®nt niet compromitteert. We hebben een prospectieve, observationele
studie uitgevoerd bij 161 pati®nten waarvan werd verwacht dat deze pati®nten ge®xtubeerd
konden worden. We voerden een SBT uit met en zonder drukondersteuning en hebben de
druk aan het distale uiteinde van de ETT gemeten met behulp van een tracheale katheter. De
mediane WOB, werd berekend voor beide studieomstandigheden; tevens onderzochten we de
verschillen tussen de diverse leeftijdsgroepen.
We ontdekten dat de WOB, signi cant lager was wanneer drukondersteuning werd
toegevoegd, echter het verschil waarmee WOB, & toenam was relatief laag (<0,27 (IQR 0,20
0,50) Joules/L) wanneer alleen CPAP werd gegeven. Bovendien ondervond geen van de
pati®nten toegenomen ongemak. Belangrijk is dat we geen signi cante verschillen tussen de
gestrati ceerde ETT-groepen hebben gedetecteerd. Multivariate analyse bevestigde dat de ETT-
grootte niet bijdroeg aan de WOB, . Onze klinische bevindingen waren in overeenstemming
met de testresultaten uit hoofdstuk drie. Dat is dan ook de reden waarom we concludeerden dat
het routinematige gebruik van PS tijdens een extubatie readinnes test niet perse nodig is.

Deel Il: Ontwenningstechniek en inspanning van de pati°nt

Hoofdstuk vijf beschrijft een prospectieve fysiologische cross-over studie, ontworpen om
het e ect van twee speentechnieken op ademhalingswerk (WOB) te onderzoeken. Over het
algemeen worden twee verschillende technieken gebruikt om pati®nten van de beademing
te ontwennen. Ten eerste, een drukgecontroleerde continue ventilatiemodus (PC-CMV) of, als
alternatief, een continue spontane ventilatiemodus (CSV). Aangezien er geen wetenschappelijke
gegevens zijn die de ene modus boven de andere prefereren, was onze hypothese dat een
CSV-beademingsmodus (d.w.z. CPAP/PS) niet zou resulteren in een verhoogde WOB tijdens het
ontwennen van mechanische beademing bij kinderen in vergelijking met de drukgestuurde
modus van ontwennen (d.w.z. PC-CMV met verlaagde verplichte ademfrequentie). De primaire
uitkomstmaat was WOB berekend volgens de gouden standaard, dw.z. het Campbell-
diagram (WOB_ pbe”). Secundaire uitkomstparameters werden berekend met behulp van
slokdarmmanometrie (P,) en zijn onder andere pressure-rate-product (PRP), pressure-time-
product (PTP) en P_. Verder werd ademhalingsinductie plethysmogra e (RIP) gebruikt om de
phase angle te berekenen.

We randomiseerden 36 pati®nten in deze cross-over studie. WOB (Joules/L) verschilde

campbell
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niet tussen de CSV (0.49 (IQR 0.17 0.38) Joules/L) en de PC-CMV-modus (0.47 (IQR 0.17 1.15)
Joules/L). Ook vonden we geen signi cante verschillen van de andere parameters van de
ademarbeid tussen de twee ontwenningsstrategie®n. Een geleidelijke vermindering van de
drukondersteuning tijdens CSV leidde weliswaar tot een toename van de inspanning van de
pati°nt (d.w.z. WOB,, o PRP. PTR, P..), maar deze toename werd klinisch niet relevant geacht.

Deresultaten gevonden in hoofdstuk vijf suggereert sterk dat ontwenning van beademing
gedaan kan worden met behulp van een CSV-beademingsmodus. Dit omdat er geen toename
was in de ademarbeid van de pati®nt in vergelijking met een gecontroleerde beademingsmodus.
Op basis van de literatuur die beschikbaar is over volwassenen is de hypothese gesteld dat
spontane ademhaling de verdeling van het teugvolume (Vt) naar de afhankelijke longregios zou
kunnen verbeteren. Bovendien kan het de shuntfractie verminderen en de dode ruimte ventilatie
verminderen. Met behulp van elektrische impedantietomogra e (EIT) kunnen deze aannames
worden onderzocht.

Hoofdstuk zes beschrijft een secundaire analyse van de resultaten gegenereerd in
hoofdstuk vijf. De gegevens van 35 pati®nten waren beschikbaar voor analyse. We konden
geen verschillen in teugvolumeverdeling tussen de CSV- en PC-CMV-ventilatiemodus vinden.
Bovendien vonden we geen veranderingen in het eind-expiratoire longvolume (EELV)) tussen
beide speenmodi. Om de regionale verschillen in longverdeling te bestuderen, hebben we
polynoomco® ci°nten van de 2¢ graad berekend die een homogene volumeverdeling voor
beide ontwenning strategie®n lieten zien. Pendelluft werd niet gedetecteerd. Het verlagen van
PS liet wel een signi cante verschuiving van het ventilatiecentrum (CoV) naar de afhankelijke
longregios zien met daarbij ook een toename van EELV.

Hoewel de pati®nt in beide ventilatie modi spontaan ademt, konden we geen bijkomend
voordeel vinden op globale en regionale longbeluchting wanneer de proefpersonen zich in de
PC-CMV-modus bevonden; vaak wordt aangenomen dat een minimale back-up ondersteuning
noodzakelijk is. Onze resultaten geven in feite het tegenovergestelde aan. Met een lagere PSis er
een betere longbeluchting zonder overmatige inspanning, zoals gemeten in de cross-over-proef.

Deel Ill: Kwanti cering van de inspanning van de pati®nt met behulp van oppervlakte-
EMG
De hoofdstukken in dit proefschrift die de onderzoeken naar de inspanning van de pati®nt
beschrijven, omvatten het gebruik van tracheale  of slokdarmmanometrie. In de studie,
beschreven in hoofdstuk zeven, hebben we de ademarbeid van de pati°nt gemeten met
behulp van oppervlakte-elektromyogra e (SEMG). Op dit moment kan de neuro-respiratoire
drive als marker voor de ademarbeid van de pati®nt worden gemeten door de elektrische
activiteit van het diafragma (EAdi) te meten met behulp van een speci eke slokdarmkatheter.
Deze techniek heeft echter zijn beperkingen (bv. Invasief en compatibel met maar @@n merk
beademingsapparaat). Daarom wilden we de neuro-respiratoire drive kwanti ceren met behulp
van SEMG van het diafragma en de intercostaal spieren. Voor deze studie hebben we een
secundaire analyse uitgevoerd van gegevens van de proefpersonen die deelnamen aan de cross-
over studie beschreven in hoofdstuk vijf.

Gegevens van negenentwintig proefpersonen waren beschikbaar voor deze analyse.
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We hebben laten zien dat het mogelijk is om de elektrische activiteit van het diafragma en de
parasternale intercostale spieren te kwanti ceren met behulp van sEMG. We zagen tevens dat
de neuro-respiratoire drive toenam wanneer de drukondersteuning werd verlaagd, dit gold ook
voor de neuro-mechanische e ci®ntie (relatie tussen P en sSEMG). Voor zover wij weten, is dit
de eerste studie die de klinische haalbaarheid en toepasbaarheid van de minder invasieve SEMG
heeft onderzocht om de ademarbeid van de pati®nt te meten. We vonden goede correlaties
met traditionele en meer invasieve methoden om de ademarbeid van de pati®nt te beoordelen,
zoals neuraal aangepaste beademingshulp (NAVA). Toch zijn er meer studies nodig om onze
bevindingen te veri °ren.

De resultaten beschreven in dit proefschrift worden besproken en in perspectief geplaatst
in hoofdstuk acht. Hierbij concluderen we dat onze resultaten nieuw wetenschappelijk bewijs
leveren voor de manier waarop de beademing wordt afgebouwd op een kinder-intensive
care. Onze resultaten zetten veel gebruikte methodes in een ander daglicht om een minimale
hoeveelheid pressure support op de beademingsmachine in te stellen, omdat (te) vaak wordt
aangenomen dat pati®nten dit nodig hebben. Er kan op basis van onze resultaten worden
aangenomen dat een beademingsmodus, waarbij de pati®nt het moment en de hoeveelheid
beademingsondersteuning (CSV) bepaalt, dit gunstig is boven de conventionele PC-CMV-
beademingsmodus. Bovendien voegen onze bevindingen meer bewijs toe dat minder druk niet
leidt tot meer ademhalingsarbeid en zelfs een betere longbeluchting kan geven, ongeacht de
ETT-grootte. Het ontwennen van beademing moet beginnen zodra de onderliggende ziekte
stabiliseert en men kan dit het beste doen door de pati®nt in de lead te zetten door over te
schakelen naar een CSV-beademingsmodus met minder drukondersteuning dan clinici gewend
zijn.
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Mechanical ventilation is a corner stone in the treatment of respiratory failure in the pediatric
intensive care unit (PICU). Although its use is lifesaving, it is also associated with multiple
complications that can worsen the clinical condition of the critically ill child but it may also
negatively a ect lung functioning in later life.

This is the reason why discontinuation of mechanical ventilation should be started as soon
as possible, a process known as weaning or pediatric ventilation liberation. Whereas this weaning
process is extensively studied in adults and most of the adult-based current guidelines are
evidence-based, clinical practices performed in the PICU are mainly based on clinical experience
or on what works in adults. Evidence on how we use mechanical ventilation in critically ill children
is increasing over the last decades, but there are still numerous unanswered guestions.

The studies presented in this thesis aimed to provide scienti ¢ evidence for the practice
of weaning in pediatric mechanical ventilation. This was achieved by investigating the work of
breathing using a translational approach, i.e. through bench simulation and clinical studies, using
esophageal - and tracheal manometry and by making use of electromyography of the respiratory
muscles (EMG), respiratory inductance plethysmography (RIP) and electrical impedance
tomography (EIT).

In chapter two we summarize in a meta-narrative review the current evidence on pediatric
ventilation liberation. Incorporating a daily assessment of the respiratory muscle capacity and/or
increased respiratory load may reduce ventilation time. A spontaneous breathing test (SBT) is
one of the methods that can be used, with the patient being able to breathe with or without
pressure support (PS). Evidence, however is growing that the adding of PS underestimates the
patients e ort. Furthermore, it can be postulated that not all intubated patients needs a daily
approach to minimize respiratory support and can be safely extubated after passing the rst SBT.
We further suggest that weaning should be based on the ability to breathe spontaneously to
prevent respiratory muscle weakness. However, well-designed studies on the method of weaning
are limited but highly required.

Part I: The imposed work of breathing

The thinking behind setting a certain level of pressure support when intubated patients are
breathing spontaneously is that breathing through an endotracheal tube (ETT) generates
additional resistance and thus more imposed respiratory load. The energy needed to overcome
this respiratory load is the imposed work of breathing (WOBimp) and can be calculated using
tracheal pressure manometry.

In the study described in chapter three, we calculated WOB, ' (Joules/L) in an in vitro
study, simulating spontaneous breathing using an arti cial lung model, investigating four tidal
volumes (2.5ml/ 5.0ml/ 7.5ml/ 10ml), various ETT sizes (3.0 mm 7.5mm) and four di erent age
groups (neonate (3.5 kg), infant (10 kg), small child (25 kg), adolescent (40 kg)). We could not
detect signi cant di erences in WOB, (Joules/L) across the range of ETT sizes. Median WOB, |
did not exceed 0.109 Joules/L and was highest in the small children group. Shortening the
length of the ETT resulted in a (statistical signi cant) reduction of 0.030 Joules/L, however the
clinical relevance of such a small reduction in WOB, is questionable. We therefore concluded
that the measured low levels of WOB,  are clinically irrelevant, strongly suggests that PS during
spontaneous breathing is not necessary, even in very small children.
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The potential clinical implications based on the results from chapter three were tested
in a clinical study, described in chapter four. In this study, we tested the hypothesis that a
spontaneous breathing trial without pressure support (eg. only with continuous positive airway
pressure) will not lead to increased levels of WOB, and will not compromises patients comfort.
We performed a prospective, observational study of 161 patients deemed ready for extubation
by the bedside team. We executed an SBT with and without pressure support and measured the
pressure at the distal end of the ETT using a tracheal catheter. Median WOB, ~was calculated for
both study conditions; we also studied di erences between various age groups.

We found that WOB, | , was signi cantly lower when pressure support was added, however
the level by which WOB, increased was relatively low (<0.27 (IQR0.20 0.50) Joules/L) when only
CPAP was provided. Furthermore, patients did not experience increased discomfort. Importantly,
we did not detect signi cant di erences between the various strati ed ETT groups. Multivariate
analysis con rmed that the ETT size did not contribute to WOB, . Our clinical ndings were
compatible with the bench test results. We therefore concluded that these ndings challenge
the routine use of PS during an extubation readiness test.

Part Il: Weaning technique and patiente ort

In chapter ve we report on a prospective physiology cross-over study, designed to investigate
the e ect of two weaning techniques on work of breathing (WOB). In general, two di erent
techniques are used to liberate patients from the ventilator. First, a pressure controlled continuous
mode of ventilation (PC-CMV), or alternatively, a continuous spontaneous ventilation (CSV)
mode. Since no scienti ¢ data supports one mode over the other, we hypothesized that a CSV
ventilation (i.e. CPAP/PS) mode would not result in an increased WOB during pediatric mechanical
ventilation weaning compared with the pressure-controlled mode of weaning (i.e. PC-CMV with
reduced mandatory breath rate). The primary outcome was WOB calculated according to the
golden standard, i.e. the Campbell diagram (WOBcampbe"). Secondary outcome parameters were
calculated using esophageal manometry (P, ) and included pressure-rate-product (PRP), pressure-
time-product (PTP), P,. Furthermore respiratory inductance plethysmography (RIP) was used to
calculate the phase angle.

We randomized 36 patients in this cross-over trial. WOB,_ o (Joules/L) did not di er
between the CSV (0.49 (IQR 0.17 0.38) Joules/L) and the PC-CMV mode (0.47 (IQR 0.17 1.15)
Joules/L). Neither did we nd signi cant di erences of the other parameters of patient e ort
between the two weaning modes. A gradual reduction of pressure support during CSV did lead
to an increase in patient e ort (ie. WOBcampbel, PRP, PTP P ), but this increase was deemed
clinically irrelevant.

The result found in chapter ve strongly suggests that ventilation liberation can be done
using a CSV mode of ventilation because there was no increase in patient work compared with a
controlled mode of ventilation.

Based on available data in adult literature, it was hypothesized that spontaneous breathing
may improve tidal volume (Vt) distribution towards the dependent lung regions. Furthermore
it may reduce shunt fraction and decrease dead space ventilation. Using electrical impedance
tomography (EIT) these assumptions can be investigated.
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Chapter six describes a secondary analysis of subjects enrolled in the cross-over
trial described in chapter ve. Data from 35 subjects was available for analysis. We could not
detect di erences in tidal volume distribution between the CSV and PC-CMV ventilation
mode. Additionally, we did not detect changes in end-expiratory lung volume (EELV)) under
either weaning mode. To study regional di erences in lung aeration, we calculated polynomial
coe cients of the 2" degree which showed a homogeneous tidal voilume distribution for both
weaning strategies. Pendelluft was not detected. Reducing PS did show a signi cant shift of the
center of ventilation (CoV) towards the dependent lung regions with an increase in EELV.

Although in both weaning modes the patient breathes spontaneously, we could not nd
an additional bene t on global and regional lung aeration when the subjects were in the PC-
CMV mode; it is often assumed that a minimum back-up support is necessary. Our results may
indicate in fact the opposite. With lower PS there is better lung aeration without excessive e ort
as measured in the cross-over trial.

Part Ill: Quantifying patient e ort using surface EMG
The chapters in this thesis describing the studies on patient e ort entails the use of tracheal
or esophageal manometry. In the study described in chapter seven, we measured patient
e ort using surface electromyography (SEMG). At present, the neuro-respiratory drive as marker
for patient e ort can be measured by measuring the electrical activity of the diaphragm (EAdi)
using a speci ¢, commercially available esophageal catheter. However, this technique has its
limitations (eg. invasive by design, one ventilator brand). Therefore, we wanted to quantify the
neuro-respiratory drive using SEMG of the diaphragm and intercostal muscles. For this study, we
performed a secondary analysis of data from subjects enrolled in the cross-over trial described in
chapter ve.

Data from twenty-nine subjects was available for analysis. We were able to quantify the
electrical activity of the diaphragm and parasternal intercostal muscles using SEMG. We observed
that the neuro-respiratory drive increased when pressure support was decreased, and so did the
neuro-mechanical e ciency (relationship between P__ and sEMG). To the best of our knowledge,
this is the rst study that investigated the clinical feasibility and applicability of the less invasive
SEMG to measure patient e ort. It showed good correlations with traditional and more invasive
methods to assess patient e ort such as neurally adjusted ventilator assist (NAVA). Even so, more
studies are required to verify our ndings.

The ndings described in this thesis are discussed and put in perspective in chapter eight.
We postulate that our ndings provide scienti ¢ evidence to paediatric ventilation liberation
practices. Our results challenges commonly used practices of setting a minimum back-up
support from the ventilator as it is often presumed that patients need this. It can be surmised
that a ventilation mode whereas the patient dictate the moment and the amount of ventilatory
support (CSV) is bene cial over the conventional PC-CMV ventilation mode. Furthermore, our

ndings add more evidence that less pressure does not lead to more work of breathing and
can even give better lung aeration, irrespective of ETT size. Weaning should start as soon as the
underlying disease is stabilizing by putting the patient in the lead through switching to a CSV
ventilation mode with less pressure support than clinicians are used to.
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Jefta van Dijk werd geboren op 17 februari 1989 in het pittoreske Harderwijk als jongste zoon
van Jan en Rutha van Dijk. Hij groeide op met zijn twee grote zussen Marije en Debby en ging
naar het Christelijk College Nassau Veluwe in Harderwijk waar hij tot 2008 op het VWO zat. Nadat
hij voor de eerste keer was uitgeloot voor de studie Geneeskunde vertrok hij voor een half jaar
naar Australi® en Nieuw-Zeeland. Gedurende de hele studietijd zou Jefta op wekelijkse basis
terugkeren naar Harderwijk om daar in de horeca te werken.

In 2009 werd hij wederom uitgeloot voor de studie Geneeskunde en begon hij aan de
studie bewegingswetenschappen in Groningen. Na enkele maanden ontstond er alsnog de
mogelijkheid om in te stromen in de bachelor van Geneeskunde. In het daaropvolgende jaar nam
Jefta plaats in het bestuur van Stichting Soci®teit Volontd en bekleedde hij enkele functies binnen
verschillende commissies. In 2013 kwam hij voor het eerst in aanraking met de wetenschap en
had hij een onbezoldigde aanstelling op de kinder - IC van het Beatrix Kinderziekenhuis onder
begeleiding van dr. M.CJ. Kneyber. Dit resulteerde in 2015 in een MD/PhD aanstelling op deze
afdeling waar hij ook zijn wetenschapsstage succesvol afrondde. Rondom deze periode was Jefta
nog in de veronderstelling dat hij kinderarts wilde worden. Na de junior coschappen in het Martini
ziekenhuis in 2016 en de master coschappen in de Isala in Zwolle in 2017 begon de a niteit voor
het vak anesthesiologie te groeien. Het was de semiarts stage in 2017 die Jefta uiteindelijk deed
besluiten voor dit vak te kiezen.

In 2017 behaalde Jefta zijn artsenbul. De twee onderzoekjaren, behorend bij de MD/PhD
aanstelling, werden achtereenvolgend voltooid op de kinder-IC. Dit promotietraject, welke
onder begeleiding stond van dr. M.CJ. Kneyber en prof. dr. AF. Bos, heeft als hoofdonderwerp
de ademarbeid van kinderen tijdens het afbouwen van de beademing. Jefta leidde meerdere
onderzoeken en presenteerde op diverse internationale congressen de resultaten. In 2019 startte
hij als ANIOS op de (volwassen) intensive care van het Isala ziekenhuis in Zwolle (opleider dr. H.
Kieft). In 2020 werd hij aangenomen voor de opleiding tot anesthesioloog welke in 2021 werd
gestartin het UMCG (opleiders drs. M.H. Yntema en prof. dr. JK.G. Wietasch). In het 2¢opleidingsjaar
zat hij in het Tjongerschans Ziekenhuis in Heerenveen (opleider dr. J. Petersen) en inmiddels is hij
gestart aan het derde opleidingsjaar in het UMCG.

Jefta woont samen met Sanne van Dijk en hun twee kinderen Isa en Hugo in Groningen.
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Dankbaarheid wordt wel eens de tegenhanger van negatieve emoties genoemd. Ik zal niet
ontkennen dat ik de afgelopen jaren ook wel eens negatieve emoties heb gehad, dus des te
groter is dan ook mijn dankbaarheid. Dat ik een proefschrift zou schrijven had ik nooit gedacht
toen ik in de bachelor geneeskunde bij Robert Blokpoel aanklopte of hij toevallig nog een
wetenschap project had liggen. Trots ben ik ook dat dit proefschrift af is met prachtige publicaties,
een resultaat van een fantastische periode. Echter was dit niet gelukt zonder de (liefdevolle) steun
en motivaties van vele vrienden en familie, jne samenwerking met collegas en de kennis en
kunde van alle mensen die professioneel betrokken zijn op de kinder-intensive care van het
Beatrix Kinderziekenhuis van het Universitair Medisch Centrum Groningen.

Zonder andere mensen tekort te willen doen wil ik een paar mensen in het bijzonder bedanken.

Beste Martin,

Mijn eerste onderzoek was het noteren van beademingsparameters en pati°®nten data die
opgeschreven waren op bedlijsten door de verpleegkundigen. Tienduizenden ingevulde
parameters later hadden we een manuscript en werd mijn MD/PhD in 2017 goedgekeurd. Jouw
enthousiasme voor wetenschap is aanstekelijk, je kennis bewonderenswaardig en is te prijzen.
Dank voor de kansen die je mij hebt geboden, de hulp en de laagdrempelige edoch kritische
adviezen die je altijd wilde geven, ook al was je aan de andere kant van de wereld. De befaamde
keek-op-de-week op vrijdag was vaak inspirerend, vaker nog een moment van droge en (te)
platte humor. Ik hoop dat we onze samenwerking nog voort gaan zetten en ben er van overtuigd
dat nog veel promovendi onder jouw bevlogen begeleiding zullen volgen.

Beste Prof. Dr. Bos, Beste Arie,

Bij het indienen van mijn MD/PhD werd mij verteld dat jij als promotor ging fungeren. De
(dagelijkse) begeleiding werd door Martin opgepakt, maar toch hield je altijd een vinger aan de
pols. Als buurmannen konden we bij de ko eautomaat de voortgang kort bespreken. Vooral in
de laatste fase van mijn promotie ben ik je kennis en kunde enorm gaan waarderen. De positieve
feedback die je elke keer heb gegeven met constructieve suggesties zorgden ervoor dat ik deze
laatste drukke en stressvolle fase toch heel positief ben doorgekomen. Dank hiervoor!

Beste Robert,

Ik wil jou hier ook speciaal nog even noemen. Jij was het die in mijn bachelor wel bedacht dat
ik iets voor een wetenschap project kon doen. Jaren later is dit het iets wat uit de hand gelopen
resultaat. Dank voor de begeleiding op de vloer, je kritische blik maar ook je out of the box
denken is iets wat ik van je heb mogen leren. Tezamen met je kwaliteiten als clinicus en jne
collega een jaloersmakende combinatie.
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Via deze weg wil ik ook alle leden van de leescommissie, prof. dr. G.H. Koppelman, prof. dr.
M.M.R.F. Struys en prof. dr. D. Tibboel bedanken voor de beoordeling van dit proefschrift.

Koopie, beiden met onze stage wetenschap/scripties op de kinder-IC beland en daar beiden nooit
meer weg gegaan. Ik durf oprecht te stellen dat zonder jouw hulp dit proefschrift er heel anders
had uit gezien, als het er berhaupt al was geweest. Niet alleen omdat jouw immer kritische blik
en de ongezouten verwoording die hierbij kwam menig idee®n heeft afgeschoten voordat ze
goed uit gedacht waren (en vaak ook terecht). De kwaliteiten die jij als technisch geneeskundige
meebrengt zijn goud waard geweest voor mij. [k weet dat je me vaak hebt vervloekt voor weer
een matlab script of polybench vraag dus via deze weg enorm bedankt voor al je hulp en de top
samenwerking. En dan heb ik nog geen eens alle gezellige borrels/ko es benoemd.

Mies, ergens na een jaar van mijn MD/PhD appte ik je of je geen interesse had voor een promotie
plekje bij de kinder-IC. Zo rolde je geruisloos in de wetenschap en in de kinder-IC omgeving. Van
studie vrienden werden we nu ook directe collegas met dezelfde onderzoek struggles, motivatie
problemen maar ook successen. Dank voor al je steun, motivatie en gezelligheid.

Een speciaal bedankje voor de Roomies van de Kinder-IC. Waar ik in mijn eerste jaren op een
verlaten computer op de afdeling mijn onderzoekstijd doorbracht, werd ik in 2019 liefdevol door
jullie geadopteerd. Ik heb menig fellows voorbij zien komen, maar eigenlijk was het altijd gezellig
op de kamer en voel ik me nu nog steeds welkom. De gezelligheid resulteerde ook geregeld in
geen tot weinig output maar de gesprekken, feedback, schouderklopjes en grappen en grollen
heb ik des te meer gewaardeerd. Keep up the good work en nog even wachten en ik kan jullie
statusvoering doen als AlOS anesthesie.

Pauline de Jager, Sander Bontemps, Joke Kieboom, Diana Wolthuis, Hilde Mulder, Jasmijn
Teunissen, Richard Hollander, Jeroen ter Horst en Geanne Krabben wil ik graag hartelijk
bedanken. Vaak kwam ik als chef meten weer vragen of ik nog even een pati®nt kon meten en
werd jullie geduld weer op de proef gesteld. Dank dat jullie mij altijd deze kans wilde geven en
actief mee begonnen te denken of een pati®nt geschikt was voor een studie. Jullie laagdrempelige
benaderbaarheid was voor mij heerlijk om in te werken. Jullie kennis en kunde mogen dan ook
niet verloren gaan voor het hoge noorden.

Niet minder belangrijk, ook alle verpleegkundigen/ventilation practitioners/ zorgassistentes/
secretaresses van de kinder-IC heel erg bedankt voor jullie ondersteuning en bereidwilligheid
ten aanzien van alle onderzoeken. Ik ben me altijd zeer bewust geweest dat ik veel van jullie
pati®nten vroeg en dat jullie verpleegkundige hart dit niet altijd waardeerde. Dank hiervoor! Een
speciale dank naar de Coach van het Jaar deelnemers. Dit spelletje heb ik soms wetenschappelijk
benaderd en heeft me uren (nuttige) onderzoekstijd gekost. Maar goed, het leverde mij wel altijd
een top-3 klassering op.
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Lieve Sandra, onderzoeksverpleegkundige van het eerste uur. Het maakte niet uit hoe laat of
hoe veel pati®nten er werden ge ncludeerd. Altijd wilde je helpen en probeerde je waar kon te
ondersteunen. Je deur stond (letterlijk) altijd open voor iedereen met als resultaat dat de dropjes
voor de heren in een naaldencontainer bewaard moesten worden. Zonder jouw hulp waren veel
van de projecten niet zo precies en nauwkeurig gedocumenteerd als dat ze nu zijn. Het Beatrix
kinderziekenhuis heeft er een topper bij!

Een statistisch wonder zal ik nooit worden en daarom was ik ook altijd blij als jij mijn artikelen
toetste voor correctheid. Hans Burgerhof dank voor je kritische blik en het interpreteren van de
statistische uitkomsten in het kader van de klinische boodschap. Je suggesties waren altijd to-
the-point en nooit alleen maar op het gebied van statistiek. Ook een speciaal dankwoord aan Roy
Stewart, ik kon je altijd bellen/mailen. Ondanks dat je niet direct aan onze afdeling gekoppeld
was vond je het geen probleem om SPSS scripts te (her)schrijven. Dank!

Prof.dr.G tz Wietasch en drs. Martine Yntema wil ik ook graag bedanken. De einddatum van de
promotie stond initieel voor de start van mijn opleiding tot anesthesioloog. Eenmaal begonnen
aan de opleiding was de combinatie met de wetenschap een (grote) uitdaging. Dank dat jullie als
opleiders daar waar kon mij de kans en tijd gaven om aan mijn promotie te werken.

Natuurlijk mag in dit rijtje ook dr. Jan Petersen (en consorten) als opleider in het Tjongerschans
Ziekenhuis in Heerenveen niet ontbreken. Alles was (is) altijd mogelijk bij jou/jullie. Wat heb ik een
schitterend perifeer jaar gehad in het altijd mooie Heerenveen. Een fantastische afdeling met stuk
voor stuk top collegas!

Veel van ons zitten allemaal in een soortgelijk schuitje en wat is het dan jn om soms even je hart
te kunnen luchten of een ko e/biertje te pakken. Kortom, ook mijn directe collega AIOS van de
anesthesiologie bedankt! In het speciaal Alice en Paula, op hetzelfde moment begonnen aan de
opleiding en alle 3 druk met van alles en actueel alle drie in een ander moment van de opleiding.
Hopelijk mogen we later in de opleiding ook nog samenwerken. Ronald, mijn carpool buddy
in Heerenveen. Niets jner om in de auto van en naar het Tjongerschans de vrouw(en) en/of
kinderen te bekritiseren, dank hiervoor! (Ze lezen dit toch niet)

Heel groen en milieu verantwoord volbracht ik mijn fulltime onderzoekjaren door 145km heen
en 145km terug naar Harderwijk te rijden. Gelukkig mocht ik 1 of 2 avonden in de week aan
de Phebenstraat doorbrengen. Niets jner om na een dag computer scherm dit nog even af
te toppen met de nodige FIFA potjes. Jan en Kau e, aan de Moesstraat woonden we samen
en werd ik toegelaten tot de MD/PhD. Aan de Phebenstraat begonnen jullie aan een promotie
traject en hebben jullie deze intussen succesvol afgerond. Dank dat ik altijd op jullie slaapbank
mocht slapen.
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Lief bestuur van Volontg (Pieter, Thomas, Jorn, Marieke en Laura), ooit begonnen we onwetend
aan iets wat later een fantastische vriendschap is geworden. De promoties, trouwerijen, geboortes
zijn bijna niet meer op @@n hand te tellen, laat staan de zwangerschappen. Samen met Hester,
Nadine, Lars, Inge, Jinte, Paul, Lise, Mark en Hugo hebben we een groep die onze verhuizing
naar Groningen als een warm bad heeft doen laten voelen.

Met de start van de opleiding veranderde ook de woonplaats. Het (bijna) wekelijkse wijntje
veranderde in een maandelijkse of kwartaal wijntje, maar wat in het (wijn)vat zit verzuurt niet. De
vriendschap met jullie als wijnmatties is gelukkig veel meer dan alleen wijn. (Beetje dan)

Natuurlijk zijn jullie hier al eerder genoemd als huisgenoten maar ik kom er niet onder uit om
jullie als paranimfen ook nog te bedanken. Pieter en Thomas, vanaf de Volontd tijd op en af
samengewoond en allemaal hetzelfde traject gevolgd met het uiteindelijke doel van chirurg of
anesthesioloog. Onwijs trots ben ik op jullie hoe jullie dit zo snel hebben volbracht en des te blijer
dat jullie mij hier in hebben kunnen voorlichten en informeren. Dank voor jullie inzet en hulp
omtrent dit promotie traject.

Lieve Wim, Eva en Monte en Kevin en Lotte. Geen betere zwagers of schoonzusjes had ik mij
kunnen wensen. Jullie staan altijd klaar voor ons of de kids en weten ook nog eens bijzonder
goed hoe we een borrel of feestje moeten geven. Top schoonfamilie!

Jan en Marjan, dank voor alles wat jullie voor mij, San en de kinderen betekenen. Jullie
onvoorwaardelijke liefde en oprechte interesse naar mijn studie, onderzoek of werk (ook al
snappen jullie het begrijpelijkerwijs niet altijd) is hartverwarmend.

Tom, Mirjam, Sarah en David. Ook al zien we elkaar niet op structurele basis staan jullie altijd voor
ons klaar als het nodig is. Dank hiervoor.

Lieve Bjorn en Debby en Berry en Marije, als grote zussen hebben jullie de weg voor mij geplaveid
en mocht ik thuis toch iets meer. Daar waar jullie leven in en rondom Harderwijk is gebleven,
heb ik de nodige omzwervingen gemaakt. Maar ook vanuit het hoge noorden is het altijd goed,
ondanks dat we niet wekelijks de deur platlopen of non-stop bellen. Samen met de mannen
hebben jullie prachtige gezinnen. Want Timo, Viggo, Jens en Romee zijn vanaf hun geboorte
altijd speciaal voor mij/ons geweest. Van baby af tot aan volwassen mannen die intussen bijna
net zo groot zijn. Stuk voor stuk lieverds van kinderen, die hopelijk ook hun dromen mogen gaan
najagen.
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Lieve Pa en Ma, nu het boekje er is en jullie dit kunnen lezen wordt iets ongrijpbaars dan hopelijk
toch een beetje tastbaar. Altijd wilden jullie weten hoe het stond met het onderzoek ondanks
dat het al meerdere keren was uitgelegd. Ik neem jullie dit absoluut niet kwalijk want ik snapte
er soms zelf ook niet zoveel meer van. Ik wil jullie bedanken voor de mogelijkheden die jullie mij
hebben geboden om te gaan studeren en om uiteindelijk te mogen worden wat ik wil. Jullie
onvoorwaardelijke steun en liefde voor mij, Sanne, Isa en Hugo is mij heel veel waard. Dank!

Liefste Isa en Hugo, Boer Boris of de Gru alo zal het de aankomende jaren nog wel winnen van
dit boekje als er iets voorgelezen moet gaan worden. Wellicht dat dit boekje ooit eens wordt
afgestoft voor een verhuizing naar een studentenkamer of iets dergelijks. Ik hoop dat jullie gaan
doen waar jullie ter zijner tijd gelukkig van worden en weet dat wij altijd jullie zullen steunen zoals
mijn ouders dat ook hebben gedaan.

Lieve San, last but zeker not least. Gedurende mijn promotie traject hebben we twee kinderen
gekregen, ben ik aangenomen voor de opleiding tot anesthesioloog, zijn we twee keer verhuisd
waarvan de laatste keer van het vertrouwde Harderwijk naar Groningen. (Met voorafgaand elke
keer een kleine verbouwing). En of het nog niet genoeg was in Oktober 2022 nog getrouwd. Je
hebt me soms (terecht) een schop onder mijn kont gegeven om het af te maken maar ik heb me
altijd gesteund gevoeld. Ik hou van je!

183



	Lege pagina
	Lege pagina

