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Introduction

Acute respiratory distress syndrome (ARDS), is an acute life-threatening 
pulmonary condition.1 The term acute lung injury (ALI) encompasses both mild 
and severe ARDS, but has become obsolete recently. In ARDS, the permeability 
of alveolar epithelial and endothelial barriers is increased, due to inflammation 
and cell death.2 This results in severe hypoxemia and respiratory failure. There 
is no specific treatment available for ARDS, despite numerous experimental 
and clinical trials. Only lung-protective mechanical ventilation and restricted 
fluid administration have been shown to substantially reduce mortality in large 
randomized controlled trials (RCTs) in adults.3-5 
 In comparison to adults, ARDS is relatively uncommon in the pediatric 
population. Nevertheless, mortality in pediatric ARDS is estimated to be around 
20%.6-8 Mortality in adults is declining in recent years, but is still around 30%.9 
The differences in incidence, morbidity and mortality between children and adults 
are intriguing. There are several potential explanations. First of all, the clinical 
definition of ARDS might not be specific enough to describe a single disease 
entity. Secondly, the events triggering ARDS may influence the course of ARDS. 
Indeed triggers of adult and pediatric ARDS can be very different. Although 
conditions such as pneumonia, sepsis, aspiration and trauma may trigger ARDS 
in both children and adults,6 a large proportion of pediatric ARDS is attributed 
to respiratory syncytial virus (RSV) infections, which have a relatively benign 
course.10 Finally, host characteristics might be of importance in explaining 
differences in ARDS between adults and children. In this context, besides age, 
other host factors that play an important role in modulating the risk for ARDS and 
its course might differ between adults and children.
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Summary

The principal aim of this thesis was to investigate the importance of host factors 
in modulating the risk for developing ARDS and modulating disease severity in 
children.
 In Chapter 2, we confirmed our clinical observation that children with 
Down syndrome (DS) are at increased risk for developing ARDS. We found a 
very high incidence of 58% of ALI and 46% of ARDS in mechanically ventilated 
children with DS that was associated with high morbidity, including prolonged 
need of mechanical ventilation. Despite the high incidence and morbidity of 
ARDS we found no mortality in our population of children with DS. Although 
this remains speculative, it might be possible that children with DS are more 
susceptible to develop ARDS upon exposure to less severe underlying conditions, 
without concomitant mortality. 
 We formulated several hypotheses to explain the increased incidence of 
ARDS in DS. In DS, regulation of inflammation and apoptosis, both important in 
ARDS pathophysiology, are abnormal.11-12 This has been linked to an imbalance 
in free radical scavengers.13-14 Interestingly, apoptosis is also an important 
physiological process in normal fetal lung development.15 In DS, normal fetal lung 
development is disrupted.16-18 Whether a dysregulation of apoptosis in the fetal 
pulmonary system plays a role in this early disruption of lung development had 
not been investigated.
 In Chapter 3, we hypothesized that in DS fetal pulmonary epithelial 
cells have an increased tendency to undergo apoptosis. Lung tissue sections from 
autopsies of 21 fetuses with DS and 12 controls were stained with antibodies 
against the epithelial marker pan-cytokeratin and apoptosis marker activated 
caspase-3. We showed that the expression of activated caspase-3 in the pulmonary 
epithelial cells of DS fetuses does not significantly differ from that in control 
fetuses. These results suggest that it is not likely that a higher intrinsic level of 
apoptosis contributes to the higher risk of acute lung injury in DS. As a secondary 
finding, we found a difference in the development of epithelial layers between DS 
and controls. In controls there is an increase in epithelial cells together with the 
appearance of saccular morphology. This increase is not present in DS. 
 In order to explain the increased risk for ARDS in DS we proceeded to 
investigate the expression of free radical scavengers and the effect of oxidative 
stress in terms of apoptosis and inflammation in respiratory epithelium from 
children with DS. This study is described in Chapter 4. We cultured primary 
nasal epithelial cells (PNECs) from 12 children with DS and 17 controls and 
used these cells as a model for lower respiratory tract epithelial cells. First we 
showed that the expression of the free radical scavengers CuZn-superoxide 
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dismutase (SOD1) was higher in DS compared to controls, and the expression 
of catalase and glutathione peroxidase (GPX) was lower in DS compared to 
controls. However, despite this imbalance in free radical scavengers, we found 
no significant difference in apoptosis and inflammation between DS and controls 
after exposure to oxidative stress. To our best knowledge, this is the first report on 
expression of SOD1, catalase and GPX in respiratory epithelium in DS. There are 
also no previous reports on the effect of oxidative stress exposure on respiratory 
epithelium in DS. 
 In response to findings in adults with ARDS that high plasma C-reactive 
protein (CRP) levels are associated with favorable outcome,19 we investigated 
this relation in our pediatric population with ARDS. Paradoxically, CRP levels are 
generally used as a biomarker for systemic inflammation, and higher values are 
associated with adverse outcomes.20 The association between CRP levels and 
outcome has not yet been investigated in children with ARDS. In Chapter 5, 
we describe a historical cohort study of 93 mechanically ventilated children with 
ARDS. The CRP level within 48 hours of disease onset was tested for association 
with 28-day mortality and ventilator-free days (VFDs). Cardiovascular organ 
failure (CVOF) at onset of ALI was the strongest predictor for mortality. After 
adjustment for CVOF, for every 10 mg/L rise in CRP level, the odds (95% CI) 
for mortality increased 4.7% (-2.7%-12.6%, p=0.22). Increased CRP levels 
were associated with a decrease in VFDs. Thus, we did not show an association 
between increased plasma CRP levels in ARDS in children and favorable outcome 
in terms of mortality and VFDs. In fact, we showed that increased CRP levels in 
ARDS in children are weakly associated with a decrease of VFDs. However, this 
finding could not be adjusted for confounding, and thus should be interpreted 
with caution. In clinical practice, CRP levels are not useful to identify children at 
risk for severe outcomes in ARDS. 
 In Chapter 6, the association between polymorphism of the angiotensin-
converting enzyme (ACE) gene and outcome in respiratory syncytial virus (RSV)-
induced ARDS is described. Evidence indicates that the renin-angiotensin system, 
with ACE being its key enzyme, plays an important role in the pathogenesis of 
ARDS.21 The D allele of the I/D polymorphism in the ACE gene has been associated 
with an enhanced susceptibility to, and worse outcome of ARDS in adults.22 We 
hypothesized that the development and the course of ARDS due to RSV infection 
in children is associated with the D allele. ACE genotyping was performed in 51 
children who were mechanically ventilated for severe RSV infection. ACE activity 
and markers for severity of inflammation were measured in bronchoalveolar lavage 
fluid (BALF). We did not find an association between the I/D polymorphism in the 
ACE gene and predisposition to and severity of RSV-induced ARDS in children. 
For the first time, the ACE genotype was linked to measured BALF ACE activity 
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and levels of inflammatory mediators. ACE activity and levels of inflammatory 
mediators in BALF were similar for the different genotypes in the RSV patients. 
While in adults, ACE genotype has an association with outcome in ARDS, this 
association is not present in RSV infection-induced ALI in children. This might be 
explained by a difference in ARDS pathophysiology between children and adults, 
either caused by age of the host, or by characteristics of the event triggering 
ARDS.
 In contrast to adults, RSV infection is an important cause for ARDS in the 
pediatric population.10 Studies in adults and animals suggest that tumor necrosis 
factor (TNF) receptor ligands may mediate lung injury by causing apoptosis of 
epithelial cells.23-25 In Chapter 7, we describe a study to determine whether 
the TNF-related apoptosis-inducing ligand (Apo2L/TRAIL) pathway may be 
implicated in epithelial injury during severe RSV infection in children. We found 
elevated levels of soluble (s)TRAIL in BALF of children (n=22) with RSV-induced 
respiratory failure compared to controls (n=7). Primary bronchial epithelial cells 
(PBECs) of children without pulmonary disease obtained by non-bronchoscopic 
cytobrushing expressed both death receptors TRAIL-R1 and TRAIL-R2, and were 
found to be susceptible for cell death by human recombinant sTRAIL in vitro. 
Furthermore, BALF from a patient with RSV infection induced cell death in PBECs, 
which was partly attenuated by inhibiting TRAIL signaling. These data suggest 
that the TRAIL pro-apoptotic pathway, which mediates lung injury in adult ARDS, 
may also contribute to lung epithelial injury in severe RSV infection in children.
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General Discussion

The principal aim of this thesis was to investigate the importance of host factors 
in modulating the risk for developing ARDS and their effect on disease severity 
in children.
 We found that children with Down syndrome are at increased risk to develop 
ARDS. We hypothesized that either an increased level of intrinsic apoptosis, or an 
increased sensibility for oxidative stress derived injury might explain this finding. 
We theorized that an imbalance in cytoplasmic free oxygen radical scavenger 
would lead to increased oxidative stress resulting in an increased level of apoptosis 
and inflammation in respiratory epithelium that might contribute to the increased 
risk of ARDS in children with Down syndrome. Such an imbalance has been shown 
in DS neutrophils, erythrocytes and in DS fetal cerebral cortex.26-28 However, our 
hypotheses did not hold true in the models we used to test them. Therefore, 
based on our results there is no rationale to study the efficacy of anti-oxidants 
or even anti-apoptotic drugs in children with Down syndrome admitted to the 
pediatric intensive care unit in order to prevent the development of ARDS. Even 
so, in the general population, anti-oxidants failed to have a beneficial effect in 
ARDS, and in some studies, even seemed to be harmful.29 

 We did not investigate other proteins that have been associated with 
oxidative stress and disease in DS, such as ETS-2, APP and DSCR1.30 However, 
we studied an endpoint of the effect of oxidative stress: apoptosis and necrosis, 
and found no difference between DS and controls. It therefore does not seem 
likely that these proteins play a decisive role in the effect of oxidative stress on 
respiratory epithelial cell death in DS. Nevertheless, many other theories might 
explain the characteristics of ARDS in DS: high incidence, low mortality. For 
instance, the function of the innate immune system is altered in DS. Decreased 
phagocytic capabilities and increased neutrophil apoptosis have been described 
in DS, but results vary between studies.14,31-32 Increased neutrophil apoptosis  
attenuates the inflammation reaction in ARDS. Furthermore, phagocytosis of 
apoptotic neutrophils reduces proinflammatory cytokines and increases release 
anti-inflammatory mediators.33-34 Thus, reduced phagocytosis in the presence 
of increased neutrophil apoptosis might prolong or intensify inflammation in DS 
ARDS.
 An intriguing concept is that of mitochondrial hibernation. It is proposed 
that some cells are capable of reducing metabolism in times of sub-lethal oxygen 
deprivation. This result in organ dysfunction, but prevents death. Early organ 
failure, but favorable survival are characteristic of critically ill children with 
DS.35 This adaptative “hibernation” response is mediated at the level of the 
mitochondrion. Abnormalities within the duplicated chromosome 21 (specifically, 
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in the Down syndrome critical region gene 1 short variant), have been shown to 
influence the mitochondrial response to stress.36

 As a next step in unraveling the reason why children with DS more 
readily develop ARDS we propose to analyze in vivo markers for inflammation 
and apoptosis in BALF or exhaled breath condensate (EBC) in children with DS 
and ARDS compared to controls. The inflammatory cells harvested from BALF 
might show differences in leukocyte functions as described above. However, 
exhaled breath condensate would be easier to collect and thereby increase 
study feasibility. Also, markers of oxidative stress, such as 8-isoprostane, can be 
measured in EBC.37

 Furthermore, the role of  the endothelial cell in DS might be interesting 
in the context of increased incidence of ARDS in DS. Endothelial alteration or 
dysfunction might be of importance in DS ARDS, as suggested by histopathological 
differences in alveolar vascularisation and increased tendency for pulmonary 
hypertension in DS.38-39

 It is important to realize that even if future studies would gather evidence 
to explain the high incidence of ARDS in DS and a treatment option would be 
proposed, it would be a challenge to perform a RCT in children with DS and 
ARDS, as the absolute number of children with DS on intensive care units is small. 
Even in pediatric ARDS as a whole, conducting clinical trials is challenging, due 
to the diverse population, infrequent mortality, and short duration of mechanical 
ventilation in children as compared to adults.40 Therefore, it is important that 
clinical and scientific cooperation between pediatric intensive care units is 
intensified and professionalized. This might lead to scientific networks that have 
been successful in other fields, such as the Neonatal Research Network, or the 
ARDS Clinical Network in adults. Probably, the formation of such networks should 
have priority above individual efforts to elucidate ARDS pathogenesis in isolated 
research groups.
 It is of great importance that further trials in children will be performed. 
At present, the amount of publications in adult ARDS exceeds the number of 
publications on pediatric ARDS approximately fourteen times. The studies in this 
thesis support the concept that pathophysiology in ARDS is not readily comparable 
between adults and children. Therefore, the assumption that clinical findings in 
adults can be extrapolated to children might be erroneous. For example, lung-
protective ventilation is widely adapted in pediatric ARDS after it was shown in 
adults that it reduces mortality. However, in a retrospective study, Erickson et al. 
showed that the use of higher tidal volumes in children with ALI was associated 
with reduced mortality.41 Nevertheless, it is unlikely that a RCT on lung-protective 
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ventilation will ever be performed in children because of ethical constraints 
associated with exposing children to a ventilation strategy that has been proven 
harmful in adults.42 
 In both our study on CRP levels and outcome in ARDS and a similar study 
in adults,19 age was associated with increased mortality. This finding has been 
reproduced in both adult and pediatric studies, again underscoring the importance 
of age with regard to ALI/ARDS.41,43

 It would be an oversimplification to assume that only pulmonary differences 
between adults and children are responsible for the differences in ARDS between 
them. Indeed, the pediatric lung is very different from the adult lung. Infants 
have much less alveoli (20 million compared to 300 million in adults) that are 
half the size of adult alveoli. Also, the growth of distal airways lags behind the 
growth of proximal airways in the first years of life, resulting in a relative increase 
in peripheral airway resistance. The increased compliance of both the peripheral 
airways and the chest wall can easily lead to airway collapse. All these differences 
make the pediatric lung more prone to loss of airway patency and increase the 
chance of respiratory failure.44 So, the reduced incidence of ARDS does not seem 
to be explained by characteristics of the lung in childhood. However, in ARDS, other 
organ functions, such as coagulation and immune responses play an important 
role in its pathophysiology. Those organ functions are age-dependent as well.45 
Interestingly in this regard, there exist not only differences between adults and 
children, but also between children and infants. Furthermore, comorbidities such 
as metastatic cancer, chronic renal insufficiency, liver failure and HIV infection are 
significantly associated with mortality in adults with ARDS.46 Such co-morbidities 
are less likely to occur in children.
 As a starting point, it would be of great interest to compare immune 
responses between neonates, children, and adults with ARDS. When comparing 
those groups, an interesting aspect would be macrophage function as it has been 
shown that after lipopolysaccharides (LPS) stimulation, the macrophage reacts in 
a more anti-inflammatory fashion in children compared to adults.47

 The downside of such a comparison would be that it remains questionable 
whether ARDS in adults themselves is not too heterogeneous a disease, and a 
comparison with children might not be feasible. Therefore, ideally, one should 
compare previously healthy adults and children, suffering from ARDS due to the 
same trigger and include controls of the same age without ARDS. Also, group age 
definitions might be of great importance, as at a given age, immune responses 
might have become adult like, whilst respiratory physiology is not. Even the 
definition of adult is not clear cut, as the effect of age on prognosis continues to 
exist in adulthood. Thus, there might be pathophysiological differences between 
young adults and the elderly. The ARDS research group of the Emma Children’s 
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hospital/AMC is exploring this field using various animal models, and is setting 
up collaborative projects with both the adult intensive care unit and the neonatal 
intensive care unit.
 Currently, an international expert group is preparing a pediatric definition 
for ARDS.48 This might reduce the misdiagnosis of relatively benign pediatric 
diseases as being ARDS. Unfortunately, a different definition for pediatric ARDS 
compared to adults will hamper any comparison between the two groups. What is 
needed is an easily collectable marker for diffuse alveoli injury, to distinguish true 
histopathological ARDS at the bedside in both adults and children.
 It is doubtful if both basic and clinical research into ARDS will ever be 
successful as long as host factors are neglected. In intensive care medicine, the 
use of acronyms such as ARDS is to some extent the result of a desire to harness 
heterogenic syndromes. Acronyms transform population heterogeneity magically 
into syndrome homogeneity. The homogeneity of the syndromes is comforting 
but partly imaginary, so it is hardly surprising that specific treatments given to 
non-specific conditions consistently fail.49 

 In this view, studies in patients or primary materials, as used in our 
studies, add much to the information gathered from animal studies. Although some 
important discoveries in ARDS research have been made using animal models 
and cell lines, these models introduce a whole new level of host heterogeneity, 
namely interspecies heterogeneity. Furthermore, most animal models are based 
on one, or, at most, two methods to cause injury. However, ARDS in humans is 
associated with complex interactions between primary risk factors, comorbidities 
and host factors, such as genetic determinants.50

 Following this rationale, it would be pragmatic to focus further research 
into pediatric acute lung injury to a homogenous population, for instance RSV-
induced ARDS, and do this in an international collaborative effort. As RSV is one 
of the most frequent causes for ARDS in children, progress in this field, would be 
of great importance to lower morbidity in pediatric ARDS as a whole.
 To grasp the true impact of ARDS on pediatric health, it is essential 
that long-term follow-up studies are performed, as those are currently missing. 
Without those studies, one could postulate that pediatric ARDS is, when survived, 
a rather insignificant event.  

In conclusion, we found that Down syndrome is an important risk factor for 
developing ARDS in children, but the reason why remains to be elucidated. In 
addition, we found several differences between adult and pediatric ARDS. The 
association between CRP levels and outcome of ARDS is not alike in children and 
adults. Also, ACE polymorphism is a risk factor in adult ARDS, but not in children. 
Despite the usefulness of a clinical definition of ARDS in protocols for treatment 
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and trial recruitment, it may result in a heterogeneous array of underlying 
pathophysiology, which may attribute to the relatively sparse progression in 
understanding and treatment of ARDS. 
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