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Abstract

It is well established that mechanical ventilation can injure the lung, producing an entity known as 

ventilator-induced lung injury (VILI). There are various forms of VILI, including volutrauma (i.e., 

injury caused by overdistending the lung), atelectrauma (injury due to repeated opening/closing of 

lung units), and biotrauma (release of mediators that can induce lung injury or aggravate pre-

existing injury, potentially leading to multiple organ failure). Experimental data in the pediatric 

context are in accord with the importance of VILI, and appear to show age-related susceptibility to 

VILI, although a conclusive link between use of large Vts and mortality has not been 

demonstrated in this population. The relevance of VILI in the pediatric intensive care unit 

population is thus unclear. Given the physiological and biological differences in the respiratory 

systems of infants, children, and adults, it is difficult to directly extrapolate clinical practice from 

adults to children. This Critical Care Perspective analyzes the relevance of VILI to the pediatric 

population, and addresses why pediatric patients might be less susceptible than adults to VILI.
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Mechanical ventilation is one of the most common indications for admission to a pediatric 

intensive care unit (PICU), with up to 64% of admitted children requiring ventilation for at 

least 24 hours (1, 2). Mechanical ventilation is life saving, but numerous experimental and 

clinical studies have shown that it can induce lung injury, leading to potentially irreversible 

structural and functional damage (3–8), a concept known as ventilator-induced lung injury 
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(VILI) (6, 9). Major mechanisms underlying VILI include: (1) barotrauma and volutrauma 

due to alveolar overdistension; (2) atelectrauma due to ventilation at low lung volumes; and 

(3) biotrauma with release of mediators in the lung (7) that can have local and systemic 

consequences. The importance of VILI in adults was underscored by a landmark clinical 

trial demonstrating that a lung-protective strategy using low Vt (i.e., 6 ml/kg predicted body 

weight [PBW]) was associated with improved survival compared with a high Vt (i.e., 12 

ml/kg PBW) in patients with acute respiratory distress syndrome (ARDS) (10, 11).

The practice of using low-Vt mechanical ventilation in children has been readily adopted 

since the publication of these trials (12), despite the many differences in physiological and 

immune systems between children and adults (13). However, the clinical impact of using 

such a strategy in the pediatric population has not been well investigated. This Critical Care 
Perspective addresses the current practice of bedside management in ventilated pediatric 

patients, and analyzes the differences between pediatric and adult patients with respect to the 

susceptibility to VILI.

Animal Studies Relevant to the Pediatric Context

Mechanical ventilation has been shown experimentally to induce inflammatory responses in 

preterm fetal sheep and baboons (14–16). Similarly, in pediatric rodent models, mechanical 

ventilation can induce VILI in healthy lungs and exacerbate lung injury when Vts greater 

than or equal to 20 ml/kg are used (17–20). Cannizzaro and coworkers (17) found that 

ventilation with Vt of 20 ml/kg with or without positive end-expiratory pressure (PEEP) was 

deleterious by two separate mechanisms (i.e., loss of lung volume without PEEP and 

overstretching of lung units when inadequate PEEP was applied). Ventilation with Vt of 25 

ml/kg of LPS-primed lungs from newborn rats resulted in a synergistic effect on cytokine 

responses and led to more severe histological lung injury (20).

Other than the inflammatory responses, ventilation with a Vt greater than or equal to 20 

ml/kg also reduced pulmonary expression of genes and proteins, such as vascular endothelial 

growth factor -A or platelet-derived growth factor–A, that are critical for lung growth and 

development, resulted in increased elastin synthesis coupled with increased elastase activity, 

epithelial apoptosis, and reduced lung abundance of proteins, such as lysyl oxidases and 

fibrillins regulating elastic fiber elasticity (18, 21). Of note, a recent study employing 4- to 

8-day-old healthy rats reported a transient improvement in compliance after 3 hours of 

mechanical ventilation with Vt 40 ml/kg without PEEP; however, compliance alone is not an 

adequate measure of lung injury (19).

Young Animals Are Less Susceptible Than Older Animals to VILI

Given that the weight of experimental evidence suggests that mechanical ventilation with 

supraphysiologic Vts is also injurious in pediatric animal models, it is interesting to compare 

the occurrence of VILI in pediatric and adult animal models (Table 1). Copland and 

coworkers (22) were the first to compare the effects of supraphysiologic Vt ventilation on 

pulmonary injury and cytokine messenger RNA expression in an in vivo model of healthy 

newborn (i.e., 5–8 d old) and adult (i.e., 3–4 mo old) rats. The rats were randomized to 
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receive no mechanical ventilation or ventilation using a Vt of 25 or 40 ml/kg without PEEP. 

A low-Vt group (i.e., Vt < 10 ml/kg) was not included. After 3 hours of mechanical 

ventilation (MV), adult rats displayed a more profound decrease in respiratory system 

compliance, greater numbers of inflammatory cells in alveoli or interalveolar septa, and 

more cytokine messenger RNA responses including IL-1β, macrophage inflammatory 

protein (MIP)-2, IL-6, IL-10, and TNF-α, as compared with newborns.

This study would appear to show that adult lungs are more susceptible to VILI than 

newborns, but it is important to understand that the injurious stimulus was likely different in 

both groups. As in many studies, the authors used Vts that were based on body weight. This 

approach makes sense as a means of normalizing Vt as long as lung size is proportional to 

body weight. However, the relationship between lung volume and body weight varies greatly 

between the immature lung and the mature lung. For example, the ratio of FRC to body 

weight averages about 47 ml/kg in the newborn rat compared with about 13 ml/kg in the 

adult rat (23). In addition, the ratio of total lung capacity (TLC) to body weight is 

significantly larger in infant than in adult rats (24). As a consequence, lung stresses would be 

different between infant and adult rats for a given Vt normalized to body weight. Hence, the 

data of Copland and coworkers cannot be taken to indicate greater susceptibility to lung 

injury in the adult compared with the infant, as the injurious stimulus, and hence lung stress, 

was, in fact, greater in the adult rats.

Kornecki and coworkers (24) used an ex vivo nonperfused model of healthy lungs obtained 

from rats of three different age groups (infant [26 d]; juvenile [5 wk]; adults [12 wk]). After 

1 hour of MV with a Vt of 30 ml/kg, there was a more profound reduction in TLC and 

histological evidence of lung injury in the adult compared with infant rat lungs. These data 

are subject to the same criticisms as for the Copland study, as Vt was normalized to body 

weight (22). However, Kornecki and colleagues also used Vts that were normalized to 

baseline TLC (i.e., Vt set at 50% of TLC), which would address this criticism, and found 

greater susceptibility to injury in the adult rats. Based upon their findings, the authors 

concluded that the age-related susceptibility to VILI could be explained by intrinsic 

properties of the developing lung. Smith and coworkers (25) examined the impact of 3 hours 

of MV (Vt of 15 ml/kg) in juvenile (21 d) and adult (16 wk) C57BL/6 mice treated with 

aerosolized LPS. Juvenile mice showed a significantly lower number of polymorphonuclear 

cells and lower total protein content in bronchoalveolar lavage. There was also a lower 

concentration of IL-1β and IL-6 in whole infant lung homogenates.

However, the age-related susceptibility to VILI has been challenged by one group of 

investigators. Chan and colleagues (26) observed increased coagulopathy—a finding 

commonly seen in pulmonary inflammatory diseases—in newborn (i.e., 5–8 d) compared 

with adult (age unspecified; weight, 300 g) rats after 1 hour of MV with Vt 30 ml/kg. 

Furthermore, newborn rats demonstrated higher concentrations of Factor Xa in lung lavage 

material than adult rats. This suggests that injurious MV may also be associated with 

deleterious effects in the newborn rat, although their findings have not as yet been confirmed 

by others.
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Is VILI Relevant to the Pediatric ICU?

It thus appears that the development of VILI is not limited only to adults, and there appears 

to be an age-dependent relationship. The obvious question is whether VILI is clinically 

relevant in the pediatric ICU using the range of Vt and PEEP levels commonly used. Plötz 

and colleagues (27) observed profound pulmonary inflammatory responses in 12 infants 

without pre-existing lung injury who received 2 hours of elective ventilation using a Vt of 10 

ml/kg. However, no control group was included in this study, so it is possible that their 

observations may be explained by other factors related to the procedure for which they 

required ventilation.

To date, there is a lack of randomized, controlled clinical trials assessing low versus high Vts 

in children with ARDS. However, two groups of investigators compared the impact of 

changes in ventilation practice on outcomes in pediatric patients (Table 2) (28, 29). Albuali 

and coworkers (28) compared the bedside management of patients with ARDS in two 

periods before (n = 79 patients) and after (n = 85 patients) the ARMA trial. The mean Vt 

significantly decreased between the two periods, from 10.2 (±1.7) to 8.1 (±1.4) ml/kg 

measured body weight. Multivariate analysis showed an independent association between Vt 

and mortality (e.g., lower Vt led to lower mortality: odds ratio [OR] = 1.59; 95% confidence 

interval [CI] = 1.20–2.10) after adjusting for disease severity, ventilator settings, and the use 

of high-frequency oscillatory ventilation. Briassoulis and coworkers (29) performed a 

similar study, including patients with ARDS, status asthmaticus, or bronchiolitis. After the 

introduction of a low–volume–pressure ventilation strategy, the mean (±SE) Vt decreased 

significantly, from 12.1 9 (±0.7) to 9.0 (±0.5) ml/kg. The mean peak inspiratory pressure 

(PIP) also decreased from 34 (±1.5) to 29.6 (±1.2) mm Hg. These changes were associated 

with a significant decrease in mortality, likely linked to decreased lung stretch. It may very 

well be that limiting inspiratory pressures is more beneficial. The findings by Briassoulis 

and colleagues are in line with two other pediatric observational studies showing a 

relationship between high PIP and mortality (30, 31).

These studies would suggest that lower Vts are beneficial; however, there are a number of 

caveats. First, given the before–after design of these studies, other factors related to medical 

care may have improved over time, and may have contributed to the improved mortality 

(32). Second, observational clinical studies examining the relationship between Vt and 

mortality have reported opposing results (Table 1) (30, 31, 33–35). Two of these studies 

(enrolling 320 and 117 patients) were designed as prospective studies in patients with acute 

lung injury according to the North American–European Consensus Conference criteria (30, 

33). Mortality rates ranged between 22 and 35%. Flori and colleagues (33) did not identify 

an independent association between Vt and mortality. Erickson and colleagues (30) reported 

a negative relationship between either the highest Vt (OR = 0.79; 95% CI = 0.77–0.94) or 

median Vt (OR = 0.82; 95% CI = 0.67–0.99) and mortality, irrespective of age or after 

controlling for disease severity (i.e., lowest PaO2:FiO2 ratio). This suggests lower mortality 

with higher Vt. Similar findings were made in a number of retrospective studies (31, 34, 35). 

Particularly noteworthy is the study from the Chinese Pediatric Intensive Care Network (34). 

They reported data from 461 patients diagnosed with acute hypoxemic respiratory failure; 

306 of these patients developed ARDS. The median PaO2/FiO2 was 115 (25–785; 
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interquartile range = 76–168) indicating a severely ill population. Mortality rates were very 

high (46.1%). The median Vt was 8.8 ml/kg (25–75; interquartile range = 6.7–10.4). 

Survival rates were comparable between patients managed with a Vt of 8 ml/kg or less and 

greater than 8 ml/kg. These observations mirror the three negative adult randomized trials, 

where, in the protective, arm patients received Vts of roughly 7 ml/kg compared with 

roughly 10 ml/kg in the traditional arm (36). Third, many investigators have studied 

heterogeneous patient populations with respect to age and disease severity, ranging from 

severe ARDS to its milder variant, acute hypoxemic respiratory failure. Many studies 

included children as old as 17 years, who likely can be viewed as adults in terms of 

susceptibility to VILI, making it difficult to sort out the possible age-related susceptibility to 

VILI. Fourth, the gap between low and high Vt used may have been too small to pick up any 

difference. Finally, the actual Vt delivered may be lower than what is reported in some 

patients due to the use of uncuffed endotracheal tubes or inaccurate measurements from the 

endotracheal tube. Measurement of Vt at the ventilator may not take the compliance of the 

ventilator circuit into account, especially in young children (37).

Possible Explanations for the Age-related Susceptibility to VILI

Mismatch between Lung Volumes and Bodyweight

As discussed previously here, part of the explanation for the apparent differences in VILI in 

relation to age may relate to the systematic bias when normalizing Vt to body weight. This 

approach is problematic in the context of adults with widely different body habitus (e.g., 

lean versus obese) and in infants/children as they develop, because the lung increases at a 

different rate than does body weight, especially in infants. To address this issue, in adult 

studies, investigators have used Vts normalized to PBW (e.g., ARDS Network studies), 

because lung size varies with PBW (38). Similarly, in children, increases in TLC relate to 

height, and, as such, it has been recommended that lung volumes should be normalized to 

height in children over 1 month of age (39, 40). This suggests that, for pediatric animal 

studies, the Vt should be calculated based on some measure related to lung size. The study 

by Kornecki and colleagues (24) is the only one that has partially addressed this issue. 

However, in their study, larger Vts were still more injurious in the adult than in the infant 

lung, despite setting Vt based on baseline TLC (24). This warrants further study.

Structural/Biological Differences

There may be structural/biological factors that could explain the differences in VILI as a 

function of age (Figure 1). The elastin concentration of the infant lung increases 10-fold 

over the first 20 days of life and less rapidly thereafter, whereas the collagen concentration 

increases linearly from infancy to childhood (41, 42). Thus, differences in elastic properties 

of the lungs may account for the differences in lung strain. Another factor may be related to 

how mechanical forces are sensed and the subsequent host response. Mechanotransduction is 

the conversion of mechanical stimuli into biochemical and molecular cellular responses (43). 

VILI is the result of mechanical forces acting on lung structures during MV (3). Possible 

targets of these physical forces include, among others, the epithelial and endothelial cells, 

and the extracellular matrix (44). The exact mechanisms leading to mechanotransduction 

during ventilation are yet to be fully elucidated, but include mechanosensors, such as 
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extracellular matrix signaling pathways, stretch-activated ion channels, the activation of 

mitogen-activated protein kinase cascades, and other transcription factors (45, 46). Nuclear 

factor (NF) -κB, an important transcription factor of inflammation, is activated in alveolar 

macrophages and alveolar type II cells in response to ventilation (47). Fetal lung cells most 

likely share at least some of these pathways, although no studies have addressed possible 

differences between the pediatric and adult lung (48, 49). Interestingly, age-dependent 

differences in NF-κB have been described in animal models, showing less inflammation in 

neonatal mice after exposure to hyperoxia or LPS (50, 51).

Endogenous surfactant is composed of two forms: superior large aggregates (LAs) and 

nonfunctional, inferior small aggregates (52). Ventilation with Vt up to 15 ml/kg resulted in 

increased conversion from LAs to small aggregates in adult rabbits, thereby partially 

contributing to VILI (53). On the other hand, short-term effects of mechanical ventilation 

included increased stimulation of surfactant secretion in various adult models, suggesting a 

transient beneficial effect (54). A time-dependent increase in surfactant LAs has also been 

observed in newborn rats after ventilation with Vt of 40 ml/kg for 180 minutes, although the 

total surfactant pool initially increased, but decreased after 60 minutes (19). These findings 

suggest that the effects of stress on surfactant production may not just be species dependent, 

but also age and time dependent. Thus, it is possible that differences in surfactant kinetics 

may explain the difference between pediatric and animal models, although this warrants 

further study.

Differences in Immune Response

There are important differences in the immune response between infants and adults that are 

likely relevant (55). Mechanical ventilation can trigger a complex array of pro- and anti-

inflammatory mediators involving innate immunity, and enhance the production of specific 

cytokines, such as TNF-α (56). The presence of TNF-α may be necessary to augment 

expression of proinflammatory genes (57). The Toll-like receptor (TLR) 4 signaling pathway 

may be involved in this ventilator-induced inflammation, even if there are no infectious 

agents present (58). TLRs are essential components of the innate immune system, which not 

only recognize microbial products, such as LPS, but also degradation products released from 

damaged tissue (59). Although the TLR pattern-recognition receptor system is well 

developed in newborns, the TLR-mediated innate immune responses are remarkably low 

during early life (60). Compared with adults, diminished TNF-α responses in neonates with 

various stimuli, including TLR ligands, has been reported (61, 62). In addition, less 

proinflammatory cytokine is produced by neonatal immune cells compared with adults after 

stimulation with TLR ligands (63). This is in line with the observation that the 

transcriptional response of mainly the TLR-4 pathway was much higher in adult mice than 

in juvenile mice after 3 hours of mechanical ventilation with Vt of 15 ml/kg (25). In general, 

the immune system of a child under 1 year of age is relatively immature, including broad 

deficits in both innate and adaptive immunity (64). For instance, the response to LPS in 

infants is age dependent, reaching the adult response at about 6–9 months (65). Neonatal 

polymorphonuclear cells and monocytes function to a lesser degree compared with adults, 

with decreased chemotactic responses for as long as 1–2 years (66–69). The levels of soluble 

plasma proteins that have a role in innate immunity are lower in newborns than in adults, 
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including complement components and acute-phase products (70). Thus, innate immunity is 

less developed compared with adults, and the full capacity of the innate immune system is 

not reached until the teenage years (55).

Adaptive immunity is also different between young children and adults. At birth, the 

immune system has a strong T helper 2, anti-inflammatory predisposition, with peripheral 

mononuclear cells having little ability to produce TNF-α or other proinflammatory 

mediators compared with adults (71, 72). In addition, at birth, T cells are biased toward 

regulatory T cells, thereby potentially suppressing the innate immune response (73, 74). This 

anti-inflammatory predisposition may persist during early childhood (75). Barsness and 

coworkers (76, 77) demonstrated, in six children aged 2 months to 8 years, that peritoneal 

macrophages had both a pro-and anti-inflammatory response after stimulation with LPS or 

IL-1B, in contrast with adults, where only a proinflammatory response was seen. 

Furthermore, there was skewing toward a more anti-inflammatory response in the children.

In aggregate, all of this suggests that (injurious) mechanical ventilation does not activate the 

innate immunity in infants or young children to the extent that it does in adults.

Clinical Implications and Directions for Future Research

The development of VILI in mechanically ventilated children, as well as the differential 

response to injurious mechanical ventilation between children and adults, has only begun to 

be explored. At present, there are no recommendations related to an optimal Vt that can be 

supported by rigorous evidence, and our review does not provide any definitive answers. The 

physiologic Vt in humans, rats, and mice ranges between 5 and 7 ml/kg ideal bodyweight 

(13, 78, 79). However, many of the experimental studies have used supraphysiologic Vt to 

study the effects on lung injury, making it difficult to extrapolate the observed differences 

between pediatric subjects and adults into clinical practice. However, one group of 

investigators has shown that a Vt in the physiological range exacerbated pre-existing lung 

injury (80). We therefore propose that VILI is a definite entity in the pediatric population, 

but that it’s propensity increases with increasing age following a yet-unknown function, and 

reaches susceptibility similar to adults at a yet-unknown age. Based on this proposition, we 

would provide broad-brush recommendations for clinical practice. Given this uncertainty, it 

seems reasonable to use data obtained in adults (i.e., aiming for a Vt within the 

physiological range, while limiting plateau pressure to 30 cm H2O in patients who do not 

have a stiff chest wall) (81). Vt greater than 10 ml/kg, a value similar to what has previously 

been proposed for pediatric patients with ARDS, should be avoided (82). Measurement of 

the Vt should be near the endotracheal tube, especially in small children.

We propose that future studies should focus on two objectives. The first is to improve our 

understanding of the various pathophysiological mechanisms of VILI in the pediatric lung, 

as well as why there appear to be differences between pediatric and adult animal models. 

This suggests that specific age-appropriate models need to be established. Second, 

randomized controlled trials should be designed to test the best approach for providing lung-

protective ventilation in a well defined group of children with moderate-to-severe ARDS 

according to the Berlin definition (83–85). Producing the pediatric counterpart of the ARMA 
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trial would be difficult, due to the required sample size in a disease that is not very common 

(85), but would provide much needed clarity.
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At a Glance Commentary

Scientific Knowledge on the Subject

Supraphysiologic Vt ventilation induces ventilator-induced lung injury (VILI) in adults.

What This Study Adds to the Field

There is a lack of data from randomized, controlled clinical trials addressing the 

relevance of VILI in pediatric patients with acute respiratory distress syndrome. 

Observational data from the pediatric population are insufficient to answer the question 

about the relevance of VILI to children. Experimental data demonstrate an age-related 

susceptibility to VILI, although the pathophysiological mechanisms are not completely 

understood. One factor may be the difference in the immune response after mechanical 

ventilation–induced stretch.
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Figure 1. 
This simplified illustration of an alveolus summarizes the differences in ventilator-induced 

lung injury (VILI) between the pediatric (left) and the adult lung (right). Injurious, high Vt 

ventilation may lead to an increased surfactant production in the pediatric compared with the 

adult lung, with higher levels of large aggregates. Next, there may be a greater degree of 

alveolar and interstitial infiltration by polymorphonuclear leukocytes, production of 

proinflammatory mediators, such as IL-6 and TNF-α, a decreased production of anti-

inflammatory mediators, including IL-10, protein leakage, and more hyaline membrane 

formation in the adult lung. It may also be surmised that a fixed Vt causes different lung 

strain between the pediatric and the adult lung. Elastin and collagen levels differ 

significantly between the pediatric and the adult lung.
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Table 1

Summary of Key Findings of Experimental Studies Investigating Differences between Younger (Pediatric) and 

Older (Adult) Animals

Reference Animal Model Main Findings

22 Newborn (5–8 d) vs. adult (3–4 mo) High Vt (25 and 40 ml/kg) MV for 3 h resulted in less inflammation and changes of 
compliance in newborns than in adult rats.

24 Infant (26 d), juvenile (5 wk), and adult 
(12 wk) rats

MV with Vt 30 ml/kg for 1 h or Vt dictated by baseline TLC in an ex vivo lung 
model resulted in less injury in infant than in adult rats.

26 Newborn (5–8 d) vs. adult rats MV at Vt 30 ml/kg for 1 h resulted in increased coagulopathy in newborns than in 
adult rats.

25 Juvenile (21 d) vs. adult (16 wk) BALB/c 
mice

MV with Vt 15 ml/kg for 3 h after nebulization of LPS induced less lung injury in 
juvenile than in adult mice.

Definition of abbreviations: MV = mechanical ventilation; TLC = total lung capacity.
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