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Abstract

Objective—The new CDC paradigm for ventilator-associated events (VAE) is intended to 

simplify surveillance of infectious and non-infectious complications of mechanical ventilation in 

adults. We assessed the VAE algorithm in pediatric patients.

Design—A retrospective observational cohort study.

Setting—This single center study took place in a PICU at an urban academic medical facility.

Patients—Pediatric (ages 0–18) trauma patients with moderate-to-severe traumatic brain injury 

(TBI) ventilated for ≥2 days.

Measurements and Main Results—We assessed for pediatric ventilator-associated 

pneumonia (VAP; as defined by current CDC PNU2 guidelines), adult VAE, and an experimental 

VAE definition modified for pediatric patients. We compared VAE to VAP to calculate test 

characteristics. Thirty-nine (33%) of 119 patients developed VAP. Sensitivity of the adult 

ventilator-associated condition (VAC) definition was 23% (95% CI 11–39%), which increased to 

56% (95% CI 40–72%) using the modified pediatric (VAPMP) criterion. Specificity reached 100% 

for both original and MP probable VAP using VAE criteria. Children who developed VAP or 
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VAC had similar baseline characteristics: age, mechanism of injury, injury severity scores and use 

of an intracranial pressure monitor. Diagnosis of VAP and VAC portended similarly unfavorable 

outcomes: longer median duration of ventilation, ICU and hospital length of stay, and more 

discharges to rehab, home health or nursing care compared to patients with no pulmonary 

complication.

Conclusions—Both current and modified VAE criteria have poor sensitivity but good 

specificity in identifying pediatric VAP. Despite poor sensitivity, the high specificity of the VAE 

diagnoses does provide a useful and objective metric for inter-institution ICU comparison. VAP 

and VAC were both associated with excess morbidity in pediatric TBI patients.
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Introduction

Healthcare-associated infections are a patient safety concern and are increasingly included 

as care quality metrics.(1–3) Pulmonary infections related to mechanical ventilation 

(ventilator-associated pneumonia or VAP) are common in intensive care units managing 

patients of all ages(4, 5) and are associated with substantial increases in cost, length of stay, 

morbidity, and mortality.(4, 6–9) Among pediatric patients suffering trauma, those with 

brain injuries are particularly susceptible to VAP.(7, 10, 11)

The challenge facing investigators and clinicians attempting to study, diagnose, and treat 

VAP remains establishment of a “gold standard” definition. Current pediatric VAP criteria 

(PNU2)(12) rely on subjective data such as radiographs and clinical signs which 

demonstrate poor sensitivity and specificity.(13, 14) Inter-institution surveillance has proven 

difficult in the setting of variable interpretation and manipulation of present definitions.(14–

17) A more objective algorithm was recently developed and endorsed by the Centers for 

Disease Control (CDC) for use in adult patients with the intent of improving surveillance for 

clinically significant ventilator-associated pneumonia and non-infectious ventilator 

complications.(18–22) The updated criteria focus on respiratory deterioration due to a 

spectrum of ventilator-associated events (VAE): ventilator-associated condition (VAC), 

infection-related ventilator-associated complication (IVAC), possible pneumonia and 

probable pneumonia. Respiratory deterioration is defined by measures of decreased 

oxygenation reflected in ventilator settings (i.e. increased positive end-expiratory pressure 

(PEEP) and/or fraction of inspired oxygen (FiO2)). The new criteria defining VAE-VAP do 

not include potentially subjective interpretations of radiographic or clinical findings. In the 

original adult validation study, the VAE algorithm accurately predicted commonly reported 

outcomes (length of ventilation, length of hospital stay) more effectively than traditional 

VAP diagnostic criteria, and overall the strategy took less time to implement for 

retrospective surveillance.(20)

The adult VAE criteria have not been validated in infants and children and no pediatric 

specific parameters have been proposed. As in adults, a consistent, objective and reliable 
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pediatric definition of ventilator-associated pneumonia is required if this diagnosis is to be 

used in benchmarking quality between medical institutions.

We chose a cohort of pediatric patients with traumatic brain injury (TBI), who have 

comparably higher risk of ventilator-associated complications than other critically ill 

children, to test the adult VAE criteria. We developed modified pediatric (MP) criteria using 

the same conceptual framework and data elements as the adult diagnostic algorithm. While 

pulmonary mechanics of ventilation are similar in adult and pediatric patients, common 

ventilator management strategies may differ. Consequently, the proposed changes in PEEP 

and FiO2 may not be sensitive or specific when surveying a pediatric cohort for respiratory 

complications.(23) Using the current CDC ventilator-associated pneumonia definition that 

requires a positive microbiologic specimen (PNU2)(12) as the gold standard, we calculated 

and compared test characteristics of both the original and our modified pediatric criteria.

Materials and Methods

Setting, patients, and ethics review

This retrospective cohort study evaluated pediatric trauma patients treated at an American 

College of Surgeons verified, level I pediatric trauma center within a large academic facility 

in Salt Lake City, UT. We reviewed patients (0–18 years old) admitted to the pediatric 

intensive care unit (PICU) from 2009 to 2012 with moderate-to-severe traumatic brain 

injury (TBI; GCS<13) who received mechanical ventilation for ≥2 days after injury. Patients 

were excluded if they died or developed pneumonia ≤48 hours after admission, or had 

penetrating brain injury.

The institutional review board at the University of Utah and privacy board for Primary 

Children’s Hospital reviewed the study and waived need for informed consent as the study 

involved retrospective chart review and did not impact patient care.

Data collection

Patient demographics, mechanism of injury, injury severity scores, and outcome data were 

obtained from the available trauma database, nurse charting and electronic records. 

Emergency medical service and emergency room documentation was utilized to identify the 

post-resuscitation Glasgow Coma Score (GCS). Hourly respiratory charting was reviewed 

and the minimum PEEP and FiO2 extracted for each day of hospitalization. Chest 

radiographs at the time of respiratory decompensation were evaluated by 2 independent 

investigators (MH, MC) and discordant findings adjudicated by a third (SB).

Definitions

Ventilator-associated pneumonia (VAP)—The CDC PNU2 definition is outlined in 

the PNEU/VAP device-associated module.(12) This definition requires presence of a 

persistent imaging abnormality, 2 signs or symptoms of pneumonia and a positive 

microbiologic specimen meeting CDC threshold guidelines.(22) Protected bronchial 

brushing was the primary method of sampling (98%) in this study. Patients were censored 
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from analysis two days post-extubation, at the time of tracheostomy or death. In this study, 

those patients with no microbiologic specimen were presumed negative for clinical VAP.

Ventilator-associated Events (VAE)—The current adult definitions for ventilator-

associated condition (VAC), infectious ventilator-associated condition (IVAC), possible and 

probable pneumonia are outlined in Figure 1.(22, 24) Patients whose ventilator settings met 

the original National Healthcare Safety Network (NHSN) VAC criteria are delineated as 

VACO. Prior to data collection and analysis, we devised experimental “modified pediatric” 

parameters for VAC under guidance of local intensivists (VACMP or MP) (Figure 1). VACO 

and VACMP, IVAC, possible and probable pneumonia were identified manually and using 

the statistical software program R 3.1.3 (R Foundation for Statistical Computing, Vienna, 

Austria).

Statistical analysis

Analysis was performed with SPSS version 22.0 (IBM Corporation, Armonk, New York, 

United States). The test characteristics of the original adult and modified pediatric VAE 

were assessed using VAP as the comparison diagnosis. Cohort characteristics and outcomes 

were compared between the overlapping pulmonary diagnosis groups and between those 

patients with and without any pulmonary dysfunction (negative for VAP and VAE). All 

statistical comparisons were standard two-sided non-parametric tests with alpha ≤0.05.

Results

Demographic and clinical features of the 119 eligible subjects are reported in Table 1, along 

with a comparison between those with VAP, VAC and no pulmonary diagnosis. Ventilator-

associated pneumonia (VAP) was diagnosed in 39 patients (33%). Compared to those with 

no pulmonary diagnosis, subjects with VAP were somewhat older (median age 9 vs. 6 years; 

p=0.04) and more severely injured (ISS>20: 95% vs. 77%; p=0.01). Children with VAP 

were less often injured by non-accidental trauma (8% vs. 25%; p=0.03) and more likely to 

have an ICP monitor (92% vs. 41%; p<0.001; fiberoptic or external ventricular drain). 

Comparing patients with no pulmonary diagnosis (n=68) to those with either VAC group or 

VAP (n=51) showed consistent significant differences in injury characteristics such as 

greater rates of NAT, lower ISS and lower use of ICP monitors (Table 1). VAC and VAP 

groups, on the other hand, were similar.

Table 2 reports the sensitivity, specificity and positive likelihood ratio (LR) of the original 

and proposed modified pediatric VAE subgroups in comparison to VAP. Nine of 39 VAP 

patients met criteria for VACO, and 22 for VACMP, corresponding to an increase in 

sensitivity from 23% to 56% when using the modified pediatric algorithm. Decreased 

specificity in the VACMP group resulted in a comparably lower positive likelihood ratio (3.8 

vs. 6.2). Neither the original or modified pediatric VAE VAP diagnoses were sensitive in 

detecting VAP, but they exhibited specificity approaching 100% with progression through 

the algorithm.

Three patients not diagnosed with VAP met VACO criteria (3/80; 4%), and 12 met VACMP 

(12/80; 15%). The radiographic diagnosis and final VAE definition are outlined in Table 3. 
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No patients met probable VAP as they either did not have a specimen collected or the 

specimen was culture negative. Only 58% of modified pediatric VAC cases had a 

microbiologic specimen obtained. Fifty percent met criteria for IVAC or possible 

pneumonia.

Table 4 displays outcomes of subjects without a pulmonary diagnosis in comparison to those 

with VAP, VACO or VACMP. Those patients with a pulmonary complication (VAP or 

VAC) had similarly poor outcomes, specifically higher rates of tracheostomy, prolonged 

mechanical ventilation, PICU and overall hospital length of stay, compared to patients 

without a pulmonary diagnosis. Although not statistically significant, patients without a 

pulmonary condition had a higher rate of death before discharge than the combined 

pulmonary diagnosis group (p=0.1), but those that survived were substantially more likely to 

be discharged home (p=0.005) without rehabilitation or long-term nursing care.

Discussion

Among children requiring mechanical ventilation for ≥2 days after traumatic brain injury, 

VAP was identified in 39 of 119 patients (33%), similar to reported rates in other TBI 

cohorts.(25–27) Subjects diagnosed with VAP, VACO or VACMP had comparable clinical 

characteristics. Comparison between VAP and the original adult criteria (VACO) 

demonstrates high specificity for possible or probable VAP, but poor sensitivity throughout 

the diagnostic algorithm. A modified pediatric (VACMP) definition of respiratory 

compromise improved case capture, but the sensitivity remained too low for the surveillance 

criteria to be a useful clinical tool in their current form, and lower specificity compromised 

the positive LR of a VAP.(28) The presence of a pulmonary diagnosis (VAP or VAC) was 

associated with substantially worse clinical outcomes compared to the group without any 

respiratory complications.

Patients with VAP had similar severity of TBI (Glasgow Coma and Rotterdam scores) as 

those with no pulmonary diagnosis, with the exception of ICP monitors, which, similar to 

other studies, were present more frequently in those who developed VAP.(29–31) Prior 

investigations have shown that interventions for managing elevated intracranial pressure 

may independently increase risk of hospital-acquired infection in trauma patients.(29) 

Patients with a pulmonary condition were slightly older and less likely victims of non-

accidental trauma (NAT). Younger children are more likely to suffer NAT(32), which may 

explain the age discordance between groups, and VAP is less likely to occur in NAT 

compared with other types of brain trauma.(29, 33)

VACO identified 23% of VAP cases, slightly lower than similar adult studies that reported 

sensitivity of 26–33%.(28, 34, 35) The modified pediatric (VACMP) definition increased 

sensitivity to 56%. With both the VACO and VACMP criteria, sensitivity decreased with 

progression through the VAE algorithm, with only 18% (original) and 33% (MP) of the 

VAP cases captured by probable VAP. Such a substantial number of missed infections may 

lead to increased morbidity and mortality among children with TBI.(28, 34, 35)
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VACO demonstrates superior specificity compared to VACMP, with values of 96% and 85%, 

respectively. The initial sacrifice in VACMP specificity, and therefore positive LR, does not 

persist throughout the algorithm. As intended, both the original and modified diagnoses of 

possible and probable VAP as defined by the VAE algorithm display excellent diagnostic 

capability.(30, 34–38) In this population of pediatric TBI patients with VAP prevalence of 

33%, a diagnosis of VACO portends a post-test probability of 75%, doubling the chance of 

true disease.

The VAP and VAC positive cohorts were similar in all characteristics, consistent with 

previous publications and an important finding in light of the poorly sensitive adult VAC 

criteria.(28, 34, 39) The resemblance between VACO and VACMP cases suggests that our 

pediatric algorithm does not preferentially select for a unique cohort (i.e. younger or more 

severely injured), but simply increases sensitivity.

Review of false positive cases (VAC positive, VAP negative) highlights the propensity of 

the VAE framework to identify not only infectious, but other complications of mechanical 

ventilation.(37, 40) When combining VACO and VACMP, only 50% go on to meet criteria 

for an infectious condition (IVAC or possible VAP). Moreover, the radiographic effusions 

and contusions identified in approximately 25% of the VACs are arguably not attributable to 

ventilator mismanagement, but rather natural progression of underlying trauma. This finding 

echoes a prospective adult study which reported only 37% of VAC to be potentially 

preventable events.(36)

Outcomes, including mortality, did not differ significantly between children with VAP and 

VAC; both diagnoses were associated with longer duration of ventilation, hospital and ICU 

length of stay compared to those with no pulmonary condition. The 80% of VAP cases that 

did not exhibit sufficient respiratory compromise for a diagnosis of VACO still demonstrated 

poor outcomes, bringing to question the relevance of respiratory deterioration as a 

cornerstone in the new VAE scheme(38). Focus on ventilator changes may lead to a 

substantial number of missed cases and consequently, underestimation of morbidity 

attributable to infectious ventilator complications.

There has been some disagreement regarding outcomes of VAP versus VAE, which may be 

due to differing “gold standard” definitions of ventilator-associated pneumonia.(12, 20, 28, 

34, 39) We utilized the more stringent current pediatric CDC PNU2 criteria, which not only 

utilizes subjective and objective findings of VAP, but also requires a positive microbiologic 

specimen. Of note, PBB has demonstrated equivalent sensitivity and improved specificity 

(up to 95%) when compared to BAL(41–43), thus should not be considered a limitation of 

this study.

There was a trend toward greater mortality among those without a pulmonary diagnosis 

when compared to those with VAC or VAP (any pulmonary diagnosis). This finding is 

likely attributable to survival bias, as those diagnosed with a pulmonary condition must live 

long enough to meet the respective criteria. Mortality difference between VACMP and 

VACO may be explained via similar principles. A patient does not have to live as long to 

meet VACMP, which only requires 1 day of sustained ventilator change (vs. 2 days for 
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VACO). Lower rates of tracheostomy and more discharges to home (versus rehab/nursing 

care) in those patients not diagnosed with a pulmonary condition supports the hypothesis 

that the increased mortality is an unintended consequence of case definitions, rather than 

increased morbidity.

This single center observational study was limited by relatively small cohort size. The 

retrospective design is a strength, as it eliminates the possibility of manipulating ventilator 

settings to evade VAE diagnosis, a concern raised by other investigators.(28) Higher rates of 

VAP in our study cohort (TBI) prohibits extrapolation of the positive and negative 

predictive values to a conventional PICU population.(7, 11) Sensitivity and specificity are 

typically stable regardless of prevalence, and should therefore remain applicable. Lastly, 

ventilator management in brain-injured patients disallows permissive hypercarbia and lung-

protective strategies in order to manipulate intracranial pressure, which may intrinsically 

alter sensitivity and specificity of the algorithm.(44)

Conclusion

We evaluated the new CDC/NHSN VAE criteria in a pediatric cohort and found that the 

adult VAE algorithm has poor sensitivity but good specificity compared to current PNU2 

defined ventilator-associated pneumonia. Modified pediatric criteria improve sensitivity 

without a substantial decrease in specificity, but the algorithm is arguably still too 

insensitive to utilize for clinical surveillance. Implemented in current form, the VAE criteria 

would miss a large number of VAP diagnoses, which may result in higher pediatric ICU 

morbidity and mortality. The highly specific VAE VAP diagnoses may prove to be the most 

useful and objective quality measures for inter-institution comparison.
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Figure 1. 
The VAE Algorthim, including the original adult VAC criteria (VACO) and the modified 

pediatric (VACMP) criteria.

VAC=ventilator-associated condition; PEEP=Positive end expiratory pressure; FiO2= 

Fraction of inspired oxygen; aPurulent secretions defined as ≥25 polymorphonuclear cells 

(PMNs), ≤10 squamous epithelial cells per low-powered field (LPF); bPositive culture= 

endotracheal aspirate ≥105 colony forming units (CFU)/ml, bronchoalveolar lavage ≥104 

CFU/ml or protected brush specimen ≥103 CFU/ml (or corresponding semi-quantitative 

result).
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Table 2

Test characteristics of the original adult VAE and modified pediatric VAE criteria when compared to current 

CDC VAP (PNU2).

Sensitivity (95% CI) Specificity (95% CI) Positive LR (95% CI)

VACO 23% (11–39%) 96% (89–99%) 6.2(1.8–21.4)

IVACO 21% (9–36%) 96% (89–99%) 5.5(1.5–19.5)

Possible VAPO 21% (9–36%) 99%(93–100%) 16.4 (2.1–126.6)

Probable VAPO 18% (8–34%) 100% (95–100%) ∞

Modified Pediatric

VACMP 56% (40–72%) 85% (75–92%) 3.8 (2.1–6.8)

IVACMP 46% (30–63%) 94% (86–98%) 7.4(3.0–18.4)

Possible VAPMP 46% (30–63%) 99% (93–100%) 36.9 (4.1–266.6)

Probable VAPMP 33% (19–50%) 100% (96–100%) ∞

VAC=ventilator-associated condition; IVAC=infectious-ventilator associated condition; LR=likelihood ratio.
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Table 3

Cause of respiratory deterioration in cases meeting original or modified VAC diagnostic criteria (VACO or 

VACMP) but negative for VAP.

Specimen
obtaineda

Reported radiographic finding at time of
respiratory deterioration and VAE diagnosis

Final VAE
Diagnosis

VACOpositive/cVAP negative (n=3)b

Yes Atelectasis/multi-lobar collapse IVACO/MP

Yes Atelectasis/multi-lobar collapse IVACO/MP

Yes Atelectasis/infiltrate Possible VAPO/MP

VACMPpositive/cVAP negative (n=12)

No No clear radiographic causec VACMP

No Atelectasis VACMP

No Infiltrate IVACMP

Yes Atelectasis VACMP

Yes Pleural effusion VACMP

Yes Pleural effusion Possible VAPMP

Yes Atelectasis VACMP

Yes Pulmonary contusion VACMP

No Atelectasis/pulmonary contusion IVACMP

a
Specimen obtained=Microbiologic specimen collected from patient, largely protected bronchial brush specimen (PBB; see text); None of the 

collected specimens in this cohort grew pathogenic bacteria positive by CDC thresholds; see Table 1 or Figure 2 legend for diagnostic 
abbreviations;

b
all VACO positive/cVAP negative cases also met criteria for VACMP;

c
Patient 4 had refractory intracranial hypertension and multi-organ failure with increased PEEP to improve tissue oxygenation.

Support was ultimately withdrawn 24 hours after the patient met VACMP criteria.
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Table 4

A comparison of outcomes between patients with orwithout a pulmonary diagnosis (VAP, VACO and 

VACMP).

Outcomes
(Median, IQR)

No pulmonary
diagnosis (n=68)

VAP Positive
(n=39)

VACO Positive
(n=12)

VACMP Positive
(n=34)

Days of mechanical ventilation 4 (2–5)* 9 (7–12) 9 (8–47) 10 (8–13)

Length of ICU stay in days 5 (3–7)* 12 (8–14) 11 (10–22) 12 (9–14)

Length of hospitalization in days 11 (6–17)* 21 (16–23) 22 (17–53) 20 (14–23)

Tracheostomy (n(%)) 3 (4)^ 7 (18) 2 (17) 6 (18)

Discharge status of survivors (n(%))^

  Home 29 (43) 9 (23) 2 (17) 7 (21)

  Home health, rehabor long-term nursing care 23 (34) 27 (70) 10 (83) 21 (62)

Death before discharge 16 (24) 3 (8) 0 6 (18)

*
p<0.001 or

^
p<0.05 comparing no pulmonary diagnosis group to combined pulmonary diagnosis group; see Table 1 or Figure 2 legends for diagnostic 

abbreviations.
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