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ABSTRACT: Background: This study evaluated the impact of a comprehensive prevention program, which
integrated eight evidence-based measures consistent with current clinical guidelines and practice standards, on
ventilator-associated pneumonia (VAP) rates in a pediatric cardiac surgical intensive care unit (ICU). Methods: A
quasi-experimental study was conducted from 2023 to 2024. We compared VAP rates across a 5-month pre-intervention
period, a 12-month intervention period, and a 7-month post-intervention period in patients receiving mechanical
ventilation for over 48 h. Additional outcomes, including postoperative length of stay were also assessed before
and after the intervention. Results: Among 829 at-risk patients and 5677 ventilator-days, the VAP rates per
1000 ventilator-days were 25.7, 11.3, and 10.8 in the pre-intervention, intervention, and post-intervention periods,
respectively. Poisson regression identified the intervention and post-intervention periods as protective factors for
VAP. After adjusting for age, weight, emergency surgery, and cardiopulmonary bypass duration, VAP rates decreased
by 56% during the intervention period (adjusted incidence rate ratio (IRR) 0.382, 95% CI 0.212-0.691; p = 0.001) and
by 58% in the post-intervention period (adjusted IRR 0.452, 95% CI 0.232-0.882; p = 0.020). Postoperative length
of stay also declined significantly from 22 (16, 35) days pre-intervention to 21 (15, 28) days post-intervention (p =
0.040). Conclusions: Implementation of the multidisciplinary prevention program was associated with a sustained
reduction in VAP rates in a surgical pediatric cardiac ICU and may contribute to shorter postoperative hospital stays.

KEYWORDS: Ventilator-associated pneumonia; prevention program; surgical pediatric cardiac ICU; postoperative
length of stay

1 Introduction

Ventilator-associated pneumonia (VAP) ranks among the most prevalent nosocomial infections in
intensive care units (ICUs) [1]. Roughly 10% of patients receiving mechanical ventilation for over 48 h go
on to develop VAP [2]. VAP is associated with elevated mortality rates [3], prolonged hospital stays, and
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increased healthcare costs [4]. A growing body of research has demonstrated reduced VAP incidence rates
linked to the implementation of preventive care bundles [5-7].

Congenital heart disease ranks as the leading cause of morbidity and mortality among all birth
defects worldwide [8]. Surgical intervention constitutes a cornerstone of treatment for this condition.
While all patients receive mechanical ventilation intraoperatively, most can be extubated shortly after
surgery; however, a subset of patients with complex lesions or critical illness requires prolonged mechanical
ventilation for over 48 h [9]. Following cardiac surgery, patients often experience surgical stress-induced
dysregulated inflammatory responses, which lead to systemic impairments including compromised immune
function and consequently heighten their susceptibility to various infections [10]. VAP represents the most
prevalent healthcare-associated infection in the postoperative period of cardiac surgery [11] and is strongly
associated with adverse postoperative outcomes [12].

Therefore, infection prevention and control exert a significant impact on postoperative outcomes in
pediatric cardiac surgery patients. Developed countries have established sophisticated infection prevention
and control systems, yielding favorable outcomes in the management of congenital heart disease [13].
In recent years, notable progress has been made in healthcare-associated infection control in China [14].
However, a research gap persists globally, whether in developed or developing nations, regarding the
efficacy of VAP prevention measures in pediatric cardiac ICUs.

Pediatric VAP research has predominantly focused on neonatal populations, particularly on infection
prevention and control strategies in neonatal ICUs, such as training programs, hand hygiene adherence,
sterile equipment handling, infant positioning to prevent gastroesophageal reflux, and continuous
assessment of extubation readiness [15,16]. For non-neonatal pediatric patients, additional attention should
be directed toward monitoring endotracheal tube cuff pressure [17]. Notably, no studies have been conducted
on pediatric patients following cardiac surgery. Nevertheless, these evidence-based VAP prevention bundles
are presumably applicable to this population and hold promise for reducing VAP incidence.

The primary objective of this prospective, interventional single-center study which incorporates eight
preventive measures was to assess the effect of implementing a multifaceted VAP prevention program on
VAP incidence rates in a pediatric cardiac surgical ICU. The secondary objectives were to evaluate the
program’s impact on postoperative length of stay and mortality.

2 Methods
2.1 Study Design

This study adopted a quasi-experimental, uncontrolled before-and-after design to analyze the effects of
implementing a VAP prevention bundle. Only patients who received mechanical ventilation for more than
48 h (defined as the duration until first extubation) were consecutively enrolled in the analysis. Patients
who declined to provide informed consent (or their guardians) and those with preoperative infections were
excluded from the study. For eligible patients who underwent postoperative reintubation, the total duration
of mechanical ventilation was calculated as the sum of all ventilation episodes. The flowchart of this study
is shown in Fig. 1.

The study spanned two years and consisted of three periods. The duration of each study phase
was predefined based on pilot data and ethical considerations to ensure methodological rigor and
clinical relevance:

Pre-intervention period (January 2023-May 2023; 5 months): Our preliminary pilot study indicated
that the primary outcome would stabilize at a baseline level within 5 months, providing a reliable reference
for subsequent intervention comparisons. Extending this period was unnecessary, as baseline characteristics
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remained consistent beyond this timeframe, and prolonged baseline surveillance would not enhance data
quality but would increase resource consumption.

Intervention period (June 2023-May 2024; 12 months): This duration was chosen to ensure full
implementation, staff training, and consolidation of the multifaceted VAP prevention bundle. It allowed
clinical teams to integrate the eight preventive measures into routine practice, address implementation
barriers, and achieve stable compliance with the bundle components.

Post-intervention period (June 2024-December 2024; 7 months): A longer post-intervention period
was designed for two key purposes: (1) To evaluate the sustainability of the intervention effect, as the
maintenance of preventive behaviors relied on institutionalized protocols and staff training after the formal
intervention ceased, a 7-month follow-up was necessary to confirm that reductions in VAP rates were not
transient. (2) To capture potential time-dependent effects, including delayed benefits or rebound effects.

This study has been reviewed and approved by the Ethics Committee of the National Center for
Cardiovascular Disease and Fuwai Hospital (ID: 2022-1859). The informed consent forms were obtained
from all patients/statutory guardians. The ethical principles outlined in the 2013 Helsinki Declaration were
followed throughout the study. The work has been reported in line with the STROCSS criteria [18].
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Figure 1: The flowchart of the study.
2.2 Setting

Our hospital is a tertiary teaching hospital specializing in cardiovascular diseases. The Pediatric
Cardiac Surgery Center performs approximately 3500-4000 cardiac surgeries annually. All patients receive
postoperative care in the 46-bed pediatric cardiac ICU. Staffing levels are dynamically adjusted based
on patient census, with minimal fluctuation across shifts or over time. The nursing team maintains a
minimum headcount of 120 members, with each nurse assigned to care for no more than two patients
at any given time. Similarly, the physician team consists of at least 20 clinicians, with each physician
responsible for a maximum of nine patients. Notably, two physicians and one nurse serve as part-time
infection prevention and control personnel, collaborating closely with full-time infection prevention and
control staff. Additionally, the hospital’s infection prevention and control department has designated a
dedicated full-time specialist to be stationed at our ICU.
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2.3 Program Methodology

Our hospital initiated active surveillance of VAP in pediatric patients in January 2023, which included
VAP incidence rates and relevant variables such as age, gender, weight, genetic abnormalities, underweight
status, emergency surgery, duration of mechanical ventilation, cardiopulmonary bypass duration, Risk
Adjustment in Congenital Heart Surgery (RACHS-1) classification for the surgical procedure, economic
burden, dates of ICU admission and discharge, ventilation initiation and cessation dates, VAP onset dates,
microorganism profiles, and mortality. During the initial phase of the study (pre-intervention period,
January to May 2023), due to insufficient experience in VAP management, only compliance with hand
hygiene practices was monitored.

Subsequently, we engaged two experts to provide professional expertise and technical support, while
also having them participate fully in the program implementation. By leveraging a questionnaire survey to
integrate current clinical guidelines with our institutional practice, these experts assisted us in formulating
a tailored VAP prevention bundle. Subglottic suctioning was excluded from the bundle, as our pediatric
tracheal intubation devices were not equipped to support this procedure. Furthermore, the two experts
guided us in conducting monthly VAP process surveillance, took part in our monthly VAP prevention
education sessions and feedback meetings, and remained available during working hours to address any
questions raised by our management team. This period, spanning from June 2023 to May 2024, was
designated as the intervention phase of the program.

During the intervention period, in addition to consulting two external experts, our team (the
ICU-based internal infection control team and the hospital’s full-time infection control personnel) completed
nationally accredited healthcare-associated infection control training and obtained relevant professional
certification. This equipped the hospital’s full-time and part-time infection control staff with the capability
to independently maintain the same rigorous VAP bundle monitoring and management standards during
the post-intervention period, without the need to rely on external experts.

During the program’s follow-up period (post-intervention phase, June 2024 to December 2024), the
ICU team took primary responsibility for ongoing VAP surveillance, while the hospital’s Infection Control
Department conducted monthly VAP process surveillance, as well as delivering regular training sessions
and comprehensive feedback. For staff training, a multimodal protocol integrating lectures, assessments
and scenario-based practical operations was implemented to improve adherence to the VAP prevention
care bundles.

2.4 VAP Definition

We adopted the VAP definitions established by the National Health Safety Network, as this standard is
particularly well-suited for our cohort of postoperative pediatric patients. Per these criteria, VAP is diagnosed
in mechanically ventilated patients who present with new or progressive infiltrates, consolidations,
cavitations, or pleural effusions on chest radiography. In addition, the patient must meet at least one of the
following clinical and microbiological criteria: (1) new onset of purulent sputum or a change in sputum
character; (2) positive blood cultures for a pathogenic organism; (3) isolation of an etiologic agent from
specimens obtained via tracheal aspiration, bronchial brushing, bronchoalveolar lavage, or tissue biopsy [19].
All VAP diagnoses were made by two specially trained physicians from our ICU team. Throughout the
two-year study duration, the diagnostic criteria were strictly standardized and consistently applied, with the
same team of physicians responsible for all diagnoses to ensure diagnostic uniformity. Moreover, all patients
received treatment under the direct supervision of the ICU director, thereby guaranteeing consistency in
therapeutic strategies.
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Other VAP criteria, such as the Clinical Pulmonary Infection Score, the Hospital in Europe Link
for Infection Control through Surveillance, or the Johanson criteria, were not adopted. These systems
assign significant weight to abnormal body temperature and white blood cell count. However, following
cardiac surgery, patients typically exhibit transient but marked leukocytosis, and their body temperature
is actively managed through various interventions. Thus, these criteria are not suitable in this specific
postoperative context.

2.5 VAP Bundle Components [5-7,20]

(1) Adherence to hand-hygiene guidelines

(2) Maintenance of patients in a semi-recumbent position (30-45° elevation of the head of the bed)

(3) Performance of daily assessments of readiness to wean and the use of weaning protocols

(4) Performance of comprehensive regular oral care with 0.2% chlorhexidine-gluconate aqueous solution,

every 8 h

(5) Maintenance of an endotracheal cuff pressure 20-30 cm H,O

(6) Removal of the condensate from ventilator circuits and keeping the ventilator circuit closed during
condensate removal; change of the ventilator circuit only when visibly soiled or malfunctioning

(7) Daily active mobilization (Conducted daily by bedside nurses, physicians and rehabilitation therapist
to confirm the patient’s readiness for mobilization, excluding the following contraindications: unstable
blood pressure, active postoperative bleeding, uncorrected arrhythmias, fraction of inspired oxygen
(FiO;) 0.6, deep vein thrombosis. For patients with muscle weakness [Grade 0-2] or those unable
to follow commands [due to young age or sedation], perform passive, movement or body touch
[infants/toddlers] twice daily, 15 min per session. Deliver neuromuscular electrical stimulation as an
adjunct for insufficient muscle strength, with patient repositioning every 2 h. For command-following
patients, implement active movement combined with griping, throwing, cycling, sitting up in the bed.
Conduct these training sessions twice daily, 20 min per session, and reposition the patient every 2 h.
Safety: Vital signs [including heart rate, blood pressure, oxygen saturation, and respiratory rate] were
monitored throughout the procedure. The intervention was immediately discontinued if intolerance
occurred, such as a >5% drop in oxygen saturation, excessive heart rate, or significant fatigue)

(8) Avoidance of gastric overdistention (Feeding Management: For enteral nutrition, intermittent feeding
is adopted, with feeding intervals of 3 to 4 h. Symptom Monitoring: Nurses measure residual volume
via the feeding tube using a syringe before each feeding, and monitor abdominal circumference,
vomiting, or diarrhea. Intervention Threshold: Residual volume >50% of the previous feeding volume.
If the threshold is exceeded, the impending feed is withheld once, and the physician is notified to
assess for gastrointestinal motility disorders); avoidance of histamine receptor 2-blocking agents and
proton pump inhibitors. Since we were unable to determine in advance whether patients would require
mechanical ventilation for more than 48 h following their transfer from the operating room to the
ICU, we implemented standardized VAP prevention measures for all patients.

2.6 Statistical Analysis

Statistical analysis was performed using the SPSS software (version 26.0; IBM Corporation, USA). The
Kolmogorov-Smirnov test was used to assess the conformity of the continuous variables to the normal
distribution. Normal distribution was expressed as the mean plus or minus the standard deviation, whereas
anon-normal distribution was expressed as the median accompanied by the interquartile range. Categorical
variables are displayed in a numerical form, accompanied by their respective percentages. The Wilcoxon
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rank-sum test was used for nonnormally distributed variables. Categorical variables were analyzed using
the chi-squared test, correction for continuity, or Fisher’s exact test. We computed the number of VAP
episodes per 1000 ventilator-days at risk (until VAP diagnosis or extubation). We analyzed the effect of the
intervention on the rates of VAP episodes by segmented regression analysis using a Poisson model. The
model included an intercept and three main period effects (before—during intervention-after intervention).
All statistical tests were two-tailed and a p-value < 0.05 was considered statistically significant.

2.7 Sample Size and Statistical Power

A sample size calculation was performed using PASS software (version 15.0; NCSS Corporation, USA),
with the primary outcome as the core reference and secondary outcomes incorporated to ensure adequate
power for all key endpoints (« = 0.05, two-tailed; power = 0.80):

Primary outcome (VAP rate per 1000 ventilator-days): Based on preliminary data showing a VAP rate
of 25/1000 ventilator-days and a clinically meaningful 40% relative reduction (to 15/1000 ventilator-days),
accounting for a 10% loss to follow-up, the required sample size was >780 at-risk patients.

Secondary outcome 1 (postoperative length of stay): Based on preliminary data indicating a mean
length of stay of 22 days (SD = 15), and targeting a 15% reduction (to a mean of 18.7 days, SD = 12), the
required sample size was estimated to be at least 620 at-risk patients.

Secondary outcome 2 (postoperative mortality): Based on preliminary data indicating a mortality rate
of 3.5%, and aiming for a clinically relevant reduction to 1%, the required sample size was calculated to be
at least 1096 at-risk patients.

3 Results

Of the 7667 total postoperative pediatric patients admitted to our ICU, 829 at-risk patients were
observed, accounting for 5677 ventilation days at risk. A total of 84 patients were diagnosed with VAP, of
whom 9 cases (10.7%) were confirmed via bronchoalveolar lavage. The detailed pathogen distribution of
VAP cases is presented in Table 1. Stratified by study phase, the pre-intervention period included 153 at-risk
patients and 1399 ventilation days at risk; the intervention period included 413 at-risk patients and 3349
ventilation days at risk; and the post-intervention period included 263 at-risk patients and 929 ventilation
days at risk. Statistically significant differences were observed in age, body weight, emergency surgery
status, and cardiopulmonary bypass duration among patients across the three study periods. Detailed
demographic and surgery-related parameters are summarized in Table 2.

Table 1: The details of pathogen distribution of ventilator-associated pneumonia cases.

Pathogens Cases (n = 84)
Stenotrophomonas maltophilia 17 (20.23%)
Burkholderia cepacia 11 (13.09%)
Acinetobacter baumannii 10 (11.90%)
Klebsiella pneumoniae 9 (10.71%)
Pseudomonas aeruginosa 8(9.52%)
Escherichia coli 7 (8.33%)
Staphylococcus aureus 6 (7.14%)
Candida parapsilosis 4 (4.76%)
Enterobacter cloacae 4(4.76%)
Candida albicans 3 (3.57%)
Serratia marcescens 2 (2.38%)
Elizabethkingia meningoseptica 1(1.19%)
Enterococcus Faecium 1(1.19%)
Enterococcus faecalis 1(1.19%)
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Table 2: The details of demographic and surgery-related parameters in the three periods.

. Pre-Intervention Intervention Post-Intervention
Variable p-Value
(n = 153) (n = 413) (n = 263)
Age (month) 8 (3, 29) 5(2, 15) 5(2, 10) 0.004
Gender Male (case, %) 82 (54) 223 (54) 162 (62) 0.114
Weight (kg) 7.4 (5.4, 12) 6.2 (4.6,9.1) 5.9 (4.3, 8.9) 0.005
Genetic abnormalities (case, %) 1(0.7) 0 (0) 3(1.1) 0.107
Underweight (case, %) 13 (8.5) 33(7.9) 15 (5.7) 0.452
Emergency surgery (case, %) 0 (0) 3(0.7) 7(2.7) 0.025
Duration of mechanical ventilation (hours) 65 (48, 120) 50 (48, 119) 50 (48, 113) 0.821
Duration of cardiopulmonary bypass (minutes) 113 (97, 175) 119 (83, 162) 133 (95, 168) 0.027
Cardiopulmonary bypass surgery (case, %) 147 (96.1) 387 (93.7) 239 (90.9) 0.109
RACHS-1 category 3(2,3) 3(2,3) 3(2,3) 0.445
RACHS-1 category > 4 (case, %) 23 (15) 57 (14) 44 (17) 0.582
Economic burden (1000 Chinese yuan) 154.5 (117.7, 213.7) 143.2 (110.3, 210.1) 148.0 (112.2, 205.3) 0.460

A total of 183, 449, and 293 hand hygiene compliance evaluations were conducted during the
pre-intervention, intervention, and post-intervention periods, respectively. For other preventive measures,
a total of 2001 and 1371 evaluations were performed in the intervention and post-intervention periods,
respectively. Detailed information on all preventive measures is presented in Table 3.

Table 3: The details of preventive measures in the three periods.

Pre-Intervention Intervention Post-Intervention

Hand-hygiene

Compliant/Total (number) 105/183 324/449 192/293

Compliance rate (%) 57.4 72.1 65.5
Semi-recumbent position

Compliant/Total (number) - 178/218 137/164

Compliance rate (%) 81.7 83.5
Oral care

Compliant/Total (number) - 400/449 261/293

Compliance rate (%) 89.1 89.1
Active mobilization

Compliant/Total (number) - 186/231 109/129

Compliance rate (%) 80.5 84.5
Cuff pressure

Compliant/Total (number) - 180/218 144/164

Compliance rate (%) 82.6 87.8
Daily trial of ventilation weaning

Compliant/Total (number) - 182/218 149/164

Compliance rate (%) 83.5 90.9
Ventilator circuit

Compliant/Total (number) - 178/218 137/164

Compliance rate (%) 81.7 83.5
Avoidance of gastric overdistention

Compliant/Total (number) - 360/449 216/293

Compliance rate (%) 80.3 73.8

During the pre-intervention period, only hand hygiene compliance was monitored. Data on compliance with other components
were not systematically collected at baseline, hence are marked as “-” (not available).
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The VAP rates (expressed as events per 1000 ventilator days) across the three study periods were
25.7, 11.3, and 10.8, respectively. Time-series plots depicting the dynamic changes in VAP rates are
presented in Fig. 2. For the Poisson regression analysis, we incorporated variables that exhibited statistically
significant differences across the three periods, namely age, body weight, emergency surgery status,
and cardiopulmonary bypass duration. The regression results indicated that only the intervention and
post-intervention phases served as independent protective factors against VAP. After adjusting for age,
body weight, emergency surgery status, and cardiopulmonary bypass duration, the VAP rate was reduced
by 56% in the intervention period (adjusted incidence rate ratio (IRR) = 0.382, 95% confidence interval (CI):
0.212-0.691; p = 0.001). In the post-intervention period, the VAP rate decreased by 58% (adjusted IRR =
0.452, 95% CI: 0.23-0.882; p = 0.020). Detailed results of the Poisson regression analysis are summarized in
Table 4.

VAP RATES
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Figure 2: The time-series plots of ventilator-associated pneumonia rates.

Table 4: The results of Poisson regression.

Variable HR 95% CI p-Value
Intervention period 0.382 0.212-0.691 0.001
Post-intervention period 0.452 0.232-0.882 0.020
Age 0.939 0.862-1.022 0.145
Weight 1.361 0.886-2.089 0.159
Emergency surgery 0.781 0.452-1.348 0.375
cardiopulmonary bypass 1.005 0.988-1.021 0.581

The analysis of outcome measures across the pre-intervention, intervention, and post-intervention
periods revealed that the postoperative length of stay was 22 (16, 35) days, 22 (15, 34) days, and 21 (15, 28)
days respectively. A significant decrease occurred between the pre- and post-intervention phases, with a
p-value of 0.040. Regarding postoperative mortality, the number of cases and corresponding percentages
were 5/153 (3.3%), 4/413 (0.97%), and 4/263 (1.5%) in each period respectively. Although there was a decline
of over 50% in mortality from the pre- to post-intervention period, no statistically significant differences
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were observed (p = 0.410). Additionally, the hospitalization costs for patients during the pre-intervention,
intervention, and post-intervention phases were 154.5 (117.7, 213.7), 143.2 (110.3, 210.1), and 148.0 (112.2,
205.3) x1000 Chinese yuan, respectively. Although the values showed a decrease, the results were not
statistically significant (p = 0.460).

4 Discussion

Our data indicate that the implementation of a multifaceted VAP prevention program was associated
with a sustained reduction in VAP incidence rates. A key distinctive feature of this study is the emphasis on
the long-term sustainability of these VAP prevention measures. While numerous studies have demonstrated
that infection control interventions can reduce VAP rates, far fewer have documented long-term, sustained
improvements in outcomes [5,21]. One plausible explanation for this sustained efficacy may be attributed to
the internal champion team composed of ICU staff. This part-time team was established out of professional
commitment and interest in infection control, with no additional financial compensation provided. The
presence of this clinical team ensured the consistent implementation of infection control measures; moreover,
through close collaboration with the hospital’s full-time infection control department, it helped maintain
the sustainability of infection control gains. This finding is highly consistent with the conclusions of
existing implementation and survey studies [22,23]. Of course, supervision and feedback from the infection
control department were equally critical. Relying solely on the ICU’s internal infection control team, despite
improvements in professional skills through training, would not yield optimal infection control outcomes
due to the absence of external oversight “pressure” [24].

The critical role of the VAP prevention bundle also merits emphasis. During the pre-intervention
period, although hand hygiene compliance was already approaching a relatively high level (approximately
60%) [25], the VAP rate remained suboptimal, which we attribute to the absence of standardized VAP
surveillance and management protocols. Nevertheless, following the implementation of the multifaceted
VAP prevention bundle, the VAP rate decreased by over 50%, representing a clinically significant
improvement. Post-intervention, the VAP rate was reduced to approximately 11 events per 1000 ventilator
days; however, we refrain from interpreting the clinical significance of this absolute value. This is primarily
because there is currently a paucity of published data on VAP rates in this specific population of pediatric
patients following congenital heart disease surgery, precluding direct comparisons with findings from other
clinical centers.

Published literature on VAP in pediatric populations reports VAP rates ranging from 8.1 to 12 events per
1000 ventilator days [1,26], while studies focusing on adult patients following cardiac surgery document a
VAP rate of 15.9 events per 1000 ventilator days [6]. Given that pediatric patients undergoing congenital heart
disease surgery exhibit impaired immune function and are consequently more susceptible to infections [10],
we can infer that the outcomes achieved in our study represent satisfactory infection control efficacy. It is
also critical to emphasize, however, that VAP diagnostic criteria vary substantially across different studies.
For this reason, direct comparisons of VAP rates derived from distinct investigations should be avoided.
The key highlight of this study remains that our VAP prevention program yielded sustained reductions in
VAP rates during both the intervention and post-intervention periods.

During the evaluation process, we also observed that owing to the unique clinical characteristics
of postoperative pediatric patients, certain components of the VAP prevention bundle including the
maintenance of a semi-recumbent position, daily active mobilization, and daily trials of ventilation
weaning did not achieve optimal compliance. This suboptimal adherence was not attributable to procedural
errors, but rather to unavoidable clinical factors such as unstable hemodynamic status, elevated risk of
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postoperative hemorrhage, and generalized debilitation following major cardiac surgery. Nevertheless,
resolving these cardiac surgery-specific infection control challenges will undoubtedly elevate our VAP
prevention capabilities to a new level. This interdisciplinary initiative can be effectively spearheaded by
our ICU-based infection control team. Our part-time infection prevention and control personnel, through
their bedside immersion in critical care settings, are uniquely positioned to conduct granular observations
of infection control practices, strike an optimal balance between infection prevention protocols and patient
safety priorities, and thereby improve overall compliance with the VAP prevention bundle.

Numerous factors are associated with VAP development in pediatric patients following cardiac surgery,
such as young age and the high complexity of surgical procedures [27]. In our study, although statistically
significant differences existed across the three study periods in terms of age, body weight, emergency
surgery status, and cardiopulmonary bypass duration, subsequent Poisson regression analysis demonstrated
that only the intervention and post-intervention phases were identified as protective factors against VAP.
Nationwide congenital heart disease screening in China has reduced older patient volumes and lowered
diagnostic ages. Infants and young children undergoing cardiac surgery mostly have severe/complex defects,
and delayed intervention would threaten their growth and survival. With local hospitals now managing
simple defects, our center only receives complex or critically ill referrals, increasing surgical complexity
and emergency cases. This high-risk patient profile prompted us to enhance infection control measures.
Despite greater patient severity, our comprehensive infection control bundle effectively reduced VAP rates,
which is the core clinical value of our study.

In addition, this study demonstrated that the VAP prevention bundle reduced the mortality rate from
3.3% to a range of 0.97%—1.5%. Despite this greater than 50% reduction, the difference did not reach statistical
significance. Analysis of the reasons indicates that the actual enrolled sample size in this study was 829
cases, which is lower than the expected 1096 cases for mortality, and this may have contributed to the failure
to achieve a statistically significant difference. Therefore, extending the follow-up period or increasing the
sample size could potentially detect meaningful differences. It should be noted that, for severe complications
such as mortality, even in the absence of statistical significance, every single reduction in cases translates to
meaningful improvements in surgical outcomes from a clinical perspective. A similar trend was noted for
hospitalization costs: although the reduction did not achieve statistical significance, it still holds potential
economic benefits for individual families and public health insurance systems.

5 Study limitations

Our study was not blinded, and it is well known that VAP definitions carry some subjectivity. Although
we used a standard definition and the methodology did not change over time, this inherent subjectivity still
poses a risk of misclassification. Misclassification of VAP cases could lead to inaccurate calculation of VAP
rates and potentially distort the results of the study.

Due to the potential influence of the Hawthorne effect, we cannot confirm that compliance remained
consistent during periods when observations were not conducted. If adherence was in fact lower during
these unobserved intervals, the reported decline in VAP rates may be overestimated. Future studies can
mitigate this limitation by implementing electronic monitoring systems and consumables-based compliance
tracking, both of which minimize observer bias and allow continuous, objective assessment.

As a single-center study conducted in a tertiary teaching hospital with specialized resources (e.g.,
dedicated infection control personnel, a high nurse-to-patient ratio), the findings may not be generalizable
to smaller healthcare facilities or resource-limited settings. To address this issue, we have provided as
detailed an account as possible of the VAP prevention and control process, enabling hospitals at various
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levels to implement prevention measures according to their own circumstances. In addition, this problem
can be solved by conducting multi-center research in future research.

While our study was conducted in a resource-rich tertiary center, the core components of the VAP
bundle can be adapted for resource-limited settings to enhance generalizability. Regarding low-cost
alternatives, manual manometers or the minimal occlusive volume technique can replace expensive
electronic devices for cuff pressure monitoring. Furthermore, task-sharing strategies hold promise in settings
with lower nurse-to-patient ratios; for instance, training junior staff to assist with patient repositioning,
head-of-bed elevation, and basic mobilization under professional supervision. Such adaptations ensure
that the essential elements of VAP prevention remain feasible and sustainable across diverse clinical
environments.

Our study adopted a quasi-experimental, uncontrolled before-and-after design. Owing to the lack of
randomization and a concurrent control group, we cannot rule out the potential impact of confounding
factors, such as secular trends in healthcare quality or advancements in surgical techniques, which may
have contributed to the observed reduction in VAP rates. Consequently, this limits our ability to draw
definitive causal inferences from the study findings. These limitations highlight the necessity of future
research employing more rigorous, higher-evidence study designs, such as randomized controlled trials.

Another limitation is the lack of subgroup analyses on the efficacy of individual VAP bundle components,
preventing us from disentangling their independent contributions to VAP reduction. Given the unique
physiological and clinical characteristics of postoperative pediatric cardiac patients, the effectiveness of
different bundle measures may vary, and this information is crucial for clinical optimization. Future studies
should incorporate subgroup analyses based on compliance with each component to inform the development
of personalized VAP prevention strategies.

6 Conclusions

Our VAP prevention program was associated with a sustained reduction in VAP rates. Additionally, it
may exert a beneficial effect on shortening postoperative length of stay.
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