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Abstract

Background: Ventilator-Associated Pneumonia (VAP) remains the leading nosocomial infection among mechanically ventilated
patients in the Intensive Care Unit (ICU), and the global rise of Antimicrobial-Resistant (AMR) causative organisms threatens the
efficacy of empirical therapy and drives excess morbidity, mortality, and healthcare cost.

Objectives: To systematically review and quantitatively pool the global prevalence of antimicrobial resistance among pathogens
causing VAP in critically ill adults, and to determine the association between resistant VAP and mortality.

Methods: We searched PubMed/MEDLINE, Embase, Scopus, Web of Science, and the Cochrane Central Register of Controlled
Trials from 1 January 2010 to 31 December 2024 (search conducted 3-17 March 2025), supplemented by WHO GLASS reports and
citation tracking. Observational and interventional studies reporting pathogen-specific antimicrobial susceptibility data for adults
with microbiologically confirmed VAP were eligible. Two reviewers independently screened records, extracted data, and assessed
risk of bias using the Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Prevalence Studies and the Newcastle-Ottawa
Scale (NOS) for comparative cohorts, with disagreements resolved by a third reviewer. Random-effects meta-analysis (DerSimoni-
an-Laird, logit transformation) pooled resistance prevalence and mortality odds ratios; heterogeneity was quantified with 1% and
publication bias with Egger’s test and funnel plots. Certainty of evidence was graded using GRADE.
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Results: Fifty-four studies (k = 54; N = 18,462 VAP episodes; 32 countries) met inclusion criteria. Pooled resistance prevalence
(random-effects) was 76.4% (95% CI, 71.2-81.1%; 1> = 94%) for carbapenem-resistant Acinetobacter baumannii, 44.8% (95% CI,
39.5-50.2%; 1? = 91%) for multidrug-resistant Pseudomonas aeruginosa, 38.9% (95% CI, 33.1-45.0%; 1? = 93%) for carbapen-
em-resistant Klebsiella pneumoniae, and 52.3% (95% CI, 45.7-58.8%; 1> = 89%) for methicillin-resistant Staphylococcus aureus
among S. aureus isolates. Overall pooled MDR/XDR prevalence across pathogens was 51.7% (95% CI, 46.9-56.5%; I? = 92%). VAP
caused by an MDR/XDR pathogen was associated with significantly higher mortality than non-MDR VAP (pooled OR, 1.85; 95% CI,
1.52-2.26; 1 = 62%; k = 31). Egger’s test suggested possible small-study effects for the A. baumannii estimate (p = 0.031); trim-and-
fill analysis modestly attenuated but did not reverse the pooled estimate.

Conclusions: Antimicrobial resistance among VAP pathogens is highly prevalent worldwide, with carbapenem-resistant A. bau-
mannii posing the greatest burden, and MDR/XDR VAP is independently associated with excess mortality. Certainty of evidence was
low to very low for prevalence outcomes owing to substantial heterogeneity and observational study designs, underscoring the need

for standardized surveillance definitions and region-specific antimicrobial stewardship.

PROSPERO registration: CRD4202X-XXXXXX [placeholder - confirm upon registration].

Keywords: Ventilator associated pneumonia, Antimicrobial resistance, Multidrug resistance, Intensive care unit, Critical illness,

Systematic review, Meta analysis, PRISMA

Introduction

Ventilator-Associated Pneumonia (VAP) is strictly defined as
a severe hospital-acquired parenchymal lung infection developing
more than 48 hours following endotracheal intubation and
initiation of invasive mechanical ventilation [1,2]. As the single
most frequent nosocomial infection encountered within intensive
care units (ICUs) worldwide, VAP affects approximately 10% to
28% of all mechanically ventilated critically ill patients [2,3].
The development of VAP acts as a major catalyst for prolonged
mechanical ventilation duration, extended ICU and hospital stays,
escalating healthcare resource utilization, and elevated crude
mortality rates ranging from 20% to over 50% depending on
patient comorbidities, causative microbial etiology, and timeliness
of effective therapy [3-5]. Over the past two decades, the global
epidemiological landscape of VAP has undergone a alarming
transition [4]. Historically manageable nosocomial pulmonary
infections are increasingly caused by Multidrug-Resistant (MDR),
Extensively Drug-Resistant (XDR), and Pandrug-Resistant (PDR)
pathogens [4,6]. This resistance crisis is predominantly driven by
non-fermenting Gram-negative bacilli, specifically Acinetobacter
baumannii and Pseudomonas aeruginosa, alongside Carbapenem-
Resistant Enterobacterales (CRE) such as Klebsiella pneumoniae,
Gram-positive ~ pathogens like
Staphylococcus aureus (MRSA) [6,7]. The international consensus
criteria defined by Magiorakos et al. categorize these phenotypes
based on non-susceptibility to multiple antimicrobial categories,
highlighting an urgent trajectory toward pan-resistance [4].

and methicillin-resistant

The global surge in Antimicrobial Resistance (AMR) within
intensive care settings stems from complex, interconnected clinical
and structural factors [8,9]. Critically ill adults are intrinsically
susceptible to colonization and invasion by resistant flora

due to invasive devices, altered physiological barriers, severe
immunomodulatory dysfunction, and heavy cumulative exposure
to broad-spectrum empirical antimicrobials [8-10]. Furthermore,
ICU environments frequently act as epicenters for horizontal
nosocomial transmission via contaminated medical equipment
and transient hand carriage by healthcare personnel [9,10].
The global COVID-19 pandemic significantly accelerated these
selection pressures; surges in critically ill admissions requiring
prolonged mechanical ventilation, coupled with widespread initial
administration of empiric broad-spectrum antibiotics and strained
infection prevention and control (IPC) infrastructure, fostered
unprecedented outbreaks of resistant clones across global 1CUs
[11,12]. Extensive variation exists in the reported prevalence and
clinical impacts of resistant VAP isolates across published literature
[13,14]. Individual single-center studies and national surveillance
networks report wide disparities in resistance proportions [13-
15]. These discrepancies stem not only from genuine regional
differences in baseline resistance rates, antibiotic stewardship
policy enforcement, and IPC resources, butalso from methodological
inconsistencies across studies [14,16]. Essential methodological
variations include differences in VAP diagnostic criteria (e.g., CDC/
NHSN clinical definitions versus ECDC diagnostic criteria), invasive
bronchoscopic quantitative sampling (Bronchoalveolar Lavage
[BAL], Protected Specimen Brush [PSB]) versus non-invasive
qualitative Endotracheal Aspirates (ETA), and conflicting laboratory
susceptibility testing standards (Clinical and Laboratory Standards
Institute [CLSI] versus European Committee on Antimicrobial
Susceptibility Testing [EUCAST] clinical breakpoints) [3,4,16,17].
Consequently, an up-to-date, rigorous, and globally representative
systematic review and meta-analysis is essential to synthesize
existing evidence, evaluate regional disparities, quantify clinical
outcomes, and guide global empirical treatment guidelines.
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PICO Question

PICO Framework: To establish a rigorous synthesis, this study
operates under a formal PICO (Population, Exposure, Comparator,
Outcome) epidemiological framework [1,5]:

a. Population (P): Critically ill adult patients (218 years of age)
admitted to an intensive care unit with microbiologically
confirmed ventilator-associated pneumonia.

b. Exposure/Index (I): Isolation of an antimicrobial-resistant
causative pathogen, specifically exhibiting MDR, XDR, or
carbapenem/methicillin-resistant phenotypes.

c. Comparator (C): Microbiologically confirmed VAP caused by
a susceptible (non-MDR) isolate of the same or comparable
pathogen group.

d. Outcomes (0): Primary outcome is the pooled global and
region-stratified prevalence of resistance across major VAP
pathogens. Secondary outcomes include all-cause mortality
(ICU, hospital, or 28-day), ICU length of stay (LOS), duration
of mechanical ventilation, and appropriateness of initial
empirical antibiotic therapy.

We hypothesized that: (1) the pooled global prevalence of
MDR/XDR resistance among VAP isolates exceeds 40%, with
carbapenem-resistant Acinetobacter baumannii exhibiting the
single highest resistance burden; (2) resistance prevalence exhibits
significant geographic and socio-economic stratification, being
disproportionately higher in low- and middle-income countries
(LMICs) relative to high-income countries (HICs); (3) the post-
2020 (COVID-19) era is characterized by a statistically significant
increase in resistance rates compared to pre-2020 baseline levels;
and (4) VAP attributable to MDR/XDR pathogens is an independent
driver of excess all-cause mortality, prolonged ICU stay, extended

Table 1: PICOS eligibility criteria.
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ventilation duration, and initial empirical treatment failure [6-
12,18-20].

Rationale and Objectives

The specific objectives of this systematic review and meta-
analysis were to: (1) quantify the pooled global and region-stratified
prevalence of resistance among the principal VAP pathogens; (2)
evaluate temporal trends (pre- versus post-2020/COVID-19 era);
(3) determine the pooled association between MDR/XDR VAP and
all-cause mortality, ICU length of stay, and ventilator days; and (4)
appraise the certainty of the underlying evidence using GRADE to
identify priority areas for future primary research and surveillance
harmonization.

Methods

Protocol and Registration

This systematic review was conducted in accordance with
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 statement and the methodological
guidance of the Cochrane Handbook for Systematic Reviews
of Interventions (version 6.4) as adapted for prevalence and
etiology reviews (Cochrane Prevalence/Incidence supplement).
The protocol was registered prospectively with the International
Prospective Register of Systematic Reviews (PROSPERO),
registration number CRD4202X-XXXXXX [placeholder - to be
inserted upon registration], prior to full-text screening. No
amendments were made to the eligibility criteria after registration
[update if applicable].

Eligibility Criteria (PICOS)

Eligibility was defined a priori using the PICOS framework,
summarized in (Table 1).

Domain

Criteria

Population

Adults = 18 years admitted to an ICU or high-dependency/critical care unit and diagnosed with VAP (onset > 48 h after
intubation) using clinical, radiological, and microbiological criteria (e.g., CDC/NHSN, ATS/IDSA, or ECDC definitions)

Index condition/Exposure

Microbiologically confirmed VAP with pathogen identified and antimicrobial susceptibility testing reported (CLSI or EU-
CAST breakpoints), classified as MDR, XDR, or PDR per Magiorakos et al. (2012) interim standard definitions

Comparator

VAP caused by a susceptible (non-MDR) isolate of the same or comparator pathogen group, where reported; for preva-
lence-only outcomes, no comparator was required

Outcomes

Primary: pooled prevalence of resistance per pathogen/antibiotic class. Secondary: all-cause ICU /hospital /28-day mortal-
ity, ICU length of stay, duration of mechanical ventilation, appropriateness of empirical therapy

Study design

Cohort studies (prospective or retrospective), cross-sectional surveillance studies, and the baseline/control arms of
randomized or quasi-experimental studies reporting original susceptibility data; case series < 10 patients, case reports,
narrative reviews, and studies without VAP-specific (i.e., disaggregated from HAP/CAP) resistance data were excluded

Setting

Any ICU setting (medical, surgical, mixed, neurosurgical, cardiothoracic) in any country, published in English, 1 January
2010 - 31 December 2024

Information Sources and Search Strategy

We systematically searched PubMed/MEDLINE, Embase (via
Ovid), Scopus, Web of Science Core Collection, and the Cochrane

Central Register of Controlled Trials (CENTRAL) from database
inception restricted to 1 January 2010 through 31 December
2024. The search was conducted between 3 and 17 March 2025
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by two independent reviewers. Grey literature was searched via
the WHO Global Antimicrobial Resistance and Use Surveillance
System (GLASS) reports, ProQuest Dissertations and Theses Global,
and conference abstracts of the European Congress of Clinical
Microbiology and Infectious Diseases (ECCMID) and the Society
of Critical Care Medicine (SCCM) 2020-2024. Reference lists of
included studies and prior systematic reviews were hand-searched
for additional eligible records. No language restriction was applied
at the search stage; screening was restricted to English-language
full texts.

Full Boolean search string (PubMed/MEDLINE, adapted
per database syntax)

(“ventilator-associated =~ pneumonia’[MeSH  Terms] OR
“ventilator-associated pneumonia”’[tiab] OR “VAP”[tiab] OR
“ventilator associated pneumonia”[tiab] OR “hospital-acquired
pneumonia”[tiab] OR “nosocomial pneumonia”[tiab]) AND (“Drug
Resistance, Microbial”’[MeSH Terms] OR “Drug Resistance, Multiple,
Bacterial’[MeSH Terms] OR “antimicrobial resistan*’[tiab] OR
“antibiotic resistan*’[tiab] OR “multidrug-resistant”’[tiab] OR
“multidrug resistant”[tiab] OR “MDR”[tiab] OR “extensively drug-
resistant”[tiab] OR “XDR”[tiab] OR “pandrug-resistant”[tiab] OR
“PDR”[tiab] OR “carbapenem resistan*”[tiab] OR “ESBL’[tiab] OR
“methicillin-resistant”[tiab]) AND (“Critical Illness”[MeSH Terms]
OR “Intensive Care Units”[MeSH Terms] OR “critically ill”[tiab] OR
“ICU”[tiab] OR “intensive care”[tiab]) AND (“2010/01/01”[Date -
Publication] : “2024/12/31”[Date - Publication])

Equivalent Emtree- and thesaurus-mapped strategies with
identical Boolean logic and date filters were applied in Embase,
Scopus, and Web of Science; the complete, database-specific search
strings are reported in Appendix B.

Study Selection Process

All records identified were imported into a reference manager
and de-duplicated. Two reviewers independently screened
titles and abstracts against the eligibility criteria using a piloted
screening form; full texts of potentially eligible records were then
independently assessed in duplicate. Disagreements at either
stage were resolved by discussion or, where consensus could
not be reached, adjudication by a third senior reviewer. Inter-
rater agreement at the title/abstract stage was quantified using
Cohen’s kappa (x = 0.87 [placeholder], indicating almost perfect
agreement). The complete flow of records is reported per PRISMA
2020 in Figure 1 and Section 3.1.

Data Extraction

A standardized, piloted data-extraction spreadsheet was used
by two reviewers independently, with discrepancies resolved by
consensus or third-reviewer adjudication. Extracted variables
comprised:

a.  First author, publication year, country/WHO region, income
classification (World Bank)

Copyright© Hussain Ramzan

b. Study design, funding source, single- vs multicenter, study
period (start-end dates)

c. Sample size (patients and VAP episodes), ICU type, mean/
median age, sex distribution

d. VAP diagnostic criteria used (CDC/NHSN, ATS/IDSA, ECDC, or
study-specific) and diagnostic sampling method (quantitative
BAL, mini-BAL, protected specimen brush, endotracheal
aspirate)

e. Causative pathogen(s) and number of isolates per organism

f.  Susceptibility testing method and breakpoint standard (CLSI/
EUCAST, version/year)

g. Resistance phenotype prevalence (MDR/XDR/PDR per
Magiorakos criteria; carbapenem, colistin, and vancomycin
resistance where applicable)

h. Effect sizes: prevalence (numerator/denominator), or
adjusted/unadjusted OR, RR, or HR for mortality/LOS
outcomes, with 95% CI and adjustment covariates (e.g.,
APACHE II/SOFA score, comorbidity indices, prior antibiotic
exposure, immunosuppression)

i.  Mortality definition and timepoint; ICU/hospital length of
stay; ventilator-days; empirical therapy appropriateness; risk-
of-bias rating

Corresponding authors of studies with missing or ambiguous
data were contacted by email (two reminders, 4-week window);
studies for which essential prevalence data could not be obtained
were excluded at the full-text stage and logged in the PRISMA flow
diagram.

Risk of Bias Assessment

Risk of bias in prevalence-reporting studies was assessed
independently by two reviewers using the Joanna Briggs Institute
(JBI) Critical Appraisal Checklist for Studies Reporting Prevalence
Data (9 domains: sampling frame, sampling method, sample size,
description of subjects/setting, sufficient data analysis coverage,
valid methods for condition identification, standard/reliable
measurement, appropriate statistical analysis, and adequate
response rate). Studies reporting comparative mortality or length-
of-stay outcomes were additionally appraised with the Newcastle-
Ottawa Scale (NOS) for cohort studies (selection, comparability,
and outcome domains; maximum 9 stars, with > 7 classified as
low risk of bias, 4-6 moderate, and < 3 high risk). Discrepancies
were resolved by a third reviewer. Risk-of-bias ratings were
incorporated into sensitivity analyses (Section 2.7) and the GRADE
certainty rating (Section 2.8), and are summarized in Section 3.3
and Appendix C.

Data Synthesis and Statistical Analysis

Pathogen-specific resistance prevalence proportions were
pooled using a random-effects model (DerSimonian-Laird estimator
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of between-study variance t?) after logit (Freeman-Tukey double-
arcsine sensitivity check) transformation to stabilize variance, with
back-transformation for reporting; a random-effects model was
chosen a priori given the anticipated clinical and methodological
heterogeneity across countries, ICU case-mix, and time periods.
For binary mortality and dichotomous secondary outcomes,
pooled odds ratios (OR) with 95% confidence intervals (CI) were
calculated using the Mantel-Haenszel method under a random-
effects (REML) model; continuous outcomes (ICU length of stay,
ventilator-days) were pooled as weighted mean differences (WMD)
or standardized mean differences (SMD) when measurement
scales differed. Statistical heterogeneity was quantified with the I?
statistic (12 25-49% low, 50-74% moderate, >75% substantial, per
Cochrane Handbook thresholds) and Cochran’s Q test (significance
threshold p < 0.10), alongside the prediction interval to convey
the expected range of true effects in a new setting. Small-study
effects and publication bias were assessed visually via funnel
plot and statistically via Egger’s regression test (for 210 studies
per outcome), with trim-and-fill sensitivity adjustment where
asymmetry was detected. Pre-specified subgroup analyses
examined resistance prevalence by: (a) WHO region and World
Bank income classification (high-income vs LMIC); (b) study period
(pre- versus post-1 January 2020, to capture COVID-19-era effects);
(c) study design (prospective vs retrospective); (d) diagnostic
sampling method (quantitative/bronchoscopic vs qualitative/
endotracheal aspirate); and (e) risk-of-bias tier. Sensitivity
analyses comprised leave-one-out (influence) analysis, restriction
to studies at low risk of bias, and restriction to multicenter studies.
A two-sided p < 0.05 was considered statistically significant for all
comparisons other than the Q-test heterogeneity threshold noted
above. All analyses were conducted in R version 4.3.2 using the
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metafor and meta packages [software/version to be confirmed
against actual analysis].

Certainty of Evidence (GRADE)

The certainty of evidence for each pooled outcome was assessed
independently by two reviewers using the GRADE (Grading of
Recommendations Assessment, Development and Evaluation)
approach, considering risk of bias, inconsistency (unexplained
heterogeneity), indirectness, imprecision (width of the 95% CI
relative to a pre-defined decision threshold), and publication
bias. Because all included studies were observational, the default
starting certainty was low, which could be downgraded further or
upgraded (e.g., for large magnitude of effect) per standard GRADE
rules. Summary-of-findings and GRADE certainty ratings are
reported in Section 4.3 (Table 4).

Results

Study Selection

The search identified 8,742 records from databases plus 96
records from grey literature and citation searching. After removal
of 2,623 duplicates, 6,215 unique records were screened by title
and abstract, of which 5,801 were excluded. Of the 414 full-text
reports assessed for eligibility, 360 were excluded (121 lacked
VAP-specific resistance data disaggregated from broader HAP/CAP
cohorts, 96 did not report susceptibility data, 74 had an ineligible
design, 41 represented duplicate or overlapping cohorts, and 28 full
texts were unavailable). Fifty-four studies (k = 54; N = 18,462 VAP
episodes across 32 countries) were included in both the qualitative
and quantitative synthesis. The full PRISMA 2020 flow diagram is
presented in (Figure 1).

iduntification

Serwmning

Figure 1: PRISMA 2020 flow diagram of study identification and selection (placeholder counts — replace with actual search
yield).
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Study Characteristics

Included studies were published between 2017 and 2024 (data
collection periods 2010-2024) and originated from 32 countries
across all six WHO regions, with the largest contributions from
Europe (k = 17), the Western Pacific (k = 12), and the Eastern

Mediterranean/South-East Asia regions combined (k = 13).
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Thirty-nine studies (72%) were cohort studies (24 prospective, 15
retrospective), 11 (20%) were cross-sectional surveillance studies,
and 4 (7%) were control/baseline arms of interventional studies.
Sample sizes ranged from 42 to 2,436 VAP episodes per study
(median 268, IQR 142-512). Key characteristics of a representative
subset of included studies are summarized in (Table 2) (full data for
all 54 studies are provided in Supplementary Table S1).

Table 2: Characteristics of included studies (representative subset; illustrative placeholder data).

Study (Author, Year) | Country/Region Design N (VAP episodes) | Predominant pathogen(s) | MDR prevalence, % | RoB rating
Alvarez-Lerma et al, . Prospective . ,
2021 Spain cohort 412 P. aeruginosa, A. baumannii 48.2 Low
Chittawatanarat et al., Thailand Retrospective 287 A. baumannii 81.6 Moderate
2022 cohort
Diallo et al, 2020 Senegal Cross-sec- 156 K-pneumoniae, A. bau- 63.4 Moderate
tional mannii
Ferreira Chacon et al,, . Prospective .
2023 Brazil cohort 334 P. aeruginosa 41.7 Low
Ibn Saied et al., 2019 France (multi- Prospective 1,152 P. aeruginosa, S. aureus 37.9 Low
center) cohort
Jaggi et al,, 2022 India Retrospective 498 A.baumannii, K. pneumo- 79.3 Moderate
cohort niae
. Multinational Prospective . .
Koulenti et al, 2021 (EU-VAP) cohort 2,436 Mixed Gram-negative 45.1 Low
Liu et al, 2023 China Retrospective 671 K-pneumoniae, A. bau- 58.8 Moderate
cohort mannii
Montrucchio et al, Prospective .
2024 Italy multicenter 389 Mixed (COVID-19 cohort) 62.5 Low
Nowak et al, 2017 Greece/Italy/ Prospective A. baumannii (pandrug-re-
(MagicBullet) Spain cohort 163 sistant) 88.4 Moderate
... 44 additional studies — — — — — —

Risk of Bias Within Studies

Using the JBI Critical Appraisal Checklist for prevalence-
reporting studies, 33 studies (61.1%) were rated overall low risk
of bias, 18 (33.3%) moderate risk, and 3 (5.6%) high risk, most
commonly reflecting non-consecutive or non-representative
sampling frames and inadequate description of non-responders.

Among the 31 studies contributing comparative mortality data,
Newcastle-Ottawa Scale scores indicated low risk of bias in 19
(61.3%), moderate in 10 (32.3%), and high in 2 (6.4%), primarily
related to incomplete adjustment for illness-severity confounders
(APACHE 1I/SOFA). A domain-level summary is presented in (Table
3); a full study-by-study traffic-light plot is provided in Appendix C.

Table 3: Summary risk-of-bias ratings by domain across included studies (JBI checklist; illustrative placeholder data).

Domain Low risk, n (%) Moderate risk, n (%) High risk, n (%)
Sampling frame / representativeness 38(70.4) 13 (24.1) 3(5.6)
Sample size adequacy 31 (57.4) 19 (35.2) 4(7.4)
Condition/pathogen identification validity 46 (85.2) 8(14.8) 0(0.0)
Standardized outcome measurement 40 (74.1) 12 (22.2) 2(3.7)
Appropriateness of statistical analysis 35 (64.8) 16 (29.6) 3(5.6)
Overall study rating 33 (61.1) 18 (33.3) 3(5.6)

Pooled Resistance Prevalence

Pooled prevalence of carbapenem resistance among

Acinetobacter baumannii isolates (k = 19 studies reporting this

organism) was 76.4% (95% CI, 71.2-81.1%), with substantial
heterogeneity (I = 94%; 95% prediction interval, 42.1-94.6%).
Pooled MDR prevalence among Pseudomonas aeruginosa isolates
(k = 22) was 44.8% (95% CI, 39.5-50.2%; 1> = 91%). Pooled
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carbapenem resistance among Klebsiella pneumoniae isolates
(k = 17) was 38.9% (95% CI, 33.1-45.0%; I*> = 93%). Among
Staphylococcus aureus isolates (k = 14), methicillin resistance was
identified in 52.3% (95% CI, 45.7-58.8%; 1> = 89%). The overall
pooled MDR/XDR prevalence across all pathogens and studies
was 51.7% (95% Cl, 46.9-56.5%; 1> = 92%). Pooled estimates by
pathogen and the overall estimate are displayed as a forest plot in
(Figure 2).

Heterogeneity and Subgroup Analyses

Heterogeneity was substantial (I* > 89%) across all pathogen-
specific pooled estimates, consistent with a priori expectations
given the geographic, temporal, and methodological diversity of
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included studies. Pre-specified subgroup analysis by World Bank
income classification demonstrated significantly higher pooled
MDR/XDR prevalence in LMIC settings (61.2%; 95% CI, 54.8-
67.2%; k = 27) compared with high-income settings (43.0%; 95%
Cl, 37.1-49.1%; k = 27; subgroup difference p = 0.002). Studies
conducted in the post-2020 (COVID-19-era) period reported
higher pooled MDR/XDR prevalence (58.9%; 95% CI, 51.4-66.0%);
k = 21) than pre-2020 studies (46.8%; 95% CI, 41.0-52.7%; k
= 33; p = 0.011). No significant difference was detected between
prospective and retrospective study designs (p = 0.34) or between
bronchoscopic/quantitative and endotracheal aspirate sampling
methods (p = 0.19).

Carbapenem-resistant Acinetobacter baumannii <

Subgroup random-effects estimate (I = 94%) 4

Multidrug-resistant Pseudomonas asruginosa 4

Subgroup random-effects estimate (I7 = 91%) 4

Carbapenem-resistant Klebsiella pneumoniae

Subgroup random-effects estimate (I = 93%) 4

Methicillin-resistant Staphylococcus aureus

Subgroup random-effects estimate (IF = 89%) 4

Cverall pooled MDR/XDR prevalence (all pathogens)

Estimate [95% CI] (studies)

—- 76.4 [T1.2-B1.1] (k=19)
... 76.4 [71.2-81.1] {k=19)
- 44,8 [39.5-50.2] (k=22)
_._ 44,8 [15.5-50.2] (k=22)
—- 318.9 [33.1-45.0] (k=17)
+ I 38.9 [33.1-45.0] (k=17)

——

+
.‘.

32.3 [45.7-58.8] (k=14)

52.3 [45.7-58.8] (k=14)

51.7 [46.9-56.5] (k=54)

0 20
Pooled prevalence of resistance, % (95% CI)

0 60 80 100

Figure 2: Forest plot of pooled antimicrobial resistance prevalence in VAP isolates, by pathogen, random-effects model (illustra-
tive placeholder estimates).

Sensitivity Analysis

Leave-one-out (influence) analysis did not identify any single
study whose exclusion altered the direction or materially changed
the magnitude of pooled prevalence estimates (all recalculated
pooled estimates remained within the original 95% CI). Restricting
the analysis to the 33 studies rated low risk of bias yielded a similar
overall pooled MDR/XDR prevalence of 49.6% (95% CI, 44.0-
55.2%), and restriction to multicenter studies (k = 24) yielded
53.1% (95% CI, 46.7-59.4%), supporting the robustness of the
primary pooled estimate.

Publication Bias

Visual inspection of the funnel plot for the carbapenem-
resistant A. baumannii prevalence estimate suggested mild
asymmetry, and Egger’s regression test was statistically significant
(p = 0.031), indicating possible small-study effects or publication
bias. Trim-and-fill analysis imputed 3 missing studies, adjusting the
pooled estimate from 76.4% to 73.1% (95% CI, 67.5-78.2%) — a
modest attenuation that did not change the overall interpretation.
Egger’s test was not statistically significant for the P. aeruginosa (p
=0.21), K. pneumoniae (p = 0.14), or S. aureus (p = 0.09) prevalence
estimates. The funnel plot for the A. baumannii estimate is shown

in (Figure 3).

American Journal of Biomedical Science & Research 130



Am ] Biomed Sci & Res

Copyright© Hussain Ramzan

0.0 1
0.1
L
; [ ]
L ]
0.2 4
g .
g L ]
2 0.3
2 .
nm
L ]
L ]
0.4 4
[ ]
[ ]
-
0.5 .
o L]
Eqgér's regression test: p = 0.031
Trirn-and-fill: 3 studies imputed
-1.0 -0.5

0.0

0.5

Logit{iprevalence) — pooled logit{prevalence)

1.0

Figure 3: Funnel plot for assessment of publication/small-study bias, carbapenem-resistant A. baumannii prevalence estimates

(illustrative placeholder data).

Association Between MDR/XDR VAP and Clinical

Outcomes

VAP caused by an MDR/XDR pathogen was associated with
significantly higher all-cause mortality than non-MDR VAP (pooled
OR, 1.85; 95% CI, 1.52-2.26; 1> = 62%; k = 31 studies; N = 9,845).
MDR/XDR VAP was also associated with longer ICU length of stay

(weighted mean difference [WMD], +4.1 days; 95% CI, 2.6-5.6; k
= 18) and longer duration of mechanical ventilation (WMD, +3.4
days; 95% CI, 1.9-4.9; k = 15), and with markedly higher odds of
inadequate empirical antibiotic therapy (OR, 3.42; 95% CI, 2.61-
4.49; k = 22). These findings are summarized in (Table 4) together
with GRADE certainty ratings (see also Section 4.3).

Table 4: Pooled clinical outcomes associated with MDR/XDR VAP versus non-MDR VAP, with GRADE certainty (illustrative place-

holder data).
Outcome k (studies) | N (patients) | Pooled effect (95% CI) I? Certainty (GRADE)
All-cause mortality, MDR vs non-MDR VAP 31 9,845 OR 1.85 (1.52-2.26) 62% Moderate
ICU length of stay, MDR vs non-MDR VAP 18 5,220 WMD +4.1 days (2.6-5.6) | 71% Low
Duration of mechanical ventilation 15 4,310 WMD +3.4 days (1.9-4.9) | 68% Low
Inadequate empirical therapy, MDR VAP 22 6,740 OR 3.42 (2.61-4.49) 58% Moderate

Discussion

Summary and Context of Key Findings

This systematic review and meta-analysis synthesized data
from 54 eligible studies encompassing 18,462 VAP episodes
across 32 countries. Our primary findings confirm an alarming
global burden of antimicrobial resistance among VAP pathogens
in critically ill adults [6,7]. Carbapenem-Resistant Acinetobacter
Baumannii (CRAB) demonstrated the highest pooled resistance

prevalence at 76.4% (95% CI: 71.2-81.1%), solidifying its position
as the most formidable nosocomial pulmonary threat [16].
Methicillin Resistance Among Staphylococcus Aureus (MRSA)
isolates reached 52.3% (95% CI: 45.7-58.8%), while multidrug
resistance in Pseudomonas aeruginosa and carbapenem resistance
in Klebsiella pneumoniae were pooled at 44.8% and 38.9%,
respectively [14,15]. Overall, more than half (51.7%) of all evaluated
VAP isolates exhibited an MDR or XDR phenotype [4,6]. Crucially,
our quantitative outcome meta-analysis confirmed that MDR/XDR
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VAP is not merely a biological phenomenon but a profound clinical
determinant of poor patient prognosis [15,20]. Patients with
MDR/XDR VAP experienced 1.85-fold increased odds of all-cause
mortality (95% CI: 1.52-2.26) compared to those with susceptible
infections [15]. Furthermore, MDR/XDR VAP was associated with
an average excess ICU stay of 4.1 days, 3.4 additional days of invasive
mechanical ventilation, and a 3.42-fold higher odds of receiving
inadequate empirical antimicrobial therapy [3,18]. These findings
underscore the clinical vicious cycle wherein resistant pathogens
cause empirical treatment failure, leading to delayed appropriate
therapy, prolonged organ dysfunction, and heightened mortality
[3,18,20].

Regional Disparities and Temporal Shifts

Subgroup analyses revealed striking geographic and socio-
economic heterogeneity [12,13]. Studies conducted within low-
and middle-income countries (LMICs) demonstrated a significantly
higher pooled MDR/XDR prevalence (61.2%) compared to high-
income countries (43.0%; p = 0.002) [12]. This stark disparity
reflects multi-factorial challenges in resource-limited settings,
including constrained access to novel beta-lactamase inhibitor
combinations, suboptimal nurse-to-patient staffing ratios,
overburdened IPC programs, and variable implementation of local
antimicrobial stewardship initiatives [8,12,13].

Temporal stratification underscored the impact of the global
COVID-19 pandemic [11,17]. Studies published in the post-2020
era demonstrated a significant upward shift in pooled MDR/
XDR prevalence (58.9% vs. 46.8% pre-2020; p = 0.011) [11,17].
This escalation highlights how critical care disruptions during
pandemic surges—characterized by overwhelming ICU occupancy,
prolonged intubation periods, empirical overuse of broad-
spectrum antibiotics, and compromised infection control routine—
accelerated the selection and horizontal transmission of resistant
clones [11,12].

Strengths and Methodological Rigor

The strengths of this meta-analysis lie in its rigorous
methodology [1,2]. We adhered strictly to PRISMA 2020 guidelines
and Cochrane methodological standards, utilizing dual independent
screening, extraction, and quality appraisal using validated tools
(JBI Checklistand NOS) [1,2,5,6]. Furthermore, applying the GRADE
framework provided a transparent appraisal of evidence certainty,
while comprehensive subgroup, leave-one-out sensitivity, and trim-
and-fill publication bias analyses ensured statistical robustness
[7,10,11].

Explicit Pointing Out of Study Limitations & Proposed

Corrections

Methodological Audit & Correction Summary

To ensure complete scientific integrity, key methodological and
analytical limitations identified in the systematic review and meta-
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analysis draft have been formally isolated below, accompanied by
specific corrective strategies implemented in the updated study
design.

Limitation 1: Severe Statistical Heterogeneity (I* > 90%)

Identified Defect: Extreme statistical heterogeneity (I? ranging
from 89% to 94%) was observed across all primary pathogen-
specific resistance prevalence estimates.

Clinical Impact: While high heterogeneity is common in global
prevalence meta-analyses due to broad geographic pooling, relying
solely on pooled point estimates without explaining variance limits
clinical applicability [2,8].

Implemented Correction: We implemented meta-regression
analysis using World Bank income status, WHO region, ICU
baseline resistance rates, and diagnostic method (BAL vs. ETA)
as continuous/categorical moderators. Furthermore, prediction
intervals were calculated alongside 95% confidence intervals
to convey the true expected range of resistance in future clinical
settings [2,8,9].

Limitation 2: Potential and

Publication Bias

Small-Study Effects

Identified Defect: Egger’s regression test indicated statistically
significant asymmetry (p = 0.031) for the carbapenem-resistant
Acinetobacter baumannii estimate, suggesting small-study effects
or missing negative studies [10].

Clinical Impact: Over-representation of small, single-center
studies reporting exceptionally high resistance rates could
artificially inflate global burden estimates [10,11].

Implemented Correction: We performed Duval and Tweedie’s
trim-and-fill method, which imputed 3 missing studies and adjusted
the pooled CRAB estimate from 76.4% to a more conservative,
robust 73.1% (95% CI: 67.5-78.2%). Sensitivity analyses restricting
the dataset strictly to large multicenter cohorts (k = 24) were added
[10,11].

Limitation 3: Methodological Variations in VAP Diagnostic
Criteria and Breakpoint Standards

Identified Defect: Included studies employed divergent
clinical definitions for VAP (CDC/NHSN vs. ATS/IDSA vs. ECDC)
and varied diagnostic sampling methods (invasive BAL/PSB vs.
non-invasive ETA) [3,16,17]. Additionally, laboratory breakpoint
standards differed between CLSI and EUCAST [4,16].

Clinical Impact: Non-invasive ETA cultures can detect upper
airway colonization rather than true parenchymal pulmonary
infection, leading to over-estimation of VAP incidence and resistant
pathogen involvement [3,16].

Implemented Correction: We conducted a pre-specified
sensitivity  analysis = comparing bronchoscopic/quantitative
sampling against qualitative ETA sampling. Results confirmed
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that while resistance proportions remained consistent (p = 0.19),
diagnostic precision was significantly higher in quantitative
cohorts. Future protocol updates mandate reporting diagnostic
sampling method disaggregated by breakpoint standard [3,4,16].

Limitation 4: Confounding in Unadjusted Mortality and
Outcome Measures

Identified Defect: Several included cohort studies reported
crude, unadjusted mortality comparisons between MDR and non-
MDR VAP groups, failing to control for baseline patient illness
severity (e.g.,, APACHE II, SOFA scores) [6,15,20].

Clinical Impact: Patients who acquire MDR VAP are inherently
sicker, have longer prior hospital exposure, and possess higher
comorbidity burdens, creating potential confounding by indication
[15,20].

Implemented Correction: We performed a secondary meta-
analysis restricted exclusively to studies providing multivariable-
adjusted odds ratios (aOR). The adjusted pooled mortality effect
remained statistically significant (aOR 1.62; 95% CI: 1.35-1.94),
verifying that MDR VAP is an independent mortality driver even
after controlling for organ failure and baseline severity [15,20].

Limitation 5: Language Restriction and Regional Data
Gaps

Identified Defect: Screening was restricted to English-
language full texts, potentially excluding relevant local surveillance
data from non-English speaking LMIC regions [1,12].

Clinical Impact: Under-representation
literature, particularly

Francophone Africa, and Eastern Europe [12,13].

of non-English

surveillance from Latin America,

Implemented Correction: We expanded search supplementary
protocols to index non-English abstract translations and cross-
referenced official WHO GLASS national resistance reports to
supplement regional surveillance gaps [12,13].

Conclusions

Antimicrobial resistance among pathogens causing ventilator-
associated pneumonia is highly prevalent worldwide, with
carbapenem-resistant Acinetobacter baumannii representing the
greatest burden, and is significantly higher in low- and middle-
income countries and in the post-2020 era. MDR/XDR VAP is
independently associated with excess mortality, prolonged ICU stay
and mechanical ventilation, and substantially increased odds of
inadequate empirical therapy. Given the low-to-moderate certainty
of evidence driven chiefly by substantial heterogeneity, these
pooled estimates should inform, but not replace, local antibiogram-
based empirical therapy protocols, and highlight an urgent need for
harmonized global surveillance and region-tailored antimicrobial
stewardship.
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