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Background Antimicrobial resistance (AMR) is a major threat in intensive care units (ICUs). Evidence on de- 2026:58: 101467

terminants of multidrug-resistant (MDR) infections in ICUs remains limited. We aimed to assess temporal,

institutional, and antibiotic-use drivers of MDR incidence across 59 Chilean ICUs across 40 hospitals (2015-2024). E‘:L’F')‘Z"‘/e/‘il :i”(')i:ge/;gx

. . . . . . 1016/j.lana.2026.
Methods We conducted an ecological time-trend analysis using data from the Collaborative Group on Bacterial 101467

Resistance. MDR incidence density rates (IDRs) in 1000 patient-days comprised methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus spp. (VRE), extended-spectrum f-lactamase (ESBL)-producing
Kiebsiella pneumoniae and Escherichia coli, carbapenem-resistant Enterobacterales (CRE), Pseudomonas aeruginosa
(CRPA), Acinetobacter baumannii (CRAB), and carbapenemase-producing Enterobacterales (CPE). IDRs were
modelled using three-level Bayesian hierarchical regressions, accounting for repeated annual measures within
hospital-pathogen pairs and differences between hospitals. Models included hospital infrastructure, infectious
disease specialist hours, antimicrobial stewardship (AMS) programmes, socioeconomic variables, and antibiotic use
(cephalosporins, quinolones, carbapenems; in DDDs/1000 bed-days).

Findings Between 2015 and 2024, MDR incidence declined by 21% (1.82-1.44 per 1000 patient-days), driven by
reductions in CRPA (4.8-1.9), MRSA (3.2-1.0), and VRE (1.4-0.9). CRE declined modestly (2.7-1.7), while CPE
increased from 0 to 1.3 after 2017. Adult ICUs and public hospitals had higher IDRs than paediatric and private
units. In adjusted models, quinolone use was associated with higher MDR incidence (§ = 0.08, 95% CI
0.03-0.14; p = 0.004), as was carbapenem use (f = 0.06, 0.03-0.09; p < 0.0001). Each additional hour of
infectious disease specialist coverage per 100 bed-days reduced MDR incidence by ~2% (p = -0.02, -0.03
to —0.01; p = 0.023). MRSA increased with quinolones, while CRE and CRPA increased with carbapenems.

Interpretation MDR incidence in Chilean ICUs remains high and driven by quinolone and carbapenem use.
Strengthening AMS and specialist oversight, alongside stricter prescribing, could reduce burdens.
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Research in context

Evidence before this study

We searched PubMed and Scopus (January 1,
2010-September 30, 2025) using the MeSH terms related to
(“intensive care unit”) AND (“antimicrobial resistance”) AND
(“antibiotic use”) AND (“Latin America” OR “Chile”) including
all 2024 critical and high-priority antimicrobial-resistant
(AMR) pathogens, as defined by the WHO. We found
multicentre studies describing AMR incidence in intensive
care units (ICUs), but none that jointly analysed antibiotic
use (ABU), institutional, and socioeconomic drivers using
longitudinal data. Previous work in Chile reported rising
extended-spectrum B-lactamase (ESBL) and carbapenem-
resistant infections and a 1.4-fold excess mortality among
AMR bloodstream infections, yet these studies either
aggregated across wards or excluded antibiotic exposure
data. No study to date has applied quantified antibiotic-
specific and institutional determinants of MDR infection
incidence across ICUs in Latin America.

Added value of this study

This is the first national, multicentre analysis to quantify the
relationship between antibiotic use, institutional capacity,
and multidrug-resistant (MDR) infection incidence in Latin
America, analysing 59 ICUs in 40 Chilean hospitals between
2015 and 2024. Using three level Bayesian hierarchical
models, we disentangled temporal, hospital-level, and

Introduction

Antimicrobial resistance (AMR) poses severe health
and economic challenges, with an estimated 8.22
million (6.85-9.65) associated deaths projected by
2050." Antibiotic use (ABU), the primary driver,” rose by
11% from 13.7 in 2016 to 15.2 daily defined doses
(DDDs) per 1000 inhabitants per day in 2023.> Pro-
jections estimated a 52.3% increase, reaching 75 billion
DDDs by 2030. The growing antibiotic use (ABU) of
broad-spectrum antibiotics has intensified selective
pressure, driving complex resistance mechanisms (e.g.,
carbapenemase production) and multi-drug resistance
(MDR).* This is particularly critical in intensive care
units (ICUs), which present the highest incidence of
MDR bacteria, the most clinically severe infections,
increased healthcare costs, and the greatest overall
ABU.”™”

In Chile, as observed in other countries in the re-
gion,® AMR is a growing concern. For example, a recent
study found that AMR produced 1.44 (1.22-1.71)
greater in-hospital mortality in patients with bacter-
aemia,” compared to susceptible bacteria, based on all

bacterial level variation in incidence density rates. We show
that quinolone and carbapenem use were the strongest
antibiotic-specific predictors of MDR infections, particularly
methicillin resistant Staphylococcus aureus (MRSA) with
quinolones and carbapenem-resistant Enterobacterales (CRE)
and Pseudomonas aeruginosa (CRPA) with carbapenems.
Greater infectious disease specialist availability was
independently associated with lower MDR incidence. These
results provide the first robust quantification of antibiotic-
and institution specific drivers of ICU-level AMR in Latin
American settings.

Implications of all the available evidence

Our findings highlight modifiable institutional and
prescribing factors driving ICU-level MDR in Chile and similar
health systems. Reducing quinolone and carbapenem use,
expanding infectious disease specialist coverage, and
ensuring full implementation of antimicrobial stewardship
programmes in public hospitals could markedly reduce MDR
incidence. The study establishes a scalable modelling
framework integrating antibiotic consumption, hospital
infrastructure, and local socioeconomic context to guide
data-driven stewardship policies, consistent with WHO's
Global AMR Surveillance System (GLASS) and Sustainable
Development Goal 3.d on strengthening health system
resilience to AMR threats.

drug-bug combinations classified as high- or critical
priority in the WHO pathogen list."” CRE and MRSA,
often classified as MDR, showed the highest likelihood
of ICU admissions (odds ratio ‘OR’ = 1.44 and 1.59,
respectively) and excess economic costs ($12,233 and
$15,970, respectively), compared to their susceptible
counterparts.” However, multicentre studies exclusively
focussing on ICUs, without mixing wards, remain
scarce. One of the most comprehensive analyses, con-
ducted across 20 Chilean ICUs (2014-2015), found that
most prevalent pathogens were ESBL-producing Kleb-
siella pneumoniae [4.72/1000 bed-days (1.21-13.89)] and
MRSA [3.85 (0.71-12.66)]."" This study; however,
focused solely on incidence, excluding ABU, which may
have overlooked critical drivers behind these estimates.
Other studies in Chile have found increasing ABU over
time,"” especially after the COVID-19 pandemic and
particularly among carbapenems, colistin and broad-
spectrum antibiotics,” which might have shifted local
epidemiology.

The Collaborative Group on Bacterial Resistance
(GCRB) has been instrumental in monitoring AMR
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trends and ABU in Chile,"""* comprising 57 hospitals,
serving both paediatric and adult populations of
varying complexities. Factors such as poverty, over-
crowding, limited access to sanitation, inconsistent
healthcare access and hospital complexity are known
to exacerbate the spread of AMR rates between 2008
and 2017 in Chilean hospitals as a whole." Despite
these efforts, data on socioeconomic and de-
mographic drivers of MDR incidence in ICUs remain
scarce. Understanding these local determinants,
alongside clinical and institutional factors, and pre-
viously overlooked ABU, is essential for disen-
tangling unbiased spatiotemporal relationships,
particularly in the context of pre- and post-COVID-19
trends.

This study focuses on identifying clinical, institu-
tional, and socioeconomic risk factors associated with
the incidence of MDR bacteria across the critical drug-
bug combinations in 59 ICUs among 40 hospitals
across Chile (2015-2024).

Methods

Study design and population

We conducted an ecological time-trend study of ICUs in
40 Chilean hospital-level health centres from 2015 to
2024. We included 59 ICUs, among which 37 corre-
sponded to adult and 22 to paediatric ICUs, with some
from same hospital venue. We included participating
hospitals from the Collaborative Group on Bacterial
Resistance of the Chilean Society of Infectious Dis-
eases. A full list of hospitals-years is available in
Supplementary Tables S1 and S2.

Incidence density rate (IDR)

We calculated the IDR as the number of pathogen-
specific new infections per 1000 patient-days for pae-
diatric and adult ICUs. All ICU clinical isolates were
included in the incidence analysis, and resistance
breakpoints were determined according to the Clinical
and Laboratory Standards Institute ‘CLSI’ guidelines, as
applicable to the year of report.” More details on in-
clusion and exclusion criteria are provided in
Supplementary Text S1. We followed the formula
[(number of isolates/accumulated length of hospital
stay in the ICU)*1000]. We only considered those path-
ogens defined as high- or critical-priority by the WHO,*
which included methicillin-resistant S. aureus (MRSA),
vancomycin-resistant Enterococcus species (VRE),
Extended-spectrum f-lactamase K. pneumonige (ESBL
KP) and Escherichia coli (ESBL EC), carbapenem-resistant
Enterobacterales  (CRE), carbapenemase-producing
Enterobacterales (CPE), carbapenem-resistant
P. aeruginosa (CRPA), and carbapenem-resistant Acine-
tobacter baumannii (CRAB). The crude number of iso-
lates over time, stratified by pathogen—antibiotic
combination, is presented in Supplementary Table S3.
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Independent variables

We categorised the independent variables into three
groups. The first group focused on hospital infrastruc-
ture. Hospital type (public or private) and total bed ca-
pacity (number) were retrieved from the Department of
Statistics and Health Information (DEIS)."® We collated
the number of ICU beds, availability of cardiac surgery
services (yes/no), weekly hours per 100 beds dedicated
by infectious diseases specialists, provision of treatment
for haematological neoplasms (yes/no), neurosurgical
disorders (yes/no), and the implementation of an anti-
microbial stewardship program (yes/no) by asking
hospitals directly. The second group encompassed
hospital-reported ABU, measured as the daily defined
doses (DDD) of third- and fourth-generation cephalo-
sporins, quinolones, and carbapenems per 100 ICU
bed-days. DDDs were converted using WHO-ATC
conversions.”” The third group comprised sociodemo-
graphic characteristics of the populations served by
healthcare institutions, most of which were derived
from the National Socioeconomic Characterization
Survey (CASEN)."® We used population weights at the
municipality level to better characterise hospital catch-
ment areas. Since CASEN is conducted every two years,
data for the missing years were interpolated. Variables
included the percentage of individuals aged >60 years,
the percentage of the population in rural areas, and
rates of poverty, extreme poverty, and multidimensional
poverty. Additional factors were overcrowding, the
proportion of non-Chilean individuals assigned to the
healthcare facility, and access to basic services such as
water, sanitation, and hygiene (WASH).

All variables, including their definitions, calculation
formulae, and data sources, are detailed in
Supplementary Tables S4-S7. We followed the
Strengthening the reporting of observational studies in
epidemiology (STROBE) guidelines.

Statistical analyses

We employed descriptive analyses computing medians
and interquartile ranges (IQR) used for continuous var-
iables, while proportions were presented for categorical
variables. We computed regional averages of IDR and
ABU from data aggregated across the observed hospitals
and generated corresponding heatmaps. We fitted a
three-level Bayesian hierarchical model to estimate
temporal and contextual determinants of IDRs across
bacterial species and hospitals. Level 1 represented
repeated annual IDR measurements within each
hospital-bacterium pair. Level 2 captured variation be-
tween hospital-bacterium  combinations  through
random intercepts, and Level 3 accounted for broader
between- and within-hospital differences including
adults and paediatric ICUs. See Supplementary Table S8
and Supplementary Figure S1 for the model and hier-
archical structure. IDRs were modelled using a Gaussian
likelihood, with time and ICU, hospital type, infectious
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disease bed capacity, poverty, and migration as fixed ef-
fects in progressively adjusted models. Weakly infor-
mative priors (Normal [0.5] for fixed effects; Exponential
[1] for random effect standard deviations) were used to
regularise estimation. Four MCMC chains of 4000 iter-
ations (2000 warm-up) were run per model. Conver-
gence was verified via R-hat (<1.01), effective sample size
(>400), and visual trace inspection. Posterior summaries
are reported as means and 95% credible intervals (Cls),
with probabilities of direction (p-value) used to quantify
evidence of association. Bayesian hierarchical models
were selected to account for data clustering and repeated
measures, conditions under which standard regression
assumptions of independence are violated. Bayesian hi-
erarchical models also handle unbalanced datasets and
missing data assumed to be missing at random (MAR).

We followed a five-tier modelling approach. First, a
causal directed acyclic graph (DAG) constructed using
DAGitty v2.3 guided variable selection to avoid collider
bias (Supplementary Figure S2). Second, only the most
relevant variables were included as independent pre-
dictors, selected based on variable importance identified
through preliminary LASSO regressions. Third, we
sequentially added independent predictors, including
paediatric ICU, hospital type, infectious diseases
specialist hours per 100 bed-days, and poverty in the ICU
catchment area. Fourth, we assessed the impact of
antibiotic use—cephalosporins, carbapenems, and
quinolones—expressed as DDDs per 1000 patient-bed
days, both individually and jointly, in unadjusted
models and in models adjusted for the variables speci-
fied in the third step. Fifth, we estimated subgroup hi-
erarchical regressions by stratifying the sample by
bacteria—drug combination, reducing the model hierar-
chy to two levels by omitting the bacteria—hospital layer.

We computed the Intraclass Correlation Coefficients
(ICCs) to evaluate the proportion of total variance
explained by hierarchical levels. Model’s goodness-of-fit
were evaluated with the Akaike Information Criterion
(AIC), and all analyses were conducted using R (version
4.5.3), mainly using the ‘brms’ package.

Ethical approval
Not required, as only publicly available data were used.

Role of the funding source

The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Descriptive statistics of the included ICUs

Among 59 ICUs included from 2015 to 2024, the median
participation duration was 3 years (IQR 3-4) (Table 1)
although the number of contributing ICUs varied by
year (Supplementary Table S9). Median ICU capacity

was 15 beds (IQR 8-28), with hospitals averaging 487
total beds (IQR 367-558). Median infectious disease
specialist availability was 14.3 weekly hours per 100 bed-
days (IQR 8.7-24.1). Antimicrobial stewardship pro-
grammes were in place in 59% of ICU-time combina-
tions (n = 665 hospital-time points). Observations from
private hospitals were limited (19%, n = 359), and 43% of
observations were from hospitals in Santiago (n = 790).
Median overall MDR infection incidence was 1.44 per
1000 patient bed-days (IQR 0.35-3.50), highest for ESBL-
producing K. pneumoniae (3.78, IQR 1.9-6.76) and CRE
(2.06, IQR 0.73-3.98). Median ABU was 24.1 DDD per
1000 bed-days for cephalosporins, 5.2 for quinolones,
and 18.2 for carbapenems. Populations served by these
hospitals had a median of 21% aged >60 years, 7% living
in poverty, and 23% in multidimensional poverty (five-
dimension measure), with 10% in overcrowded housing
and 3% lacking basic sanitation. As shown in Table 1,
adults and paediatrics displayed differences. Adult ICUs
had greater carbapenem (19.4 vs. 5.3 DDDs) and qui-
nolone use (5.5 vs. 2.0 DDDs) and higher ESBL
K. pneumoniae (4.7 vs. 2.2) and MRSA (2.6 vs. 0.5) in-
cidences per 1000 patient-bed days. Paediatric ICUs
served more socioeconomically deprived populations.

Variability in IDRs and ABU over time

Across 2015-2024, incidence of MDR pathogens
declined overall but remained heterogeneous across
species (Fig. 1). ESBL-producing K. pneumoniae showed
the highest rates, with median incidence peaking at 6.4
(IQR 3.2-8.4) per 1000 patient-days in 2016 and falling to
2.6 (IQR 1.6-4.5) by 2024. CRE and CRPA followed,
decreasing from 2.7 (IQR 0.9-4.9) and 4.8 (IQR 2.4-7.3)
to 1.7 (IQR 0.7-3.7) and 1.9 (IQR 1.3-3.0), respectively.
ESBL-producing E. coli remained moderately frequent, at
1.6 (IQR 0.9-2.6) in 2015 and 1.7 (IQR 1.1-2.3) in 2024.
MRSA incidence decreased from 3.2 (IQR 0.7-6.2) to 1.0
(IQR 0.5-2.0), and VRE stabilised around 1.1 (IQR
0.2-1.9). CPE and CRAB remained uncommon
throughout, but CPE rose quickly from 0 to 1.27 between
2017 and 2024. Geographically and over time, ESBL-
K. pneumoniae exhibited the highest mean IDR (up to 10
per 1000 patient-days) concentrated in the central region,
similar to peaks for MRSA (>5 in the central-southern
area) and CRPA (>6 in the south) (Fig. 2).

Fig. 3 shows trends in ABU over time across
observed ICUs. Overall cephalosporin use increased
from a median of 22.3 (IQR 18.9-31.1) DDDs per 100
bed-days in 2015 to 24.6 (IQR 17.8-31.7) in 2024,
peaking in 2017 (28.3, IQR 17.8-33.0). Overall quino-
lone use dropped from 5.5 (IQR 3.0-7.9) to 3.6 (IQR
2.2-5.7) over the same period, with highest use in 2017
(median 8.9, IQR 4.9-11.6). Carbapenem use declined
from 17.0 (IQR 14.2-37.2) to 13.9 (IQR 7.7-19.0),
following a greatest point in 2016 (24.7 [IQR 21.0-
31.6]). Spatially, ABU peaked in the northernmost re-
gion (i.e., Tarapacd) showing the highest intensities,
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Variable Adults Paediatric Total
ICU characteristics
Number of participating ICUs (n) 37 22 59
Average duration of participation, expressed in years (mean, IQR) 3 (3-4) 3 (3-4) 3 (3-4)
Total number of hospital beds beyond ICU (median, IQR) 443 (362-550) 503.5 (391-572.75) 487 (367-558)
Number of ICU beds (median, IQR) 16 (11-31.5) 11 (7-19) 15 (8-28)

Infectious diseases specialist hours/100 bed-days (median, IQR)
Observations from hospitals with antimicrobial stewardship in place (n, %)
Observations from private hospital (n, %)
Observations from hospitals based in the capital city (n, %)
Incidence of MDR x1000 patient bed-days in ICUs (median, IQR)
CPE
CRAB
CRE
CRPA
ESBL E. coli
ESBL K. pneumoniae
MRSA
VRE
Total incidence for all pathogen-drug combinations
Antibiotic use in ICUs (DDDs per 1000 hospital-bed days) (median, IQR)
Cephalosporins
Quinolones
Carbapenems
Sociodemographic variables of the beneficiary population (%, IQR)
Aged 60 years or older®
Population living in rural areas
Migrant population
Living in income-based poverty
Living in extreme income-based poverty
Living in multidimensional poverty (4 dimensions)
Living in multidimensional poverty (5 dimensions)
Living in overcrowded conditions

Deficient sanitation (limited access to basic services)

18.07 (12.27-24.05)
448 (62%)
312 (27%)
531 (45%)

0.26 (0-1.29)
0.36 (0-1.17)
3.4 (157-5.4)
326 (1.93-534)
2.03 (132-3.45)
4.69 (2.66-7.35)
2.57 (11-5.17)
159 (0.83-2.52)
2.15 (0.85-4.24)

25.24 (18.59-31.34)
5.50 (3.37-8.98)
19.41 (14.77-27.13)

2120 [16.27, 23.82]
6.69 [3.70, 16.63]
2.64 [0.99, 5.43]
6.57 [4.42, 10.66]
1.85 [0.43, 3.42]
18.72 [8.67, 23.02]
20.77 [10.32, 25.33]
8.93 [6.80, 12.63]
3.13 [1.34, 6.34]

9.93 (3.12-24)
217 (54%)

47 (7%)

259 (38%)

0 (0-0.20)

0 (0-0.07)
0.94 (0.2-1.98)
1.39 (0.51-2.69
0.81 (0.31-1.64
222 (0.74-4.43
0.54 (0.15-1.22
0.1 (0-0.53)
0.53 (0-1.64)

18.07 (14.3-24.57)
2.00 (1.15-4.07)
5.31 (3.69-10.1)

20.99 [18.73, 22.95]
8.27 [3.70, 25.20]
2.68 [1.60, 6.34]
7.83 [5.024, 11.955]
2.89 [1.515, 3.768]
2223 [18.72, 23.66]
2479 [20.77, 26.14]
12.07 [8.93, 13.98]
433 [1.98, 9.33]

14.27 (8.73-24.05)
665 (59%)
359 (19%)
790 (43%)

0.06 (0-0.86)

0 (0-0.85)
2.06 (0.73-3.98)
2.51 (1.21-4.78)
1.67 (0.85-2.82)
3.78 (1.9-6.76)
1.61 (0.56-3.88)
0.97 (0.24-1.96)
1.44 (0.35-3.5)

24.12 (17.79-30.59)
5.22 (3.08-7.88)
18.19 (11.28-25.27)

21.20 [18.01, 23.59]
7.05 [3.70, 24.4]
2.64 [1.20, 5.44]
7.02 [4.42, 11]

2.71 [0.68, 3.57]
20.65 [14.73, 23.12]
23.03 [15.96, 25.84]
9.85 [7.48, 13.16]
3.27 [1.70, 7.29]

Notes: ICU, Intensive care unit; IQR, Interquartile range (25th percentile, 75th percentile). DDD, Daily defined doses. We removed 2019 and 2020 because of misreporting
due to the COVID-19 pandemic. CPE, Carbapenemase-producing Enterobacterales; CRAB, Carbapenem-resistant Acinetobacter baumannii; CRE, Carbapenem-resistant
Enterobacterales; CRPA, Carbapenem-resistant Pseudomonas aeruginosa; ESBL ECO, Extended spectrum beta-lactamase producing Escherichia coli; ESBL KPN, Extended
spectrum beta-lactamase producing Klebsiella pneumoniae; MRSA, Methicillin-resistant Staphylococcus aureus; VRE, Vancomycin-resistant Enterococcus species. *This
variable means the percentage of the population assigned to the health institution aged 60 years or older.

Table 1: Descriptive profile of the included ICU, Chile, 2015-2024.

exceeding 40 DDDs for cephalosporins, 10 for quino-
lones, and 20 for carbapenems.

Adult ICUs showed greater IDRs across all patho-
gens, particularly CRAB, CRE, and ESBL producers,
while paediatric ICUs had lower and more stable rates
over time (Supplementary Figures S3 and S4), with
spatial heterogeneities across regions (Supplementary
Figures S5 and S6). Public hospitals showed higher
and more variable incidence rates, especially for CRAB,
MRSA, VRE and ESBL pathogens (Supplementary
Figures S7 and S8).

Sociodemographic and hospital determinants of
MDR IDRs

Models 0—4 (Table 2) showed consistent temporal de-
clines in MDR incidence (B ~ -0.13 to -0.25,

www.thelancet.com Vol 58 June, 2026

p < 0.0001) and persistent differences by ICU type. In
the fully adjusted model (Model 5), incidence fell over
time (B = -0.21, 95% confidence intervals
‘CI’ -0.35, -0.06; p 0.003), with markedly lower rates in
paediatric ICUs (B = -2.43, 95% CI -2.77, -2.09;
p < 0.0001) and private hospitals (B = —0.76, 95%
CI -1.32, -0.19; p = 0.009). While poverty and migrant
share did not show significant association, infectious
diseases specialist hours were protective (f = -0.02,
95% CI —0.03, -0.01; p = 0.023). Model 5 achieved the
best fit (R marginal = 0.16; R?conditiona1 = 0.54; ICC = 0.42),
indicating that fixed effects explained 16% of MDR
variance, the full model (including random effects)
explained 54%, and 42% of total variance was attribut-
able to Dbetween-hospital and hospital-bacteria level
clustering differences.


http://www.thelancet.com

Articles

15
CPE CRAB
10
5
ek
0 L g L 1 E =
15
m CREC CRPA
>
©
o
10
c
=
©
E |
o 5 ‘ | |
S
e
-
g 0 | T | | | | [ T [ | I
o 15
e ESBL ECO ESBL KPN
=
210 ‘ |
[}
o
o | ‘ |
e
3 ° | —
- 0 [ | e T | | | I |
15
MRSA VRE
10
5 \
| 'iéQ ST N P
0 [ T T T T /] = T
2015 2016 2017 2018 2021 2023 2024 2015 2016 2017 2018 2021 2023 2024
Year

Fig. 1: Temporal incidence trends of major antimicrobial-resistant pathogens in Chilean ICUs, 2015-2024. Notes: ICU, Intensive care unit. We
removed 2019 and 2020 because of misreporting due to the COVID-19 pandemic. CPE, Carbapenemase-producing Enterobacterales; CRAB,
Carbapenem-resistant Acinetobacter baumannii; CREC, Carbapenem-resistant Enterobacterales; CRPA, Carbapenem-resistant Pseudomonas
aeruginosa; ESBL ECO, Extended spectrum beta-lactamase producing Escherichia coli; ESBL KPN, Extended spectrum beta-lactamase producing
Klebsiella pneumoniae; MRSA, Methicillin-resistant Staphylococcus aureus; VRE, Vancomycin-resistant Enterococcus species.

Antibiotic use as determinant of MDR and drug-
bug combination IDRs

Models 1-3 (Table 3) showed that increasing ABU was
positively associated with MDR incidence. Cephalo-
sporin use showed a significant association early on
(Model 1, p = 0.04, 95% CI 0.02-0.06; p < 0.0001;
meaning that each additional DDD is associated with
an increase of 0.04 MDR cases per 1000 bed-days) but
disappeared after adjustment for fixed hospital-level
covariates (Model 4). In contrast, quinolone (§ = 0.11,
95% CI 0.05-0.16; p < 0.0001) and carbapenem use

(B = 0.05-0.06; 95% CI 0.03-0.09; p < 0.0001) remained
consistently associated with MDR infection incidence
across adjusted models. In the fully adjusted specifica-
tion (Model 7), which incorporated all antibiotic classes
and contextual covariates, both quinolone (B = 0.08,
95% CI 0.03-0.14; p = 0.004) and carbapenem use
(B = 0.06, 95% CI 0.03-0.09; p < 0.0001) retained sig-
nificant positive associations with MDR incidence, but
cephalosporins did not (Supplementary Figure S9). As
for Model 7, fixed effects explained 14% of the total
variance, the full model 67%, and 60% of total
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The figure presents aggregated AMR rates across the study period. White areas (regions) indicate no hospital data available. ICU, Intensive
care unit. We removed 2019 and 2020 because of misreporting due to the COVID-19 pandemic. CPE, Carbapenemase-producing Enter-
obacterales; CRAB, Carbapenem-resistant Acinetobacter baumannii; CRE, Carbapenem-resistant Enterobacterales; CRPA, Carbapenem-resistant
Pseudomonas aeruginosa; ESBL ECO, Extended spectrum beta-lactamase producing Escherichia coli; ESBL KPN, Extended spectrum beta-
lactamase producing Klebsiella pneumoniae; MRSA, Methicillin-resistant Staphylococcus aureus; VRE, Vancomycin-resistant Enterococcus

species.

variability (i.e., ICC) was attributable to between-
hospital and hospital-bacteria clustering.

In time- and antibiotic-adjusted subgroup analyses by
drug-bug combination, quinolone use (f = 0.11-0.32,
p < 0.014 across models) was positively associated with
higher incidence of most MDR infections
(Supplementary Table S8). Carbapenem use also showed
consistent positive associations (B = 0.03-0.16,
p < 0.032), with CRE and CRPA showing the highest
(B =0.16 and 0.14, respectively, p < 0.0001). Cephalo-
sporin use was not significantly associated with inci-
dence except for MRSA and CRAB. Fully adjusted
hierarchical models (Fig. 4 and Supplementary
Table S11) confirmed that carbapenem use remained
significantly associated with higher incidence of CRE
(B =0.11, 95% CI 0.05-0.16, p < 0.0001; Fig. 4B) and
CRPA (B = 0.09, 95% CI 0.01-0.17, p = 0.032).
Conversely, MRSA incidence increased with quino-
lone use (B = 0.29, 95% CI 0.14-0.44, p < 0.0001;
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Fig. 4A and C), whereas other pathogens were mostly
unaffected.

Discussion

This study provides a comprehensive analysis of MDR
incidence in Chilean ICUs, highlighting significant
burdens in both adult and paediatric populations for
most critical pathogens following the WHO’s pathogen
priority list. Our findings reveal substantial heteroge-
neity in MDR incidence, driven by ABU and institu-
tional and socioeconomic factors shaping resistance
dynamics.

The IDRs observed in this study were greater than
those previously reported among HICs.”?' For
instance, MRSA incidence in our study was almost four
times higher than rates reported among 354 and 75
ICUs in Germany and Italy, respectively, with 0.6 per
1000 patient-days in those studies.”””' A French multi-
centre study reported incidence densities of 1.14 MRSA
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and 1.63 ESBL-Enterobacterales per 1000 patient-days
among 933 hospitals: 52% and 74% lower than ours,
respectively, dominated by E. coli® In contrast,
an Italian study reported 3.0 CRAB and 2.3
ESBL-K. pneumoniae per 1000 patient-days.”’ These
differences likely reflect gaps in infection control and
antimicrobial stewardship implementation compared
with European settings, where coordinated national

programmes were established earlier.”” For instance,
Chile’s national hospital-based AMS programme
(PROA) became mandatory in December 2020 (Decree
N°210),” but full implementation was delayed until
2024, due to the COVID-19 pandemic. Despite this, we
observed a 21% reduction in overall MDR incidence
over 10 years, probably driven by MRSA and VRE
reduction, as reported by the CDC.* In addition,
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B-lactamase derepression that collectively confer
carbapenem-resistance in ICU settings.”

Institutional factors, including ICU type and hos-
pital ownership, significantly influenced MDR IDRs.
Paediatric ICUs and private/university hospitals were
associated with lower MDR IDRs compared to adult
ICUs and public hospitals, respectively. Private hos-
pitals exhibited better adherence to infection control
practices, infectious disease specialists and lower
poverty-associated variables, likely contributing to
their reduced AMR burden. These findings highlight
the role of institutional characteristics in shaping
AMR outcomes and suggest opportunities to transfer
best practices across healthcare sectors. Paediatric
ICUs had an overall incidence of 2.23 per 1000
patient-days, representing a 60.4% lower rate than that
observed in adult populations. Private hospitals
showed greater number of hours of infectious dis-
eases specialists (e.g., an additional hour reduced
MDR IDR by ~2%) and lower incidence rates among
most MDR combinations (e.g., CRAB, MRSA, ESBL),
likely reflecting better hygiene compliance and infec-
tion control, since CRAB and MRSA are mainly driven
by horizontal transmission, and rational antimicrobial
use, given the role of selective pressure in ESBL
emergence.”’

Our study has some limitations. The ecological
design precludes individual-level inference, and the
reliance on aggregated data limits the ability to
establish direct exposure—outcome relationships.
Accordingly, findings should be interpreted with
caution. However, following data from the Depart-
ment of Health Statistics, our sample included
the largest public hospitals, representing 65% of na-
tional public ICU capacity.** Socioeconomic and de-
mographic variables were derived from aggregated
CASEN survey data, which may not fully capture
heterogeneity at the institutional level or catchment
area. Due to data limitations, we did not include other
antibiotics relevant to ABU, such as vancomycin,
which is important for VRE and MRSA. Moreover,
critical data, such as invasive procedure rates (e.g.,
mechanical ventilation and catheter use) and the
distinction between colonisation and infection, were
unavailable, limiting the scope of the analysis. Also,
for carbapenemase detection, participating hospitals
adhered to national reference guidance and used
validated phenotypic assays (e.g., Carba NP or Carba
Blue); however, inter-hospital variability cannot be
excluded. Finally, the study focused exclusively on
ICUs, which, while high-risk environments, may not
reflect MDR dynamics in other clinical settings,
neither in the community. Compared to previous na-
tional analyses," we expanded the scope by including
different drug-bug combinations, a larger number of
hospitals, ABU data, and a higher resolution on hos-
pital complexity (e.g., antimicrobial stewardship
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Fig. 4: Posterior estimates from a Bayesian hierarchical model evaluating the impact of antibiotic use on the incidence rate per 1000 patient-
days of multidrug-resistant infections in ICU settings, 2015-2024, after adjustment for confounders. Notes: A. Figure shows the impact of
antibiotic use (carbapenem, quinolones and cephalosporins) on IDR per 1000 patient-days, by bug-drug combination. B. displays the as-
sociation between carbapenem use and our predicted CRE IDR from subgroup analysis. C. displays the association between quinolone use and
our predicted MRSA IDR from subgroup analysis. Full model is found in Supplementary Table S9. Predicted incidence density rate was
calculated among all pathogen-antibiotic combinations, per 1000 patient-bed days. CPE, Carbapenemase-producing Enterobacterales; CRAB,
Carbapenem-resistant Acinetobacter baumannii; CRE, Carbapenem-resistant Enterobacterales; CRPA, Carbapenem-resistant Pseudomonas aer-
uginosa; ESBL ECO, Extended spectrum beta-lactamase producing Escherichia coli; ESBL KPN, Extended spectrum beta-lactamase producing
Klebsiella pneumoniae; MRSA, Methicillin-resistant Staphylococcus aureus; VRE, Vancomycin-resistant Enterococcus species.

programs), detailed ICU-specific settings, and the most ~ granularity, it suggests that institutional factors, such as
recent data available that were not yet explored. Inter-  antibiotic stewardship and infection control practices,
estingly, population-level poverty and migration were  play a more direct role in determining MDR incidence
not significantly associated with MDR in our adjusted  than socioeconomic variables at the aggregated level
models. While this may reflect limitations in data (Supplementary Figure S10). However, these factors
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could not be directly assessed because the relevant data
were not collected within the surveillance system.

Our findings identify key priorities to strengthen
MDR control and inform Chile’s National Action Plan
on AMR. Expanding AMS coverage in public hospitals
(i-e., half of the included public hospitals did not have
one) and ensuring dedicated monitoring by infectious
disease specialists are essential to strengthen steward-
ship and promote rational ABU. Reinforcing infection
control and maintaining adherence to evidence-based
protocols would further consolidate progress. These
findings call for revising ICU ABU guidelines to kerb
broad-spectrum and carbapenem overuse; practices
shaped by high ESBL prevalence but now driving CRE
spread, to better align with current epidemiological re-
alities. This work advances UN SDG targets 3.8 and 3.d,
fostering equitable access to quality antibiotics and
resilient systems for MDR prevention and response.
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