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Abstract. Surveillance of antimicrobial resistance among gram-negative bacteria (GNB) is of critical importance, but
data for Peru are not available. To fill this gap, a non-interventional hospital-based surveillance study was conducted
in 15 hospitals across Peru from July 2017 to October 2019. Consecutive unique blood culture isolates of key GNB
(Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter spp.) recovered from hospitalized
patients were collected for centralized antimicrobial susceptibility testing, along with linked epidemiological and clinical
data. A total of 449 isolates were included in the analysis. Resistance to third-generation cephalosporins (3GCs) was pre-
sent in 266 (59.2%) GNB isolates. Among E. coli (n 5 199), 68.3% showed 3GC resistance (i.e., above the median ratio
for low- and middle-income countries in 2020 for this sustainable development goal indicator). Carbapenem resistance
was present in 74 (16.5%) GNB isolates, with wide variation among species (0% in E. coli, 11.0% in K. pneumoniae,
37.0% in P. aeruginosa, and 60.8% in Acinetobacter spp. isolates). Co-resistance to carbapenems and colistin was found
in seven (1.6%) GNB isolates. Empiric treatment covered the causative GNB in 63.3% of 215 cases. The in-hospital case
fatality ratio was 33.3% (92/276). Pseudomonas aeruginosa species and carbapenem resistance were associated with
higher risk of in-hospital death. In conclusion, an important proportion of bloodstream infections in Peru are caused by
highly resistant GNB and are associated with high in-hospital mortality.

INTRODUCTION

Antimicrobial resistance is the third leading cause of death
worldwide, responsible for at least 1.27 million deaths
in 2019.1 Low- and middle- income countries (LMICs) are

disproportionally affected by antimicrobial resistance.2 Conse-
quently, antimicrobial resistance represents a serious threat to
the world’s sustainable development,3 not only because of its
burden of disease but also because of its potential to intensify
global health and economic inequality.1,2,4

Gram-negative bacteria (GNB) are of special concern
because resistance to last-resort antibiotics is emerging and
spreading rapidly worldwide.5 In fact, four out of the six lead-
ing pathogens contributing to the burden of antimicrobial
resistance in 2019 were GNB (Escherichia coli, Klebsiella
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pneumoniae, Acinetobacter baumannii, and Pseudomonas
aeruginosa).1 These pathogens are also considered of criti-
cal priority for research and development of new antibiotics.6

Importantly, bloodstream infections caused by multidrug-
resistant GNB are considered one of the most life-threatening
infections, with a mortality ranging from 32–43%.7,8

To inform local antibiotic treatment guidelines and help
close antimicrobial resistance data gaps in LMICs, we con-
ducted a surveillance study in hospitals across Peru, with
the aim of collecting representative and accurate data to
determine the distribution and antimicrobial resistance pro-
files of four key GNB bloodstream infections. In addition, by
collecting individual patient data and clinical outcomes, we
aimed to provide initial data on the coverage (i.e., in vitro
activity) of administered empiric antibiotic treatment and
excess in-hospital mortality associated with bloodstream
infections caused by specific antimicrobial resistance profiles.

MATERIALS AND METHODS

From July 2017 to October 2019, we conducted a multicen-
ter prospective hospital-based surveillance study of E. coli,
K. pneumoniae, Acinetobacter spp., and P. aeruginosa (key
GNB) recovered from routine blood cultures submitted from
hospitalized adults and children. Fifteen tertiary care public
hospitals from 12 out of 24 regions (and from all five macro
regions) of Peru were enrolled as sentinel hospitals in a stag-
gered fashion and followed up for 6 to 12 months (Figure 1).
These hospitals had adult and pediatric wards, intensive care
units (ICUs), and a clinical microbiology laboratory routinely
performing blood cultures, most of them with automated
blood culture systems. Requests for blood cultures were
made by treating physicians based on clinical judgment. At
each hospital, a laboratory and a clinical coinvestigator were
trained on study procedures that included standardized col-
lection, storage, and transport of isolates and collection of
clinical and epidemiological data, respectively.
Aggregated data collection. On a monthly basis, the lab-

oratories’ coinvestigators reported the number of patients
with a blood culture submitted; processed blood culture bot-
tles; bottles with any growth; coagulase-negative staphylo-
cocci growth (used as a proxy of contamination); and growth
of each of the four key GNB.
Isolates collection. Participating laboratories stored blood

isolates belonging to the four key GNB. Isolates were stored
in Tryptic Soy Agar vials at room temperature. First (i.e., non-
duplicate) isolates were transported monthly to the reference
laboratory at Instituto de Medicina Tropical Alexander von
Humboldt in Lima, along with their original identification and
antimicrobial susceptibility testing results. Hospitals were
instructed to submit only the first isolate per patient.
Individual patient data collection. Once a key GNB was

identified, the clinical coinvestigator was informed by the
laboratory to localize the medical chart of the source patient
and to collect the following data: age, sex, comorbidities,
date of hospital admission, date of ICU admission and date of
blood culture sampling, and in-hospital outcome (discharge
versus death). Age group was assigned as “neonate” if
patients were 1 month old or younger, “pediatric” if older
than 1 month and younger than 18 years, and “adult” if
18 years old or older.

In addition, for adult patients, comorbidities and data on
disease severity (Pitt bacteremia score9 and quick Sequential
Organ Failure Assessment score [qSOFA]10) were registered.
Except for neonates, the origin of bloodstream infection was
registered following the Global Antimicrobial Resistance and
Use Surveillance System (GLASS)/WHO classification11 as
1) community origin if blood culture was sampled # 2 days
after hospital admission or 2) hospital origin if blood culture
was sampled. 2 days after hospital admittance.
Empiric treatment was defined as any antibiotic received

(at least one dose) within the first 2 calendar days after blood
culture sampling, with day of sampling defined as day 1.
Empiric antibiotics with gram-negative coverage were later
categorized as ACCESS, WATCH, or RESERVE based on
the WHO AWaRe Classification (tool developed for antibiotic
surveillance and stewardship that classifies more than 100
antibiotics as first-line [ACCESS], second-line [WATCH], or
last resort [RESERVE] for treatment of common infectious
syndromes, taking into consideration their resistance poten-
tial).12 If a patient received more than one antibiotic from dif-
ferent categories, the highest category was considered.
Activity of empiric treatment was assessed based on the ref-
erence identification and antimicrobial susceptibility testing
results of the recovered isolate. If the isolate was resistant to
all antibiotics received, the empiric treatment was classified
as “inactive.” If it was intermediate or susceptible to at least
one antibiotic received, it was classified as “active.” In the
rare cases where no antimicrobial susceptibility result was
available for a specific administered antibiotic, this was clas-
sified as inactive if a tested antibiotic of the same antibiotic
class was resistant.
Reference identification and antimicrobial susceptibility

testing. Reference identification and antimicrobial suscepti-
bility testing were performed at the reference laboratory.
Identification was performed by conventional biochemical
testing13; for isolates identified as Acinetobacter spp.,
polymerase chain reaction was performed to detect the
blaOXA-51 gene for identification of A. baumannii species.14

Each retrieved isolate confirmed as belonging to one of
the four key GNB species underwent testing with a standard-
ized panel of 12 to 16 antibiotics, according to the identified
species (Supplemental Table 1). Antibiotics were included in
these panels if 1) they were listed as priority pathogen-
antibiotic combinations in GLASS11 or 2) they belonged to
the group A or B antibiotics of the Clinical and Laboratory
Standards Institute (CLSI) M100 S27 guideline15 and were of
local clinical relevance. The disk diffusion method was con-
ducted following the M100 CLSI guideline valid at the time of
testing, and results were interpreted using 2021 CLSI break-
points,16 except for fosfomycin against P. aeruginosa and
tigecycline, for which the European Committee on Antimicro-
bial Susceptibility Testing17 and the U.S. Food and Drug
Administration18 breakpoints were used, respectively. Colis-
tin susceptibility testing was performed only for carbapenem-
resistant isolates, using both colistin agar spot19 and disk
elution methods and applying 2021 CLSI breakpoints.16

Extended-spectrum beta-lactamase (ESBL) production was
assessed only for E. coli and K. pneumoniae isolates resis-
tant to third-generation cephalosporins (3GCs) using the
double disk method.16 Escherichia coli American Type Cul-
ture Collection (ATCC) 25922, P. aeruginosa ATCC 27853,
and Proteus mirabilis ATCC 12453 strains were used for
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FIGURE 1. Enrolled public tertiary care hospitals as sentinel hospitals to the VIRAPERU surveillance study and their location within the 24 regions
and 5 macro regions of Peru. The number of hospital beds, time period of participation, number of blood cultures processed, and number of
surveilled gram-negative bacteria isolates are presented for each hospital.
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quality control. All antibiotic susceptibility tests were per-
formed once per isolate, except in the case of out-of-range
quality control results, in which case a second test was per-
formed using the entire panel of antibiotics. Resistance to an
antibiotic class was defined as resistance to at least one tested
antibiotic of the corresponding class (i.e., ceftriaxone or ceftazi-
dime for 3GC; ciprofloxacin for fluoroquinolones; amikacin or
gentamicin for aminoglycosides; meropenem, imipenem, or
ertapenem for carbapenems). Multidrug resistance (MDR) was
defined as acquired nonsusceptibility (intermediate or resistant)
to at least one antibiotic in three or more antibiotic classes.20

Difficult-to-treat resistance (DTR) was defined as combined
nonsusceptibility (intermediate or resistant) to all tested beta-
lactam antibiotics (including carbapenems) and ciprofloxacin.8

Data analysis.We determined the frequency of resistance
(i.e., number of resistant isolates divided by number of all
tested isolates) to each antibiotic and to specific antibiotic
classes (3GCs, carbapenems, fluoroquinolones, and amino-
glycosides) in addition to the prevalence of DTR. Possible
clustering was evaluated by identifying isolates that were
recovered in the same ward within a 14-day span and had
similar resistance profiles.
Demographic and clinical characteristics of the source

patients, including activity of empiric treatment and hospitali-
zation outcomes, were described, determining the frequency
for categorical variables and the median with interquartile range
(IQR) for continuous variables. A stratified analysis of the fre-
quencies of resistance, activity of empiric treatment, and hospi-
talization outcomes (in-hospital case fatality ratio and length of
hospital stay) was also conducted based on the origin of
bloodstream infection (community versus hospital), age group
(adult, pediatric, and neonate), and hospital ward (ICU versus
non-ICU). We also compared frequencies of resistance
between isolates recovered from Lima, where resources
are usually centralized, versus the other macro regions.
Bivariate regression analyses were conducted to explore

the association of species, origin of infection, and specific
antimicrobial resistance profiles (3GC and carbapenem resis-
tance, DTR) with 1) inactivity of empiric treatment and 2)
in-hospital mortality. For this, a generalized linear model con-
sidering the negative binomial discrete distribution and the
logarithmic function was used to estimate crude RRs with
95% CIs. In addition, a competing-risks analysis, using dis-
charge as a competing event of in-hospital death, was used
to compare the cumulative incidence functions of in-hospital
fatality after blood culture collection between patients with
3GC-resistant and those with nonresistant E. coli blood-
stream infections, between carbapenem-resistant and nonre-
sistant GNB bloodstream infections, and between DTR and
non-DTR GNB bloodstream infections. A value of P , 0.05
was used to determine statistical significance.

RESULTS

During the study period, 34,079 blood culture bottles from
22,914 patients were processed in the laboratories of the
sentinel hospitals. A total of 4,732 (13.9%) bottles showed
growth, with 2,630 (7.7%) coagulase-negative staphylococci
(used as a proxy of blood culture contamination) and 2,102
(6.2%) pathogens. Overall, the four key GNB accounted for
41.9% (n 5 880) of pathogens recovered. Other frequently
recovered pathogens were Staphylococcus aureus in 19.6%

(n 5 411) and Candida spp. in 10.1% (n 5 212). A total of
522 GNB isolates met the inclusion criteria of being the first
isolate per hospitalized patient diagnosed with a bloodstream
infection. From the 522 included GNB isolates, 37 (7.1%) did
not grow upon retrieval from storage and 36 (6.9%) were
contaminated; this occurred randomly across hospitals and
species. Therefore, a total of 449 isolates underwent antimi-
crobial susceptibility testing to the prespecified panel of anti-
biotics. These included 199 E. coli, 118 K. pneumoniae, 81
P. aeruginosa, and 51 Acinetobacter spp. isolates, from which
38 (74.5%) belonged to the A. baumannii species (Figure 2).
Frequency of antimicrobial resistance in GNB

bloodstream infections. All 449 isolates were tested to their
respective antibiotic panels, resulting in a total of 6,281 anti-
biotic susceptibility tests performed (Supplemental Table 2).
Overall, resistance to at least one antibiotic was found in 365
(81.3%) isolates and MDR was found in 310 (69.0%)
(Table 1). Resistance to 3GCs, carbapenems, and fluoroqui-
nolones was found in 266 (59.2%), 74 (16.5%), and 285
(63.5%) GNB, respectively, with wide variations between spe-
cies (Table 1). For instance, carbapenem resistance was not
found among E. coli, compared with a prevalence of 11.0%
among K. pneumoniae, 37.0% among P. aeruginosa, and
60.8% among Acinetobacter spp. The overall prevalence
of DTR was 10.2%, being highest for Acinetobacter spp.
(49.0%) and absent among E. coli (Table 1). Carbapenem
resistance and DTR were even higher among A. baumannii
isolates, reaching 71.1% (27/38) and 60.5% (23/38). Co-
resistance to carbapenems and colistin was found in
7 (1.6%) and 22 (4.9%) isolates when tested by the agar
spot or disk elution method, respectively.
Higher frequencies of resistance to fluoroquinolones and

aminoglycosides were found in Lima compared with
other regions (78.1% and 75.0% versus 42.1% and 36.8%,
P 5 0.015 and 0.009, respectively). In addition, carbapenem
resistance in K. pneumoniae was found only in Lima (14.7%)
and in the North macro region (8.7%), but not in the other
regions (Supplemental Table 3).
Epidemiological and clinical characteristics of GNB

bloodstream infections. From the 449 included isolates,
clinical data of 276 (61.5%) patients were available. Among
those, 143 (51.8%) were male and 224 (81.2%) were adults.
The proportion of patients with missing clinical data was simi-
lar between the different age, sex and pathogen categories
(Supplemental Table 4). A low percentage (less than 20%) of
isolates were recovered from children and neonates for all
pathogens, except for K. pneumoniae bloodstream infections,
for which 25 (36.8%) of the patients were children or neonates.
Comorbidity was documented in 127 (56.7%) adult patients,

with diabetes being the most frequent (23.2%). Infection
severity varied widely, with a median Pitt bacteremia score
of 2 (range: 0 to 13) and 78 (37.1%) patients having a critical
($ 4) score. Among patients with P. aeruginosa and Acineto-
bacter spp. bloodstream infections, percentages of patients
with critical illness were highest (51.3% and 46.4%, respec-
tively) (Table 2).
Neonates excluded, two-thirds (165/244, 67.6%) of GNB

bloodstream infections were categorized as Hospital and
one-third (79/244, 32.4%) as Community. Escherichia coli
bloodstream infections had a community origin in 55 (47.4%)
of the cases, whereas K. pneumoniae in only 11 (21.6%).
Pseudomonas aeruginosa and Acinetobacter spp. bloodstream
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infections predominantly had (82.2% and 84.4%) a hospital ori-
gin (Table 2).
Among E. coli and K. pneumoniae isolates, resistance to

3GCs, fluoroquinolones, and aminoglycosides was lower
among Community isolates than among Hospital isolates, and
no carbapenem resistance was found among Community iso-
lates. Nevertheless, a high level of resistance to 3GCs was still
present among Community isolates, with 62.5% among E. coli
and 28.6% among K. pneumoniae isolates (Table 3).
Higher frequencies of resistance were observed among

isolates recovered from ICU patients (Table 3). Klebsiella
pneumoniae isolates from neonates presented high frequen-
cies of resistance, including 69.2% with resistance to 3GCs
and 7.7% with resistance to carbapenems and DTR. The
small number of isolates of other GNB recovered from neo-
natal and pediatric patients (, 10 isolates per group) limited
further comparisons (Table 3). Eight possible clusters were
identified (including a total of 16 isolates), with only a single
one involving neonates (two Acinetobacter spp. isolates) and
none involving ICU patients (Supplemental Table 5).
Empiric treatment activity. From the 276 patients with

clinical data available, 215 (77.9%) received at least one

antibiotic as empiric treatment, and 205 (74.3%) received at
least one antibiotic with gram-negative spectrum. Empiric
gram-negative treatment contained RESERVE antibiotics in
2.9% of the patients and WATCH antibiotics in 91.2%, with
only 5.9% of patients receiving ACCESS antibiotics (Table 2).
Overall, empiric treatment was active in 136 (63.3%) of the

cases. Empiric treatment with gram-negative spectrum tended
to be more frequently active against E. coli and K. pneumoniae
bloodstream infections (75.8% and 73.5%, respectively) than
against P. aeruginosa (56.2%) and Acinetobacter spp. (34.5%)
bloodstream infections (Table 4), although only Acinetobacter
spp. bloodstream infections were associated with a higher risk
of inactive empiric treatment (RR: 2.71, 95% CI: 1.30–5.65;
P 5 0.008). The risk of receiving inactive GNB empiric treat-
ment was more than three times higher if bloodstream infec-
tion presented 3GC resistance (RR: 3.61, 95% CI: 1.69–7.69;
P 5 0.001), carbapenem resistance (RR: 4.03, 95% CI:
2.23–7.26; P , 0.001), or DTR (RR: 3.89, 95% CI: 1.99–7.63;
P, 0.001) (Table 4).
Case fatality. The overall in-hospital case fatality ratio

was 33.3% (92/276), with a median time to death of 3.5 days
(IQR: 1–15.5 days) after blood culture sampling and with

FIGURE 2. Number of gram-negative bacteria blood isolates recovered from hospitalized patients at sentinel hospitals that met the inclusion
criteria and that were analyzed in the present surveillance study.
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66.3% of the deaths occurring within the first 7 days after
blood culture sampling. For patients who survived, the
median length of hospital stay after blood culture sampling
was 14 days (IQR: 9–25 days) (Table 2).
The risk of death was higher for patients with P. aerugi-

nosa bloodstream infection (RR: 2.03, 95%CI: 1.09–3.78;
P 5 0.025) and with carbapenem resistance (RR: 1.79, 95%
CI: 1.05–3.06; P 5 0.033). No higher risk of death was
observed among patients infected with GNB resistant to
3GCs (RR: 0.97, 95% CI: 0.6–1.59; P 5 0.917) or DTR GNB
(RR: 1.72, 95% CI: 0.91–3.27; P5 0.098) (Table 4). In contrast,
an excess in the cumulative incidence of in-hospital fatalities
was found for patients with DTR infections (P 5 0.008) or
carbapenem-resistant infections (P 5 0.001), but not with
3GC-resistant infections (P5 0.860) (Figure 3).

DISCUSSION

This multicenter study provides a comprehensive microbi-
ological, clinical, and epidemiological characterization of
bloodstream infections caused by E. coli, K. pneumoniae,

P. aeruginosa, and Acinetobacter spp. in hospitalized
patients across different regions of Peru. Our results show
that more than 80% of these infections are antibiotic-
resistant infections and 69% are MDR, with a high frequency
of inactive empiric treatment and high in-hospital case fatality
rate. These findings highlight the urgent need for interven-
tions to improve GNB bloodstream infection management
and to control antimicrobial resistance in Peru.
Until recently, national antimicrobial resistance surveil-

lance in Peru was limited to laboratory-based surveillance,
as part of the Latin American Antimicrobial Resistance Sur-
veillance Network (ReLAVRA, for its Spanish initials) sup-
ported by the Pan American Health Organization. Because
this surveillance relies on on-demand isolate referral from
hospitals and it includes isolates from any source, it is likely
enriched for highly resistant isolates. As an example, in a
2019 ReLAVRA report, carbapenem resistance was present
in 41.5%, 77.4%, and 97.8% of K. pneumoniae, P. aerugi-
nosa, and Acinetobacter spp. isolates surveyed in Peru,21

whereas our study found carbapenem resistance in
11.0%, 37.0%, and 60.8% of isolates of the same species,
respectively.

TABLE 1
Frequency of resistance to different antibiotics among the four key recovered gram-negative bacteria causing bloodstream infection

Antibiotic

Escherichia coli
(n 5 199)

Klebsiella pneumoniae
(n 5 118)

Pseudomonas aeruginosa
(n 5 81)

Acinetobacter spp.
(n 5 51)

Total
(N 5 449)

n % n % n % n % n %

Resistance profile
Pan-susceptible 10 5.0 17 14.4 21 25.9 13 25.5 61 13.6
Antibiotic resistance* 179 90.0 94 79.7 56 69.1 36 70.6 365 81.3
Multidrug resistance† 155 77.9 88 74.6 33 40.7 34 66.7 310 69.0
Difficult-to-treat resistance‡ 0 0.0 11 9.3 10 12.4 25 49.0 46 10.2
Resistance to 3GC 136 68.3 81 68.6 16 19.8 33 64.7 266 59.2
ESBL production§ 129 94.9 66 81.5 – – – – 195 89.9

Co-resistance
3GC/4GC 1 quinolones 123 61.8 74 62.7 17 21.0 32 62.8 246 54.8
Carbapenems 0 0.0 13 11.0 30 37.0 31 60.8 74 16.5
Carbapenem 1 aminoglycoside – – 10 8.5 21 25.9 28 54.9 59 13.1
Carbapenem 1 colistin (agar spot) – – 2 1.7 2 2.5 3 5.9 7 1.6
Carbapenem 1 colistin (disk elution) – – 2 1.7 5 6.2 15 29.4 22 4.9

Specific antibiotic resistance
ACCESS category

Ampicillin-sulbactam – – – – – – 26 51.0 – –

Cefazolin 148 74.4 84 71.2 – – – – – –

Gentamicin 74 37.2 58 49.2 22 27.2 26 51.0 – –

Amikacin 13 6.5 5 4.2 17 21.0 29 56.9 – –

Trimethoprim-sulfamethoxazole 131 65.8 78 66.1 – – 31 60.8 – –

WATCH category
Ceftriaxone 136 68.3 81 68.6 – – – – – –

Ceftazidime 86 43.2 69 58.5 16 19.8 33 64.7 – –

Cefepime 106 53.3 64 54.2 17 21.0 – – – –

Piperacillin-tazobactam 6 3.0 21 17.8 10 12.4 – – – –

Ertapenem 0 0.0 13 11.0 – – – – –

Imipenem 0 0.0 8 6.8 28 34.6 29 56.9 – –

Meropenem 0 0.0 11 9.3 23 28.4 30 58.8 – –

Ciprofloxacin 150 75.4 80 67.8 22 27.2 33 64.7 – –

RESERVE category
Aztreonam 120 60.3 77 65.3 18 22.2 – – – –

Fosfomycin|| 24 12.1 6 5.1 34 42.0 – – – –

Tigecycline¶ 0 0.0 3 2.5 – – 4 7.8 – –

Minocycline – – – – – – 4 7.8 – –

3GC 5 third-generation cephalosporin; 4GC 5 fourth-generation cephalosporin; ESBL 5 extended-spectrum beta-lactamase. Categories refer to the WHO ACCESS, WATCH, and RESERVE
classifications of antibiotics for evaluation and monitoring of use (AWaREClassification).

*Defined as resistance to at least one tested antibiotic.
†Defined as nonsusceptibility (intermediate or resistant) to at least one antibiotic in three or more antibiotic classes.
‡Difficult-to-treat resistance was defined as nonsusceptibility (intermediate and resistant) to all tested beta-lactam antibiotics, including carbapenems, and to ciprofloxacin.
§Only tested on E. coli and K. pneumoniae isolates resistant to 3GCs.
|| Interpretation using Clinical and Laboratory Standards Institute breakpoints for E. coli and K. pneumoniae and European Committee on Antimicrobial Susceptibility Testing epidemiologic cutoff

value for P. aeruginosa.
¶ Interpretation according to cutoff values proposed by the U.S. Food and Drug Administration.
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To foster standardized national surveillance and data shar-
ing in support of global monitoring of antimicrobial resis-
tance, the WHO launched in 2015 the GLASS system.11 In
2019, Peru was enrolled in GLASS; however, because of the
SARS-CoV-2 pandemic, full implementation was delayed.2

By 2022, Peru reported to GLASS for the first-time data on
the prevalence of 3GC resistance among E. coli bloodstream
infections (one of the two antimicrobial resistance indicators
of Sustainable Development Goal 322), finding a prevalence
of 71.7% among 53 surveyed blood isolates.23 In our study,
we surveyed a larger set of E. coli blood isolates (n 5 199)
and found a similar high prevalence of 3GC resistance
(68.3%). This high prevalence is far above the median preva-
lence of LMICs reported by GLASS (68.3% versus 58.3%)
and positions Peru close to the 75th percentile of worst per-
forming LMICs on this antimicrobial resistance indicator.2

Likewise, a high frequency of resistance to ACCESS (amino-
glycosides and trimethoprim-sulfamethoxazole) and WATCH
(ciprofloxacin and 3GC) antibiotics was observed for all four
GNB, in many cases higher than the median global ratios
reported in GLASS 20212 (Supplemental Table 6).
The high resistance frequencies observed in this study

represent an important challenge to select active antibiotics
for the empiric treatment of patients with suspected GNB
bloodstream infections in Peru. We found that more than
one-third of the empiric treatments administered were inac-
tive based on the in vitro antibiotic susceptibility of the
recovered isolate. In comparison, other studies conducted in
America and Asia have found significantly lower frequencies
of inactive empiric treatment of GNB bloodstream infections,

ranging from 5.6% to 28.3%.24–26 Although inactive empiric
treatment was more frequent for bloodstream infections of
hospital origin, one out of five patients with a GNB blood-
stream infection of community origin also did not receive
active empiric treatment. We also found that infections with
resistance to 3GCs or to carbapenems had the highest risk
of receiving inactive empiric treatment (45.1% and 86.8%,
respectively). Similar ratios of inactive treatment have been
reported among ESBL-Enterobacterales bloodstream infec-
tions in Colombia and among carbapenem-resistant Entero-
bacterales bloodstream infections in Argentina (58% and
83.3%, respectively),27,28 but not in an extensive national study
in the United States, where inappropriate empiric treatment
was found in 26% and 44.7% of ESBL- and carbapenem-
resistant Enterobacterales, respectively.25 These differences
could be due to a number of factors, including limited access
to newer antibiotics or dated or nonexistent local treatment
guidelines; however, further studies are needed to better
understand the underpinning of these differences.
Considering that early administration of an active antibiotic

for treatment of bloodstream infections strongly correlates
with survival,29,30 the implications of these findings are seri-
ous and warrant immediate interventions to improve patients’
outcomes. This study provides a glimpse of the elevated bur-
den of disease of GNB bloodstream infections in Peru. One
out of three patients hospitalized with a GNB bloodstream
infection died during their hospitalization (crude mortality was
33.3%). This in-hospital mortality rate is higher than the
15.0% to 26.3% mortality rate reported in some other GNB
bloodstream infection studies.8,31,32 The higher prevalence of

TABLE 3
Frequency of resistance to different antibiotic classes and DTR among the four key gram-negative bacteria blood isolates surveilled, stratified

by origin of infection, type of hospital ward, and age group

Resistance profile†

Origin of infection* Hospital ward Age group

Community
(n 5 83)

Hospital
(n 5 179)

Non-ICU
(n 5 333)

ICU
(n 5 92)

Neonatal
(n 5 51)

Pediatric
(n 5 28)

Adult
(n 5 363)

n % n % n % n % n % n % n %

Escherichia coli
3GC 35/56 62.5 52/65 80.0 107/161 66.5 19/25 76.0 7/13 53.9 4/10 40.0 122/173 70.5
Carbapenems 0/56 0.0 0/65 0.0 0/161 0.0 0/25 0.0 0/13 0.0 0/10 0.0 0/173 0.0
Fluoroquinolones 43/56 76.8 54/65 83.1 120/161 74.5 21/25 84.0 8/13 61.5 3/10 30.0 137/173 79.2
Aminoglycosides 26/56 46.4 34/65 52.3 63/161 39.1 10/25 40.0 4/13 30.8 6/10 60.0 69/173 39.9
Difficult-to-treat resistance 0/56 0.0 0/65 0.0 0/161 0.0 0/25 0.0 0/13 0.0 0/10 0.0 0/173 0.0

Klebsiella pneumoniae
3GC 4/14 28.6 34/44 77.3 56/81 69.1 21/31 67.7 18/26 69.2 6/10 60.0 56/81 69.1
Carbapenems 0/14 0.0 7/44 15.9 7/81 8.6 6/31 19.4 2/26 7.7 1/10 10.0 10/81 12.4
Fluoroquinolones 3/14 21.4 35/44 79.6 53/81 65.4 22/31 71.0 17/26 65.4 6/10 60.0 56/81 69.1
Aminoglycosides 3/14 21.4 24/44 54.6 36/81 44.4 19/31 61.3 16/26 61.5 5/10 50.0 37/81 45.7
Difficult-to-treat resistance 0/14 0.0 5/44 11.4 7/81 8.6 4/31 12.9 2/26 7.7 1/10 10.0 8/81 9.9

Pseudomonas aeruginosa
3GC 1/8 12.5 15/42 35.7 9/58 15.5 7/20 35.0 0/4 0.0 1/6 16.7 15/68 22.1
Carbapenems 3/8 37.5 21/42 50.0 17/58 29.3 11/20 55.0 1/4 25.0 3/6 50.0 24/68 35.3
Fluoroquinolones 1/8 12.5 16/42 38.1 12/58 20.7 8/20 40.0 1/4 25.0 1/6 16.7 18/68 26.5
Aminoglycosides 2/8 25.0 16/42 38.1 13/58 22.4 7/20 35.0 0/4 0.0 1/6 16.7 19/68 27.9
Difficult-to-treat resistance 1/8 12.5 8/42 19.1 7/58 12.1 3/20 15.0 0/4 0.0 1/6 16.7 9/68 13.2

Acinetobacter spp.
3GC 3/5 60.0 22/28 78.6 19/33 57.6 12/16 75.0 1/8 12.5 1/2 50.0 31/41 75.6
Carbapenems 3/5 60.0 20/28 71.4 17/33 51.5 12/16 75.0 1/8 12.5 1/2 50.0 29/41 70.7
Fluoroquinolones 2/5 40.0 23/28 82.1 19/33 57.6 12/16 75.0 1/8 12.5 0/2 0.0 32/41 78.1
Aminoglycosides 3/5 60.0 21/28 75.0 18/33 54.6 11/16 68.8 0/8 0.0 0/2 0.0 31/41 75.6
Difficult-to-treat resistance 2/5 40.0 15/28 53.6 13/33 39.4 10/16 62.5 1/8 12.5 0/2 0.0 24/41 58.5
3GC5 third-generation cephalosporins; DTR5 difficult-to-treat resistance; GLASS5 Global Antimicrobial Resistance and Use Surveillance System; ICU5 intensive care unit.
* Evaluated only in pediatric and adult patients, using the GLASS/WHO classification.11 Neonates were not considered.
†Resistance to third-generation cephalosporins was defined as resistance to ceftriaxone or ceftazidime for E. coli and K. pneumoniae and as resistance to ceftazidime for P. aeruginosa and

Acinetobacter spp. Resistance to fluoroquinolones was defined as resistance to ciprofloxacin. Resistance to aminoglycosides was defined as resistance to amikacin or gentamicin.
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carbapenem resistance, MDR, and DTR, as well as the high
frequency of inactive empiric treatment found in this study
could explain this increased mortality, because all of these fac-
tors were previously found to be associated with increased
mortality.31–33 However, establishing the attribution of these
factors to mortality goes beyond the scope of this study and
will require future studies specifically designed and powered
to assess this.
One of the main limitations of this study is that the number

of blood culture isolates recovered was significantly lower
than expected. This early finding prompted a parallel quality
assessment of blood culture utilization and processing in
these hospitals, finding important shortcomings in several
quality indicators, as recently published.34 One of these
shortcomings is the high ratio of blood culture contamination
(measured using the ratio of coagulase-negative staphylo-
cocci growth as a proxy), which was found to be 7.7% when
the recommended target is 3% or less.35 Another important
shortcoming found in the prior study was that there is a sig-
nificant underutilization of blood cultures in Peruvian hospi-
tals.34 This could lead to important selection bias, as it is
possible that blood cultures were requested more frequently
in patients who were failing treatment or who had a more
severe presentation. This in turn could result in an overesti-
mation of antimicrobial resistance prevalence and mortality.
Importantly, this is not a specific problem of the current
study, but a problem embedded in Peru’s hospital system
and possibly in other LMICs.36–38 Therefore, the interpreta-
tions of these results and any results obtained with the

current national surveillance system should be done with
this in mind, especially when used for comparisons with
other countries with better blood culture utilization and
quality.
The resulting small number of blood culture isolates, espe-

cially in hospitals from regions outside Lima and in the pedi-
atric population, significantly limited our capacity to obtain
reliable antimicrobial resistance ratios for certain populations
(i.e., neonatal, pediatric) and for certain regions (those with
less than 30 isolates per region) and to conduct subgroup
comparisons or multivariate analysis.
Lack of electronic medical records at public hospitals in Peru

limited our capacity to collect clinical data, requiring manual
retrieval and review of paper charts, which resulted in obtaining
clinical data in only 60% of the source patients. In addition, we
could not include as an aim of our study an estimation of the
incidence of bloodstream infections because obtaining aggre-
gated data on the number of hospital admissions or the
number of episodes of sepsis during the study period at
each participating hospital was unattainable owing to a lack
of electronic medical systems at the participating hospitals.
Although these are limitations of the current study, they

also reflect the reality of bloodstream infection diagnosis
and management in Peru, and likely other LMICs. Lack of
electronic medical records hinders clinical and epidemiologi-
cal research, whereas underutilization of blood cultures and
shortcomings in the quality of clinical microbiological labora-
tories result in suboptimal patient management and hinder
local and national antimicrobial resistance surveillance.

TABLE 4
Inactivity of empiric treatment and case fatality ratios according to different antimicrobial resistance profiles

Characteristics

Inactivity of GNB empiric treatment Total case fatality ratio

Inactive
(n 5 69)

Active
(n 5 136)

Bivariate
regression

Survived
(n 5 184)

Died
(n 5 92)

Bivariate
regression

n % n % RR 95% CI P n % n % RR 95% CI P

Age group
Neonatal 5 20.8 19 79.2 1.00 – – 24 75.0 8 25.0 1.00 – –

Pediatric 5 31.3 11 68.7 1.50 0.37–6.03 0.568 16 80.0 4 20.0 0.80 0.21–3.01 0.741
Adult 59 35.8 106 64.2 1.72 0.63–4.70 0.294 144 64.3 80 35.7 1.43 0.63 –3.23 0.391

Sex
Female 34 34.0 66 66.0 1.00 – – 87 65.4 46 34.6 1.00 – –

Male 35 33.3 70 66.7 0.98 0.57–1.69 0.943 97 67.8 46 32.2 0.93 0.58 –1.49 0.763
Pathogen
Escherichia coli 23 24.2 72 75.8 1.00 – – 93 74.4 32 25.6 1.00 – –

Klebsiella pneumoniae 13 26.5 36 73.5 1.10 0.51–2.35 0.814 48 70.6 20 29.4 1.15 0.61–2.16 0.667
Pseudomonas aeruginosa 14 43.8 18 56.2 1.81 0.83–3.93 0.135 23 47.9 25 52.1 2.03 1.09–3.78 0.025
Acinetobacter spp. 19 65.5 10 34.5 2.71 1.30–5.65 0.008 20 57.1 15 42.9 1.67 0.82–3.44 0.160

Origin of infection
Community 13 19.7 53 80.3 1.00 – – 61 77.2 18 22.8 1.00 – –

Hospital 51 44.4 64 55.6 2.25 1.14–4.44 0.019 99 60.0 66 40.0 1.76 0.98–3.15 0.06
Neonatal 5 20.8 19 79.2 1.06 0.34–3.28 0.923 24 75.0 8 25.0 1.10 0.43–2.78 0.845

3GC resistance
No 9 12.5 63 87.5 1.00 – – 64 66.0 33 34.0 1.00 – –

Yes 60 45.1 73 54.9 3.61 1.69–7.69 0.001 120 67.0 59 33.0 0.97 0.59–1.59 0.900
Carbapenem resistance
No 36 21.6 131 78.4 1.00 – – 158 71.2 64 28.8 1.00 – –

Yes 33 86.8 5 13.2 4.03 2.23–7.26 < 0.001 26 48.2 28 51.8 1.80 1.05–3.07 0.031
DTR bacteria
No 47 25.7 136 74.3 1.00 – – 169 69.3 75 30.7 1.00 – –

Yes 22 100.0 0 0.00 3.89 1.99–7.63 < 0.001 15 46.9 17 53.1 1.73 0.91–3.29 0.095
Inactive empiric treatment
No – – – – – – – 95 69.8 41 30.2 1.00 – –

Yes – – – – – – – 41 59.4 28 40.6 1.35 0.77–2.36 0.299
3GC 5 third-generation cephalosporins; DTR 5 difficult-to-treat resistance; GNB 5 gram-negative bacteria. A generalized linear model considering the negative binomial discrete distribution

and the logarithmic function was used to estimate crude RRswith 95% CIs. P, 0.05 was used to determine statistical significance; all values below this cut-off are presented in bold.
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On the other hand, this study has several strengths. First, the
systematic collection of consecutive blood isolates at 15 of the
largest tertiary hospitals located in 12 of 24 geographic regions
provides data on the diagnosed GNB bloodstream infections in
Peru with relevant geographic representativity. Second, cen-
tralizing antimicrobial susceptibility testing ensured harmonized
quality-assured data and allowed for testing of additional anti-
biotics. Third, by performing a systematic collection of linked
epidemiological data, the present study provides valuable data
for estimation of antimicrobial resistance distribution and bur-
den in different population subgroups.
The present data will support antibiotic stewardship efforts in

Peru, which have been started up and were recently leveraged
by the approval of a national norm for implementation of hospi-
tal Antibiotic Stewardship programs.39 Moreover, because this
study was performed between 2017 and 2019, its results may
serve as a pre–COVID-19 baseline to assess the effect of the
pandemic on antimicrobial resistance in our country and, in
the longer term, to monitor the effect of the implementation of
the Antibiotic Stewardship national norm. Future studies should
expand antimicrobial resistance data on specific populations,
such as the neonatal and pediatric populations. Finally, this
study reinforces the need to regain momentum with the imple-
mentation of a continuous, representative, and high-quality
antimicrobial resistance surveillance system in Peru.

In conclusion, a high prevalence of antimicrobial resis-
tance was observed among the four most common GNB
causing bloodstream infections in Peru, even when these
infections originated in the community. Importantly, the
prevalence of 3GC resistance found among E. coli blood iso-
lates, a sustainable development goal indicator, was at the
higher end of ratios for LMICs in 2020. The high prevalence of
antimicrobial resistance, high prevalence of inactive empiric
treatment, and high mortality rate found in this study highlight
the need for implementation of stronger diagnostic and antibi-
otic stewardship strategies and a high-quality national antimi-
crobial resistance surveillance system.
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