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Abstract: We analyzed the antimicrobial resistance (AMR) data of 6519 clinical isolates of Escherichia
coli (n = 3985), Klebsiella pneumoniae (n = 775), Acinetobacter baumannii (n = 163), Pseudomonas aeruginosa
(n = 781), Enterococcus faecium (n = 124), and Staphylococcus aureus (n = 691) from 43 centers in Mexico.
AMR assays were performed using commercial microdilution systems (37/43) and the disk diffusion
susceptibility method (6/43). The presence of carbapenemase-encoding genes was assessed using
PCR. Data from centers regarding site of care, patient age, and clinical specimen were collected.
According to the site of care, the highest AMR was observed in E. coli, K. pneumoniae, and P. aeruginosa
isolates from ICU patients. In contrast, in A. baumannii, higher AMR was observed in isolates from
hospitalized non-ICU patients. According to age group, the highest AMR was observed in the
≥60 years age group for E. coli, E. faecium, and S. aureus, and in the 19–59 years age group for A.
baumannii and P. aeruginosa. According to clinical specimen type, a higher AMR was observed in E.
coli, K. pneumoniae, and P. aeruginosa isolates from blood specimens. The most frequently detected
carbapenemase-encoding gene in E. coli was blaNDM (84%).
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1. Introduction

In an effort to promote drug research and development, the World Health Organiza-
tion (WHO) has identified and classified priority antibiotic-resistant pathogens into three
groups on the basis of the urgency of the need for novel antibiotics. The first and the
second groups (critical- and high-priority pathogens, respectively) include, among others,
carbapenem-resistant and extended-spectrum beta-lactamase-producing Klebsiella pneu-
moniae and Escherichia coli, carbapenem-resistant Acinetobacter baumannii and Pseudomonas
aeruginosa, vancomycin-resistant Enterococcus faecium, and methicillin-resistant Staphylo-
coccus aureus [1]. The surveillance of antimicrobial resistance (AMR) in these critical- and
high-priority pathogens requires a multidisciplinary approach, including national and local
strategies [2]. Previous studies have reported that several factors, such as increased age,
gender, and various demographics and comorbidities, increase the risk of infections due to
antibiotic-resistant organisms [3,4].

In 2018, the Network for the Research and Surveillance of Drug Resistance (Red
Temática de Investigación y Vigilancia de la Farmacorresistencia in Spanish; INVIFAR)
was created to comprehensively study AMR in Mexico. Although previous studies have
reported several aspects of antibiotic resistance in Mexico [5–11], including reports of an
increase in drug resistance during the COVID-19 pandemic [12], there is limited information
regarding AMR according to age and site of care at the time of infection.

In the present study, we assessed AMR in clinical isolates of E. coli, K. pneumoniae,
A. baumannii, P. aeruginosa, E. faecium, and S. aureus from Mexico on the basis of clinical
specimens from which the isolates were recovered, patient age and site of care, and the
presence of carbapenemase-encoding genes in the included Gram negatives.

2. Materials and Methods
2.1. Participating Centers and Data Collection

A total of 43 centers across 18 Mexican states participated in this study. We collected
data from 34 hospital center-based and 9 ambulatory-care microbiology laboratories. Data
regarding each center’s total number of beds and intensive care unit (ICU) capacity, clinical
specimens from which the studied isolates were recovered, and patient age and site of care
were collected. AMR data from E. coli, K. pneumoniae, A. baumannii, P. aeruginosa, E. faecium,
and S. aureus recovered from urine, respiratory, and blood specimens between 1 January
and 31 March 2023 were included. Pathogens with the result of AMR data of more than 10
isolates were included.

Data from each laboratory were deposited into WHONET 2022® software (WHO
Collaborating Centre for the Surveillance of Antibiotic Resistance, Geneva, Switzerland).
The extracted file was converted to the WHONET 2022 format through the data con-
version utility BacLink 2022 (available online: http://www.whonet.org/, accessed on
1 June 2022). After conversion, all WHONET files for each hospital were combined
and analyzed.

For the AMR analysis, only one isolate per patient was selected. The results were
reported as antibiotic-susceptible, intermediate, or resistant according to the Clinical &
Laboratory Standards Institute (CLSI) [13]. The data from patients were encrypted to pro-
tect personal information. Antimicrobial susceptibility testing (AST) was performed using
amikacin (AMK), amoxicillin–clavulanic acid (AMC), ampicillin (AMP), aztreonam (ATM),
ampicillin–sulbactam (SAM), cefepime (FEP), cefoxitin (FOX), ceftazidime (CAZ), ceftriax-
one (CRO), cefuroxime (CXM), ciprofloxacin (CIP), clindamycin (CLI), cefotaxime (CTX),
erythromycin (ERY), ertapenem (ETP), gentamicin (GEN), imipenem (IPM), linezolid (LNZ),
levofloxacin (LVX), meropenem (MEM), oxacillin (OXA), tetracycline (TCY), tigecycline

http://www.whonet.org/
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(TGC), piperacillin–tazobactam (TZP), tobramycin (TOB), trimethoprim–sulfamethoxazole
(SXT), and vancomycin (VAN).

Using the WHONET software, Gram-negative isolates were classified as multi-drug-
resistant (MDR) when non-susceptibility to at least one antibiotic in the three antimicrobial
classes tested was documented, extensively drug-resistant (XDR) when non-susceptibility
to at least one antibiotic in all but two or fewer antimicrobial classes was reported, and
pan-drug-resistant (PDR) when non-susceptibility to all antibiotics in all antimicrobial
classes tested was noted [14]. Because only one antimicrobial agent was evaluated for each
antimicrobial class for some isolates, the categories of possible XDR and possible PDR were
also described [14].

2.2. Site of Care, Age, and Clinical Specimens

The frequency of resistance to distinct antimicrobials was adjusted to the patient’s
site of care (ICU, hospitalized medical/surgical non-ICU, emergency room, and out-
patient setting) and age group (0–18 years, 19–59 years, and ≥60 years), and clinical
specimens from which the studied isolates were cultured, such as respiratory (endo-
tracheal aspirate and bronchial lavage), blood, and urine specimens. A comparison of
antibiotic resistance between sites of care, age groups, and clinical specimens was per-
formed using chi-square or Fisher’s exact test as appropriate. A two-tailed p-value ≤ 0.05
was considered statistically significant. The statistical analyses were performed using
the MedCalc software, V 22.009.

2.3. Carbapenemase-Encoding Genes

As part of the active surveillance performed by the INVIFAR network, centers sent
relevant carbapenem-resistant Gram negatives to the coordinating laboratory. In the clinical
isolates received from centers, polymerase chain reaction (PCR) was performed to detect the
most frequent carbapenemase-encoding genes previously reported in this population [15],
that is, blaNDM-1, blaKPC, blaVIM, blaIMP, and blaOXA-48-like [16,17] in E. coli and K. pneumoniae
isolates; blaOXA-23 and blaOXA-24 in A. baumannii isolates [18,19]; and blaVIM, blaIMP, and
blaGES in P. aeruginosa isolates [10].

3. Results
3.1. Participating Centers and Study Population

During the study period, 43 centers reported data, of which 32/43 (74.4%) belong to
the national public health care system and 11/43 (25.6%) belong to private practice health
care system. To perform AST, 37/43 (83.7%) laboratories used commercial microdilution
systems, of which 30 used the VITEK 2 system (Biomérieux, Marcy l’ Etoile, France), 5 used
MicroScan WalkAway (Siemens Healthcare Diagnostics, West Sacramento, CA, USA), and
2 used the Phoenix System (Becton-Dickinson, Sparks, MD, USA). Six laboratories used
the disk diffusion susceptibility method. The characteristics of the participating centers are
listed in Table 1. Most clinical specimens (57%) were obtained from females. In total, 14%
of patients belonged to the 0–18 years age group, whereas 49% and 37% belonged to the
19–59 years age group and ≥60 years age group, respectively. Most isolates were recovered
from patients hospitalized in non-ICU settings (44%), followed by those in outpatient (32%),
emergency room (16%), and ICU (8%) settings. A total of 6519 strains from all participating
laboratories were analyzed: E. coli (n = 3985), K. pneumoniae (n = 775), A. baumannii (n = 163),
P. aeruginosa (n = 781), E. faecium (n = 124), and S. aureus (n = 691).
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Table 1. Distribution and characteristics of participating centers.

No. State Type Level Center Type Total Beds ICU Beds

1 Jalisco Pu Ter Spe 760 45

2 Mexico City Pu Ter Spe 245 15

3 Mexico State Pu Ter Spe 238 28

4 Mexico City Pu Ter Spe 234 22

5 Aguascalientes Pu Ter Spe 218 23

6 Mexico State Pu Ter Spe 210 8

7 Mexico City Pu Ter Spe 193 15

8 Mexico City Pu Ter Spe 146 8

9 Chiapas Pu Ter Spe 90 15

10 Nuevo León Pr Ter Spe 83 8

11 Sonora Pu Ter Spe 60 6

12 Michoacán Pr Ter Spe 55 11

13 Quintana Roo Pr Ter Spe 54 4

14 Mexico State Pu Ter Ped 180 8

15 Puebla Pu Ter Ped 130 10

16 Coahuila Pu Sec Ped 74 5

17 Sonora Pu Sec Gen 290 12

18 Michoacán Pu Sec Gen 250 24

19 Guanajuato Pu Sec Gen 221 20

20 Sonora Pu Sec Gen 171 4

21 Oaxaca Pu Sec Gen 162 12

22 Mexico City Pu Sec Gen 145 10

23 Chiapas Pu Sec Gen 140 18

24 Sonora Pu Sec Gen 122 4

25 Chiapas Pu Sec Gen 120 25

26 Baja California Sur Pu Sec Gen 120 17

27 Colima Pu Sec Gen 105 4

28 Michoacán Pu Sec Ped 100 7

29 Chihuahua Pu Sec Gen 100 6

30 Jalisco Pu Sec Gen 87 5

31 Sonora Pu Sec Spe 35 4

32 Michoacán Pr Pri Gen 32 3

33 Guerrero Pu Sec Moth and Child 27 12

34 Quintana Roo Pu Sec Moth and Child 20 20

35 Mexico State Pr Pri ACL 0 0

36 Michoacán Pr Pri ACL 0 0

37 Guerrero Pr Pri ACL 0 0

38 Michoacán Pr Pri ACL 0 0

39 Michoacán Pr Pri ACL 0 0

40 Oaxaca Pr Pri ACL 0 0

41 Nuevo León Pu Pri ACL 0 0

42 Michoacán Pr Sec ACL 0 0

43 Sonora Pu Pri ACL 0 0
ICU: intensive care unit, Pu: public health care, Pr: private health care, Gen: general hospital, Spe: specialized
center, Moth and Child: mother and child, Ped: pediatric center, ACL: ambulatory care laboratory.
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3.2. Percentages of Resistance Detected in Critical- and High-Priority Pathogens/Phenotypes

The results of the distribution of antibiotic resistance are shown in Supplementary
Tables S1–S3 and Figures 1–3. Third-generation cephalosporin resistance in K. pneumoniae
was as high as 75% for CRO in isolates from the 0–18 years age group.
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Figure 1. Percentages of antimicrobial resistance for selected Gram-negative pathogens at 43 centers
according to sites of care. AMK: amikacin, AMC: amoxicillin–clavulanic acid, AMP: ampicillin,
SAM: ampicillin–sulbactam, FEP: cefepime, FOX: cefoxitin, CAZ: ceftazidime, CRO: ceftriaxone,
CXM: cefuroxime, CIP: ciprofloxacin, CTX: cefotaxime, ETP: ertapenem, GEN: gentamicin, IPM:
imipenem, LVX: levofloxacin, MEM: meropenem, TGC: tigecycline, TZP: piperacillin–tazobactam,
SXT: trimethoprim-sulfamethoxazole.



Pathogens 2023, 12, 1144 7 of 15
Pathogens 2023, 12, x FOR PEER REVIEW  7  of  16 
 

 

 

 

 

  

  

Figure 2. Percentages of antimicrobial resistance for selected pathogens at 43 centers according to 

age groups. AMK: amikacin, AMC: amoxicillin–clavulanic acid, AMP: ampicillin, SAM: ampicillin–

sulbactam, FEP: cefepime, FOX: cefoxitin, CAZ: ceftazidime, CRO: ceftriaxone, CXM: cefuroxime, 

CIP: ciprofloxacin, CLI: Clindamycin, CTX: cefotaxime, ERY: erythromycin, ETP: ertapenem, GEN: 

gentamicin, IPM: imipenem, LNZ: linezolid, LVX: levofloxacin, MEM: meropenem, OXA: oxacillin, 

TGC: tigecycline, TZP: piperacillin–tazobactam, TOB: tobramycin, SXT: trimethoprim-sulfamethox-

azole, VAN: vancomycin.   

  

0

10

20

30

40

50

60

70

80

90

100

AMP AMC SAM TZP CXM CAZ CRO CTX FEP FOX ATM ETP IPM MEM AMK GEN TOB CIP LVX SXT FOS COL TGC

%
 R

E. coli

0
10
20
30
40
50
60
70
80
90
100

AMC SAM TZP CXM CAZ CRO CTX FEP FOX ETP IPM MEM AMK GEN CIP LVX SXT COL TGC

%
 R

K. pneumoniae

0

10

20

30

40

50

60

70

80

90

100

CAZ FEP IPM MEM AMK GEN CIP LVX

%
 R

P. aeruginosa

0
10
20
30
40
50
60
70
80
90
100

TZP CAZ FEP IPM MEM GEN CIP TGC

%
 R

A. baumannii

0
10
20
30
40
50
60
70
80
90

AMP CIP LVX ERY LNZ VAN

%
 R

E. faecium

0
10
20
30
40
50
60
70
80
90
100

OXA GEN CIP LVX SXT CLI ERY LNZ VAN TGC

%
 R

S. aureus

Figure 2. Percentages of antimicrobial resistance for selected pathogens at 43 centers according to
age groups. AMK: amikacin, AMC: amoxicillin–clavulanic acid, AMP: ampicillin, SAM: ampicillin–
sulbactam, FEP: cefepime, FOX: cefoxitin, CAZ: ceftazidime, CRO: ceftriaxone, CXM: cefuroxime, CIP:
ciprofloxacin, CLI: Clindamycin, CTX: cefotaxime, ERY: erythromycin, ETP: ertapenem, GEN: gen-
tamicin, IPM: imipenem, LNZ: linezolid, LVX: levofloxacin, MEM: meropenem, OXA: oxacillin, TGC:
tigecycline, TZP: piperacillin–tazobactam, TOB: tobramycin, SXT: trimethoprim-sulfamethoxazole,
VAN: vancomycin.
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Figure 3. Percentages of antimicrobial resistance for selected Gram-negative pathogens at 43 centers
according to clinical specimens. AMK: amikacin, AMC: amoxicillin–clavulanic acid, AMP: ampicillin,
SAM: ampicillin–sulbactam, FEP: cefepime, FOX: cefoxitin, CAZ: ceftazidime, CRO: ceftriaxone,
CXM: cefuroxime, CIP: ciprofloxacin, CLI: clindamycin, CTX: cefotaxime, ERY: erythromycin, ETP:
ertapenem, GEN: gentamicin, IPM: imipenem, LNZ: linezolid, LVX: levofloxacin, MEM: meropenem,
OXA: oxacillin, TGC: tigecycline, TZP: piperacillin–tazobactam, TOB: tobramycin, SXT: trimethoprim–
sulfamethoxazole, VAN: vancomycin.

For K. pneumoniae, the highest frequency of carbapenem resistance was detected in
20.8% of the isolates recovered from ICU-admitted patients. For A. baumannii, carbapenem
resistance was reported to be 86.2% in the 19–50 group and 36.8% for P. aeruginosa recovered
from patients in the ICU. The methicillin resistance was found in 20.3% S. aureus isolates
recovered from patients aged ≥60 years.
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3.3. Antimicrobial Resistance of Selected Pathogens According to Site of Care

E. coli isolates obtained from ICU patients showed a higher frequency of resistance to
AMP, AMC, SAM, CXM, CAZ, CRO, CTX, FEP, IPM, and GEN than other E. coli isolates
(p ≤ 0.01; Supplementary Table S1, Figure 1).

In K. pneumoniae, isolates recovered from ICU patients showed higher resistance to
SAM, TZP, CAZ, CRO, CTX, FEP, ETP, IPM, MEM, AMK, and SXT (p ≤ 0.01), than isolates
from other groups.

In P. aeruginosa, isolates recovered from ICU patients showed higher resistance to TZP,
FEP, IPM, and MEM (p ≤ 0.05) than isolates obtained from other groups. In contrast, in A.
baumannii, isolates obtained from hospitalized non-ICU patients showed higher resistance
to CAZ, CRO, MEM, FEP and CIP (p ≤ 0.01) than other isolates.

3.4. Antimicrobial Resistance of Selected Pathogens According to Patient Age Group

E. coli isolates recovered from the ≥60 years age group showed higher resistance to
most antibiotics, including CXM, CIP, LVX (p ≤ 0.01) and TOB (p = 0.01; Supplementary
Table S2, Figure 2). In contrast, in K. pneumoniae, isolates obtained from the 0–18 years age
group showed higher resistance to SAM, CXM, CAZ, CRO, CTX, FEP, AMK, GEN, and
SXT (p ≤ 0.01), ETP, and IPM (p ≤ 0.05). Regarding A. baumannii, higher resistance to CAZ,
FEP, IPM, MEM, and CIP (p ≤ 0.01) in the 19-59 years group was found; similar results
were observed for P. aeruginosa. For E. faecium and S. aureus, isolates recovered from the
≥60 years age group showed higher resistance to CIP and LVX (p ≤ 0.01) and OXA, CIP,
LVX, CLI, and ERY (p ≤ 0.01), respectively.

3.5. Antimicrobial Resistance of Selected Pathogens According to Clinical Specimen Type

E. coli isolates from blood specimens showed higher resistance to SAM, CAZ, CRO,
and FEP (p ≤ 0.01) and CXM, IPM, MEM, and GEN (p ≤ 0.05) than isolates from other
clinical specimens. K. pneumoniae isolates from blood specimens showed higher resistance
to CAZ, FEP, ETP, MEM, and AMK (p ≤ 0.01) and CXM, CRO, and IPM (p ≤ 0.05) than K.
pneumoniae isolates from other clinical specimens (Supplementary Table S3, Figure 3).

In P. aeruginosa, isolates obtained from blood and urine specimens showed higher resis-
tance to AMK and GEN (p ≤ 0.05) than other isolates. S. aureus isolates from blood specimens
showed higher resistance to SXT (p ≤ 0.01) than isolates from other clinical specimens.

3.6. MDR, XDR, and PDR Isolates

MDR, true XDR, possible XDR, and possible PDR isolates were detected among
samples obtained from patients in all studied settings. Isolates recovered from ICU patients
showed the highest frequency of MDR in E. coli (62.9%), K. pneumoniae (50.5%), and P.
aeruginosa (29.7%). For A. baumannii, the highest frequency of MDR was observed among
isolates cultured from non-ICU hospitalized patients (79.1%; Table 2).

The highest frequency of possible XDR isolates of E. coli was detected in isolates
from ambulatory-care patients (14%); for K. pneumoniae and P. aeruginosa, possible XDR
was detected in 37.6% and 27.1% of the isolates cultured from ICU-admitted patients,
respectively. The highest frequency of possible XDR isolates of A. baumannii was detected
in isolates from hospitalized non-ICU patients (78.2%). True XDR P. aeruginosa was detected
across samples obtained from patients in all settings (Table 2).

Table 2. Distribution of MDR, possible XDR, and possible PDR bacteria among species studied.

ICU MDR n (%) Possible XDR n (%) True XDR n (%) Possible PDR n (%) Total

E. coli 83 (62.9) 14 (10.6) 0 (0) 0 (0.0) 132
K. pneumoniae 47 (50.5) 35 (37.6) 0 (0) 2 (2.2) 93
A. baumannii 20 (66.7) 18 (60.0) 0 (0) 6 (20.0) 30
P. aeruginosa 35 (29.7) 32 (27.1) 2 (1.7) 15 (12.7) 118
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Table 2. Cont.

ICU MDR n (%) Possible XDR n (%) True XDR n (%) Possible PDR n (%) Total

Hospitalized
non-ICU
E. coli 775 (53.4) 199 (13.7) 0 (0) 0 (0.0) 1450
K. pneumoniae 152 (44.6) 106 (31.1) 0 (0) 2 (0.6) 341
A. baumannii 87 (79.1) 86 (78.2) 0 (0) 41 (37.3) 110
P. aeruginosa 87 (21.5) 79 (19.5) 5 (1.2) 46 (11.4) 405

Emergency
E. coli 280 (48.6) 72 (12.5) 0 (0) 1 (0.2) 576
K. pneumoniae 40 (34.5) 25 (21.6) 0 (0) 0 (0.0) 116
A. baumannii 6 (42.9) 6 (42.9) 0 (0) 2 (14.3) 14
P. aeruginosa 19 (17.4) 14 (12.8) 1 (0.9) 4 (3.7) 109

Outpatients
E. coli 744 (45.8) 228 (14.0 0 (0) 0 (0.0) 1625
K. pneumoniae 55 (28.1) 36 (18.4) 0 (0) 0 (0.0) 196
P. aeruginosa 30 (25.4) 2 (22.9) 1 (0.8) 7 (5.9) 118

MDR: multidrug-resistant, XDR: extensively drug-resistant, PDR: pan-drug-resistant.

3.7. Carbapenemase-Encoding Genes

In K. pneumoniae and E. coli, the most frequently detected carbapenemase-encoding
gene was blaNDM (50%, 22/44 and 84%, 63/75, respectively) in the strains evaluated. The
second most frequent carbapenemase-encoding genes detected in K. pneumoniae and E.
coli were blaKPC (27.3%, 12/44) and blaOXA-48-like (12%, 9/75; Table 3), respectively. In A.
baumannii, the most frequent carbapenemase-encoding gene was blaOXA24.

Table 3. Distribution of genes encoding carbapenemase among bacterial species investigated in this
study. ND—Not determined.

N Species blaNDM blaKPC blaVIM blaIMP blaOXA48 blaGES blaOXA23 blaOXA24

22 K. pneumoniae + − − − − ND ND ND
12 K. pneumoniae − + − − − ND ND ND
2 K. pneumoniae − − − − + ND ND ND
8 K. pneumoniae − − − − − ND ND ND

57 E. coli + − − − − ND ND ND
6 E. coli − − − − + ND ND ND
3 E. coli + − + − − ND ND ND
3 E. coli + − − − + ND ND ND
1 E. coli − + − − − ND ND ND
1 E. coli − − + − − ND ND ND
4 E. coli − − − − − ND ND ND

47 P. aeruginosa ND ND − − ND + ND ND
32 P. aeruginosa ND ND − + ND − ND ND
11 P. aeruginosa ND ND − + ND + ND ND
11 P. aeruginosa ND ND + − ND − ND ND
1 P. aeruginosa ND ND + − ND + ND ND
1 P. aeruginosa ND ND + + ND − ND ND

100 P. aeruginosa ND ND − − ND − ND ND

47 A. baumannii − ND ND ND ND ND − +
32 A. baumannii − ND ND ND ND ND + −
5 A. baumannii − ND ND ND ND ND + +
1 A. baumannii + ND ND ND ND ND + −
10 A. baumannii − ND ND ND ND ND − −
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4. Discussion

The Infectious Diseases Society of America recognizes antimicrobial resistance as
threat to human health worldwide [20]. In the present study, we studied AMR in five
pathogenic species considered critical and high-priority by the WHO [1] via the analysis of
consolidated data on antibiotic resistance by specimen, according to patient age and site of
care, increasing the value and usefulness of the data generated.

Among the organisms/phenotypes to be surveyed according to the WHO recommen-
dations, in E. coli and K. pneumoniae, the highest value of third-generation cephalosporin
resistance was observed in isolates obtained from ICU patients (63.4%) and from the
0–18 years group (75%), respectively. A significant increase in the prevalence of extended-
spectrum beta-lactamase-producing Enterobacterales in children has been reported in the
USA, and this increase has been correlated with the spread of ST131 CTX-M-producing E.
coli strains [21].

Recently, 24 E. coli strains from the same population were sequenced and the majority
of them, 11 (45.8%), were detected to be ST2 (Pasteur)-ST167 (Warwick), followed by ST650
(Pasteur)-ST 361 (Warwick) (16.7%), with only one strain detected to be ST131, suggesting
that ST131 has no impact in the alarmingly high levels of cephalosporin resistance.

In the present study, K. pneumoniae isolates obtained from ICU patients showed the
highest carbapenem resistance (20.8%). This result is highly relevant because the hospital
mortality of patients infected with carbapenem-resistant K. pneumoniae isolates has been
reported to be 48%, in contrast with the 20% mortality reported for patients infected with
carbapenem-susceptible K. pneumoniae [22].

AMR is considered one of the key determinants of patient outcome, and patients in
the ICU are at a higher risk of acquiring antimicrobial-resistant infections, owing to the use
of invasive devices, clinical condition, and increased exposure to antibiotics [23]. In our
study, we detected higher antibiotic resistance in isolates obtained from patients in ICU
settings than those in other settings for E. coli and K. pneumoniae (resistance to SAM, CAZ,
CRO, CTX, FEP, and IPM; p ≤ 0.01) and for P. aeruginosa (resistance to TZP, FEP, IPM, and
MEM, p ≤ 0.05).

The relevance of E. coli in the ICU has been reported previously. Although antibiotic
resistance may affect any patient in the hospital, a nationwide study on bloodstream
infections in ICUs in Swiss hospitals during 2008–2017 reported that the most common
antibiotic-resistant species was E. coli (23.2%, 910), with resistance to first- and second-line
antibiotics increasing linearly during hospitalization [24].

Previous studies have identified a predominance of A. baumannii in ICUs, especially
in patients who have undergone invasive procedures and those with a prolonged ICU
stay and prior use of broad-spectrum antimicrobial agents [25–27] constituting 7.9% of
ventilator-associated pneumonia and up to 15.7% of bloodstream infections [28,29]. This
bacterial species has been designated a human “red alarm” pathogen mainly because of
its broad antibiotic resistance [30]. A high frequency of drug resistance in A. baumannii
has been previously reported in Mexico [31–37], but there is little information on drug
resistance in hospital settings. In our study, A. baumannii isolates from hospitalized non-ICU
patients showed higher resistance to carbapenems and quinolones than isolates from ICU
patients. It has been reported that the efficacy of antimicrobial agents is affected by hygiene
quality [38]. The high drug resistance of this bacterial species in non-ICU hospitalized
patients is relevant because it suggests that factors other than ICU stay such as antimicrobial
stewardship, hand sanitization, and isolation of patients may play an important role in
reducing infections by this bacterial species.

Some studies have investigated carbapenem resistance in Enterobacterales in Mexico,
including carbapenemase production and genes encoding these enzymes, especially in
K. pneumoniae and E. coli [7,39]. In the present study, we confirmed that, among Enter-
obacterales, K. pneumoniae show higher carbapenem resistance, and a high distribution of
blaNDM was observed in both K. pneumoniae and E. coli. The detection of blaNDM in both E.
coli and K. pneumoniae complicates the treatment of patients infected with these isolates



Pathogens 2023, 12, 1144 12 of 15

because few therapeutic options are available for metallo-β-lactamase-producing bacteria;
for example, the ceftazidime/avibactam + aztreonam combination [40] is not available
in most centers in Mexico. A previous study that included a global collection of 81, 781
isolates of Enterobacterales collected from 39 countries in five geographic regions from 2012
to 2017 also reported that K. pneumoniae had a higher number of meropenem-nonsusceptible
isolates (76.7%). In contrast, the majority of meropenem-nonsusceptible Enterobacterales
were found to carry KPC-type carbapenemases (47.4%), followed by metallo-β-lactamases
(20.6%) or OXA-48-like β-lactamases (19.0%) [41].

In a percentage of our isolates resistant to carbapenems, mainly Enterobacterales, we
did not find any gene that codes for carbapenemase. Thus, carbapenem resistance may be
porin- or efflux-pump-associated.

MDR bacteria are well-recognized to be one of the most important health problems. In
a previous study on clinical samples in Iran, 16.50% of P. aeruginosa isolates and 74.75% of
A. baumannii isolates were MDR [42]. Furthermore, a systematic review that included eight
articles showed that the prevalence of MDR Gram-negative bacilli was from 11.2 to 59.1%
in nursing home residents [43] and colonization by MDR P. aeruginosa and A. baumannii was
reported in 5.4% and 15.0% of residents in long-term care facilities in North America [44].
In the present study, similar results were obtained, including clinical samples with 29.7%
MDR isolates of P. aeruginosa and 79.1% MDR isolates of A. baumannii. MDR in bacterial
species makes the control of infectious diseases difficult, worsening the effectiveness of
treatment and increasing the likelihood of proliferation of resistant pathogens, leading to
an extended time of infection in patients [45]. Thus, exhaustive infection control measures
should be implemented when these organisms are detected.

Independent predictors of mortality have been associated with ICU stay, antimicrobial
therapy, and clinical factors such as sepsis, the use of medical devices, and the presence
of immunosuppression [46–49] that have also been associated with high multidrug resis-
tance [50]. Our study did not analyze clinical data, but including these variables may
provide a better idea of their impact on drug resistance in Mexican hospitals.

In our study, we performed AMR surveillance by collecting data from a limited
number of sentinel healthcare facilities (43 centers), and the use of WHONET facilitated the
analysis by obtaining the data directly from automated instruments. However, there are
invisible areas in regions of the country that need to be included to have a better idea of the
actual situation of drug resistance [51].

In our study, different AST methods were used in each laboratory. This variability
introduced a bias in the results. However, to minimize the effect of this variation, all values
were interpreted according to CLSI document M100-S33.

5. Conclusions

This study has certain limitations, including that colonizing and infection-causing
isolates were not distinguished, the selection of the participating centers introduces possible
biases, and the study includes data for a relatively short period (January to March 2023).

The highest carbapenem resistance in Enterobacterales and P. aeruginosa was detected
in isolates from ICU patients, and the highest carbapenem resistance in A. baumannii was
detected in isolates recovered from hospitalized non-ICU patients. Furthermore, the high
cephalosporin resistance detected in the 0–18 years age group deserves special attention.
The blaNDM gene was the most frequently detected carbapenemase-encoding gene among
carbapenem-resistant K. pneumoniae and E. coli, followed by blaKPC.

Our results may facilitate the implementation of direct and specific antibiotic resistance
control measures according to the site of care and patient age group. They may have
potential clinical implications by allowing the guidance of empirical therapies that may
be more effective and more useful for the establishment of public health policies at a
national level.
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