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Objective: The management of multidrug-resistant Pseudomonas aeruginosa (MDR-PA) pneumonia remains challenging due to
increasing antibiotic resistance and high mortality rates. Current prediction models often neglect three critical factors: comorbidities,
medical interventions, and prior antibiotic exposure. This study created a practical risk assessment tool incorporating these clinical elements.
Methods: This retrospective study collected 3132 bronchoalveolar lavage fluid specimens from a large tertiary comprehensive hospital in
southwestern China over a two-year period (20232024). A total of 209 patients with Pseudomonas aeruginosa pneumonia were ultimately
enrolled, including 94 cases of multidrug-resistant and 115 drug-sensitive cases. Data included demographics, comorbidities, invasive
procedures, antibiotic histories, and laboratory findings. Key predictors were selected using LASSO regression, followed by logistic
regression to build a predictive model. Performance was evaluated through ROC analysis, calibration tests, and bootstrap validation.
Results: Thirteen predictors were identified: Age, prolonged hospitalization; Cor pulmonale, cardiac insufficiency, old cerebral
infarction, chronic renal failure; ventilation, tracheostomy, nasogastric intubation; Cefoperazone-sulbactam, aminoglycosides, anti-
fungals; Hemoglobin levels. The model showed strong predictive accuracy with AUC values of 0.853 (95% CI 0.793-0.914) in
training and 0.972 (0.931-1.000) in validation cohorts. Calibration demonstrated excellent consistency (Hosmer-Lemeshow P=0.989).
Conclusion: In this study, we developed and validated a predictive model for MDR-PA pneumonia risk by integrating host comorbidities,
iatrogenic interventions, and antimicrobial exposure. The model demonstrates potential utility in early identification of high-risk patients and
may inform antimicrobial stewardship strategies in regions with predominant cephalosporin/aminoglycoside resistance patterns.
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Introduction
Pseudomonas aeruginosa (P. aeruginosa) is a monotrichous, non-spore-forming, Gram-negative, facultative aerobic
bacterium.' According to the 2019 Global Burden of Disease Study, P aeruginosa ranks as the fifth leading cause of
infection-related mortality among all bacterial pathogens investigated and is the second most common pathogen
responsible for both community-acquired and hospital-acquired pneumonia.” A prevalence survey identified
P. aeruginosa as the fifth most common cause of healthcare-associated infections, with a prevalence of 7.1% in tertiary
hospitals and an overall prevalence of 24.7% in Asia.* In China, the prevalence of P. aeruginosa-related infections in
tertiary healthcare institutions is 28.7%, with its isolation frequency ranking second only to Acinetobacter baumannii.’
The antimicrobial resistance of P. aeruginosa has garnered significant concern, as it is one of the six leading
pathogens responsible for resistance-related mortality and is included in the ESKAPE pathogen group.® The World
Health Organization (WHO) has classified carbapenem-resistant P. aeruginosa as a “critical priority” pathogen.” Current
studies demonstrate that P. aeruginosa exhibits resistance to multiple commonly used antimicrobial agents, including

carbapenems (imipenem resistance rate: 31.3%; meropenem: 24.4%), cephalosporins (ceftazidime: 18.5%; cefepime:
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12.0%), and aminoglycosides (gentamicin: 25.1%).5'° Notably, the resistance rates of P. aeruginosa exhibit geographi-
cal variations globally. The European Centre for Disease Prevention and Control (ECDC) 2021 report indicated that
18.7% of P. aeruginosa isolates were resistant to carbapenems, while 13.4% were resistant to three or more antimicrobial
classes.” Indian studies have shown an increasing trend in P. aeruginosa resistance.'' In Asian regions, the resistance
situation of P. aeruginosa remains severe, with an overall prevalence of multidrug-resistant P. aeruginosa (MDR-PA)
reaching 46.0%, extensively drug-resistant P. aeruginosa (XDR-PA) at 19.6%, extended-spectrum B-lactamase-positive
P. aeruginosa (ESBL-positive PA) at 33.4%, and metallo-B-lactamase-positive P. aeruginosa (MBL-positive PA) at
16.0%.> Among Chinese patients with hospital-acquired pneumonia, the infection rates of MDR-PA and XDR-PA were
as high as 44.4% and 18.2%, respectively.'> And the PA resistance rates also vary among different populations, with ICU
patients showing the MDR-PA infection rate of 48.7%.'> Among various pneumonia patients, ventilator-associated
pneumonia patients exhibit the highest MDR-PA infection rate, followed by hospital-acquired pneumonia patients.'?

Mortality associated with P. aeruginosa infections remains a critical concern,'* particularly in immunocompromised
and hospitalized patients, with rates ranging from 25-39% for pneumonia and 18-61% for bacteremia.'>'® Notably,
infections caused by multidrug-resistant isolates correlate with even higher mortality rates (40-70%).'*""”

Therefore, infection risk prediction tools are critical for reducing mortality and alleviating the economic burden
associated with MDR-PA infections. Previous predictive models for P. aeruginosa infections have each focused on
different aspects. Wang et al developed a predictive model using Cox regression analysis and nomograms to estimate the
risk of recurrent hemoptysis following bronchial artery embolization and P. aeruginosa infection, providing valuable
clinical insights; however, this model did not specifically address antibiotic resistance.'® Tartof et al’s model specifically
evaluates the resistance of P. aeruginosa to carbapenems and broad-spectrum B-lactams in hospitalized patients, with its
applicability primarily centered on specific antibiotics.'” Wijit et al’s research focused on the risk of P aeruginosa
infection in community-acquired pneumonia,?® which, while valuable for specific populations, does not cover hospital-
acquired infections. Therefore, this study base on multiple dimensions such as demographic characteristics, antibiotic
use, and laboratory examinations of hospitalized patients, and focuses on developing and validating a predictive model
for the risk of MDR-PA pneumonia in hospitalized patients.

Materials and Methods
Study Design and Data Source

This retrospective study was conducted at Chengdu University Affiliated Hospital (a large tertiary comprehensive
teaching hospital with over 1400 open beds in Southwest China) from January 1, 2023 to April 30, 2024. The analysis
exclusively included bronchial lavage fluid specimens from patients with P. aeruginosa-positive cultures. Exclusion
criteria comprised: 1) negative P. aeruginosa cultures, 2) specimens without bacterial culture, and 3) cases of recurrent
infection (only the initial episode was retained) (Figure 1).

Patient demographics and clinical parameters were extracted from electronic medical records and analyzed using
WHONET 5.6. Bacterial identification and antimicrobial susceptibility testing were performed with the MicroScan
WalkAway 40 automated system, following standardized protocols for clinical microbiological specimen processing. All
bronchoscopic procedures adhered to current guidelines for specimen collection and laboratory analysis. Quality control was
ensured using P. aeruginosa ATCC27853 reference strains. Antimicrobial susceptibility interpretations complied with the
most recent CLSI guidelines, with annual updates applied. The study protocol received ethical approval from the Institutional
Review Board of Chengdu University Affiliated Hospital (PJ2024-048-01), with waiver of informed consent granted for
retrospective data analysis. The research will follow the principles of the Declaration of Helsinki and the Measures for Ethical
Review of Biomedical Research Involving Human Subjects issued by China’s National Health Commission.

Measures of Variables
The following variables were systematically extracted from electronic medical records:

Demographic parameters: Age and sex; Clinical characteristics: Smoking history; total hospital length of stay; ICU
admission status; pre-sampling hospitalization duration; pre-sampling ICU stay duration; pre-existing respiratory disorders;
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Bronchoalveolar lavage specimens
were collected from patients
diagnosed with pulmonary infection
at the Affiliated Hospital of Chengdu
University between January 1, 2023,
and April 30, 2024.
(n=3132)

Excluded:

Culture-negative
specimens.(n=2293)

®| Culture-positive specimens that
were not Pseudomonas
aeruginosa.(n=532)

Bronchoalveolar lavage cultures
positive for Pseudomonas
aeruginosa.

(n=307)

Excluded:

Repeated bronchoalveolar
lavage culture results from the
same patient. (n=98)

Patients included in the final study.
(n=209)

Yy Yy
Non-multidrug-resistant
Pseudomonas aeruginosa infection
patients.

(n=115)

Multidrug-resistant Pseudomonas
aeruginosa infection patients.
(n=94)

Figure | The flowchart of patients’ enroliment.

major comorbidities (cardiovascular diseases, neurological disorders, diabetes mellitus, malignancies, renal insufficiency);
ventilation modalities; mechanical ventilation duration; nasogastric intubation; indwelling urinary catheterization; arteriove-
nous catheterization; thoracic drainage; grade III/IV surgical procedures during hospitalization; antibiotic exposure profiles;
and duration of systemic corticosteroid administration (intravenous or oral); Laboratory parameters: Leukocyte count;
hemoglobin concentration; platelet count; high-sensitivity C-reactive protein (hs-CRP); interleukin-6 (IL-6); procalcitonin
(PCT) levels; serum albumin; D-dimer; and antimicrobial susceptibility profiles for P. aeruginosa.

Definitions

Pneumonia is an acute lower respiratory tract infection caused by pathogens such as bacteria, viruses, or fungi,
characterized by inflammatory cell infiltration and exudative changes in alveolar spaces, accompanied by fever, cough,
and radiographic pulmonary infiltrates.’ Multidrug resistance is defined as acquired resistance to at least one agent from
three or more antimicrobial classes: carbapenems, f-lactamase inhibitor combinations, cephalosporins, aminoglycosides,
and fluoroquinolones.*” Carbapenem-resistant P. aeruginosa is defined as P. aeruginosa that is resistant to one or more
carbapenem agents.”> Definitions of Antimicrobial Susceptibility Categories for P. aeruginosa: Susceptible (S):
A P aeruginosa strain is classified as susceptible to a specific antimicrobial agent when the minimum inhibitory
concentration (MIC) is < the established susceptibility breakpoint, indicating that standard dosing regimens are highly
likely to achieve clinically effective plasma and tissue concentrations for therapeutic success. Intermediate (I): A strain is
designated intermediate when the MIC exceeds the susceptibility breakpoint but remains < the resistance breakpoint.
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This category suggests uncertain therapeutic efficacy, as clinical response may be achievable only under specific
conditions (eg, higher-than-standard doses or localized infections where the drug accumulates at elevated concentra-
tions).Resistant (R): Resistance is confirmed when the MIC exceeds the resistance breakpoint, signifying a high
probability of therapeutic failure even with maximum tolerated doses, due to established resistance mechanisms or
inadequate drug penetration at the infection site.**

Statistical Analysis

Continuous variables with normal distribution were described as mean + standard deviation, while non-normally
distributed variables were presented as median (interquartile range). Categorical variables were expressed as frequency
(percentage). Comparative analyses between MDR-PA and DS-PA groups were performed using unpaired f-test or
Wilcoxon rank-sum test for continuous variables, and Pearson’s chi-square test or Fisher’s exact test for categorical
variables. The Least Absolute Shrinkage and Selection Operator (LASSO) regression technique was applied for data
dimensionality reduction and predictor selection. A multivariate logistic regression analysis was employed to develop the
MDR-PA prediction model and corresponding nomogram. Internal validation was conducted through bootstrap resam-
pling (resamples=1000). The model’s discriminative performance was assessed using receiver operating characteristic
(ROC) curves and area under the curve (AUC). All statistical analyses were performed using R software (version 4.4.1),
with statistical significance set at P<0.05.

Results

Baseline Characteristics

During the study period (January 1, 2023—April 30, 2024), 3132 bronchoalveolar lavage fluid (BALF) specimens were
initially collected. After applying inclusion/exclusion criteria, 209 patients with P. aeruginosa-positive cultures were
enrolled, comprising 44.98% (94/209) multidrug-resistant (MDR) strains and 55.02% (115/209) non-MDR (drug-
sensitive, DS) strains. The demographic and clinical characteristics of the study cohort are summarized in Table 1.
Antibiotic usage are presented in Table 2, with laboratory findings documented in Table 3. Univariate analysis revealed
statistically differences between the two groups (P<0.05):age, total hospitalization duration, hospitalization duration
before specimen collection, cor pulmonale, cardiac functional insufficiency, remote cerebral infarction, chronic renal
insufficiency, ventilator support, ventilator use duration, mechanical ventilation, tracheostomy, nasogastric tube insertion,

Table | Demographic and Clinical Characteristics of Study Participants

Variables Total (n = 209) | DS-PA (n=115) | MDR-PA (n = 94) | P-Value
Gender, n (%) 0.696
Female 55 (26) 32 (28) 23 (24)
Male 154 (74) 83 (72) 71 (76)
Age, Median (Ql, Q3) 72 (61, 79) 70 (57, 77) 74 (67.25, 82.75) < 0.001
Smoking history, n (%) 0.399
No 99 (47) 58 (50) 41 (44)
Yes 110 (53) 57 (50) 53 (56)
Total hospitalization duration, Median (QI, Q3) 17.5 (10, 33) 13 (8, 23.5) 24.5 (15, 58.5) < 0.001
ICU stay duration, Median (QI, Q3) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.071
Hospitalization duration before specimen collection, Median (QI, Q3) | 4 (2, 13) 42,7 9 (4, 23.75) < 0.001
(Continued)
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Table | (Continued).

Variables Total (n = 209) | DS-PA (n=115) | MDR-PA (n = 94) | P-Value

Respiratory diseases

COPD, n (%) 0.84
No 105 (50) 59 (51) 46 (49)
Yes 104 (50) 56 (49) 48 (51)

Asthma, n (%) 0.226
No 203 (97) 110 (96) 93 (99)
Yes 6 (3) 5(4) (1)

Bronchiectasia, n (%) 0.262
No 165 (79) 87 (76) 78 (83)
Yes 44 (21) 28 (24) 16 (17)

Interstitial lung disease, n (%) 0.629
No 205 (98) 112 (97) 93 (99)
Yes 4(2) 3(03) (1)

Cardiovascular diseases

Hypertension, n (%) 0.051
No 121 (58) 74 (64) 47 (50)
Yes 88 (42) 41 (36) 47 (50)

Coronary atherosclerotic heart disease, n (%) 0.467
No 187 (89) 105 (91) 82 (87)
Yes 22 (11) 10 (9) 12 (13)

Atrial flutter/Fibrillation, n (%) 0.477
No 189 (90) 106 (92) 83 (88)
Yes 20 (10) 9(8) I (12)

Cor pulmonale, n (%) 0.034
No 168 (80) 99 (86) 69 (73)
Yes 41 (20) 16 (14) 25 (27)

Cardiac functional insufficiency, n (%) < 0.001
No 140 (67) 94 (82) 46 (49)
Yes 69 (33) 21 (18) 48 (51)

Diabetes, n (%) 0.125
No 150 (72) 88 (77) 62 (66)
Yes 59 (28) 27 (23) 32 (34)

(Continued)
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Table 1 (Continued).

Variables Total (n = 209) | DS-PA (n=115) | MDR-PA (n = 94) | P-Value
Neurological disorders
Acute cerebral hemorrhage, n (%) 0.462
No 202 (97) 110 (96) 92 (98)
Yes 7Q3) 5(4) 2(2)
Acute cerebral infarction, n (%) |
No 200 (96) 110 (96) 90 (96)
Yes 94 54 4 (4)
Old cerebral hemorrhage, n (%) 0.209
No 197 (94) 111 (97) 86 (91)
Yes 12 (6) 4 (3) 8(9)
Old cerebral infarction, n (%) < 0.001
No 155 (74) 98 (85) 57 (61)
Yes 54 (26) 17 (15) 37 (39)
Alzheimer’s disease, n (%) 0.068
No 198 (95) 112 (97) 86 (91)
Yes 11 (5) 3(03) 8(9)
Active malignancy, n (%) 0.707
No 186 (89) 101 (88) 85 (90)
Yes 23 (1) 14 (12) 9 (10)
Chronic renal insufficiency, n (%) 0.005
No 179 (86) 106 (92) 73 (78)
Yes 30 (14) 9 (8) 21 (22)
Ventilator support, n (%) < 0.001
No 101 (48) 72 (63) 29 (31)
Yes 108 (52) 43 (37) 65 (69)
Ventilator use duration, Median (QI, Q3) 1 (0, 6) 0 (0, 3) 3 (0, 15) < 0.001
Mechanical ventilation, n (%) < 0.001
No 163 (78) 103 (90) 60 (64)
Yes 46 (22) 12 (10) 34 (36)
Tracheotomy, n (%) < 0.001
No 163 (78) 103 (90) 60 (64)
Yes 46 (22) 12 (10) 34 (36)

(Continued)
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Table | (Continued).

Variables Total (n = 209) | DS-PA (n=115) | MDR-PA (n = 94) | P-Value

Nasogastric tube insertion, n (%) < 0.001
No 112 (54) 82 (71) 30 (32)
Yes 97 (46) 33 (29) 64 (68)

Urinary catheter insertion, n (%) < 0.001
No 121 (58) 80 (70) 41 (44)
Yes 88 (42) 35 (30) 53 (56)

Arterial and venous catheterization, n (%) < 0.001
No 141 (67) 90 (78) 51 (54)
Yes 68 (33) 25 (22) 43 (46)

Thoracic drainage tube, n (%) 0.047
No 202 (97) 114 (99) 88 (94)
Yes 7(3) (1 6 (6)

Major surgeries during hospitalization, n (%) 0.127
No 196 (94) 111 (97) 85 (90)
Yes 13 (6) 4(3) 9 (10)

Duration of systemic glucocorticoid use, Median (QI, Q3) 0(@©1) 0@, 1) 0 (0, 0) 0.92

Notes: All time-related variables, except for total hospitalization duration, were calculated up to the day preceding specimen collection, while other clinical variables were

assessed during the period from admission to specimen collection.

Abbreviations: COPD, chronic obstructive pulmonary disease; QI, First quartile; Q3, Third quartile.

Table 2 Antibiotic Usage of Study Participants

Variables | Total (n = 209) | DS-PA (n= 115) | MDR-PA (n = 94) | P-Value
First/Second-generation cephalosporins, n (%) 0.711
No 181 (87) 101 (88) 80 (85)
Yes 28 (13) 14 (12) 14 (15)
Third/Fourth-generation cephalosporins, n (%) 0.05
No 192 (92) 110 (96) 82 (87)
Yes 17 (8) 54 12 (13)
Ampicillin-Sulbactam, n (%) |
No 202 (97) 111 (97) 91 (97)
Yes 7(3) 4(3) 3(3)
Amoxicillin-Clavulanate, n (%) |
No 208 (100) 114 (99) 94 (100)
Yes I (0) () 0 (0)
(Continued)
Infection and Drug Resistance 2025:18 htps:

3549



Du et al

Table 2 (Continued).

Variables | Total (n = 209) | DS-PA (n= 115) | MDR-PA (n = 94) | P-Value
Ticarcillin-Clavulanate, n (%) 0.854
No 180 (86) 100 (87) 80 (85)
Yes 29 (14) 15 (13) 14 (15)
Piperacillin-Tazobactam, n (%) 0.079
No 141 (67) 84 (73) 57 (61)
Yes 68 (33) 31 (27) 37 (39)
Cefoperazone-Sulbactam, n (%) < 0.001
No 126 (60) 82 (71) 44 (47)
Yes 83 (40) 33 (29) 50 (53)
Moxifloxacin, n (%) 0.238
No 189 (90) 101 (88) 88 (94)
Yes 20 (10) 14 (12) 6 (6)
Levofloxacin, n (%) 0.35
No 199 (95) 111 (97) 88 (94)
Yes 10 (5) 4(3) 6 (6)
Ciprofloxacin, n (%) 0.092
No 203 (97) 114 (99) 89 (95)
Yes 6 (3) (1 53)
Omecycline, n (%) 0.304
No 200 (96) 112 (97) 88 (94)
Yes 9 (4 303 6 (6)
Azithromycin, n (%) 0.45
No 208 (100) 115 (100) 93 (99)
Yes I (0) 0(0) ()
Aminoglycosides, n (%) < 0.001
No 180 (86) 112 (97) 68 (72)
Yes 29 (14) 303 26 (28)
Meropenem, n (%) 0.467
No 187 (89) 105 (91) 82 (87)
Yes 22 (1) 10 (9) 12 (13)
Imipenem-Cilastatin, n (%) 0.043
No 183 (88) 106 (92) 77 (82)
Yes 26 (12) 9 (8 17 (18)
(Continued)
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Table 2 (Continued).

Variables | Total (n =209) | DS-PA (n= 115) | MDR-PA (n = 94) | P-Value

Vancomycin, n (%) 0.068
No 198 (95) 112 (97) 86 (91)
Yes I (5) 3(3) 8(9)

Linezolid, n (%) 0.017
No 204 (98) 115 (100) 89 (95)
Yes 5Q2) 0 (0) 5(5)

Combination of two or more antibiotics, n (%) < 0.001
No 158 (76) 106 (92) 52 (55)
Yes 51 (24) 9 (8 42 (45)

Combined antifungal therapy, n (%) < 0.001
No 175 (84) 106 (92) 69 (73)
Yes 34 (16) 9 (8 25 (27)

Other antibiotics, n (%) 0.346
No 192 (92) 108 (94) 84 (89)
Yes 17 (8) 7 (6) 10 (11)

Notes: All time-related variables were calculated up to the day preceding specimen collection, while
other clinical variables were assessed during the period from admission to specimen collection.

Table 3 Laboratory Findings of Study Participants

Variables Total (n = 209) DS-PA (n= 115) | MDR-PA (n = 94) | P-Value
Leukocyte (10%/L), Median (QI, Q3) 9.05 (6.47, 11.8) 8.31(6.26, 11.23) 9.48(7.19, 12.35) 0.029
Neutrophils (10°/L), Median (QI, Q3) 6.85 (4.79, 9.54) 6.46(4.52, 9.1) 7.41(5.62, 10.44) 0.021
Lymphocytes (10%/L), Median (QI, Q3) | 1.14 (0.73, 1.52) 1.17(0.74, 1.58) 1.13(0.74, 1.5) 0.776
Eosinophils (10°/L), Median (QI, Q3) 0.06 (0.01, 0.15) 0.06(0.02, 0.15) 0.06(0.01, 0.21) 0.572
Basophils (10°/L), Median (Ql, Q3) 0.02 (0.01, 0.03) 0.02(0.01, 0.03) 0.02(0.01, 0.03) 0.86
Monocytes (10%/L), Median (QI, Q3) 0.51 (0.37,0.7) 0.48(0.31, 0.69) 0.53(0.42, 0.71) 0.12
Hemoglobin (g/L), Mean + SD 116.8+ 5.8 124.1+25.54 107.88+23.29 < 0.001
Platelets (10°/L), Mean * SD 223.77+94.47 215.84+93.84 233.47+94.83 0.181
Serum Albumin (g/L), Mean * SD 36.64 £ 551 3741 £ 553 35.7 £ 537 0.025
Hs-CRP (mg/L), Median (QI, Q3) 28.64(9.98, 68.24) 28.64(5.52, 69.18) | 28.64(12.92, 61.05) | 0.586
Procalcitonin (ng/mL), Median (QI, Q3) | 0.12(0.07, 0.28) 0.12(0.05, 0.18) 0.12(0.1, 0.35) 0.001
Interleukin-6 (pg/mL), Median (QI, Q3) | 36.88(20.32, 60.16) | 36.88(18.59, 55.5) | 36.88(22.03, 76.03) | 0.508
D-dimer (ug/mL), Median (QI, Q3) 0.71(0.47, 1.21) 0.68(0.4, 0.88) 0.76(0.58, 1.73) < 0.001

Notes: All time-related variables were calculated up to the day preceding specimen collection, while other clinical variables were assessed

during the period from admission to specimen collection.

Abbreviations: Hs-CRP, high-sensitivity C-reactive protein; QI, First quartile; Q3, Third quartile.
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urinary catheter insertion, arteriovenous catheterization, thoracic drainage tube, cefoperazone-sulbactam exposure,
aminoglycosides administration, imipenem-cilastatin therapy, linezolid use, combination therapy (>2 antibiotics),con-
comitant antifungal treatment, leukocyte count, neutrophil percentage, hemoglobin level, serum albumin concentration,
procalcitonin (PCT) level, d-dimer value.

Construction of Predictive Models

1) Univariate Analysis: After conducting univariate analysis on 66 variables, we identified 26 variables that were
statistically significant. These variables covered demographic and clinical characteristics, antibiotic usage, and laboratory
findings. 2) LASSO Regression Analysis: Although the 26 variables identified in the univariate analysis were statistically
significant, not all of them had a substantial impact on the outcome. Therefore, we chose to use LASSO regression
analysis to select the most important predictors from the pool of potential variables. LASSO regression effectively
reduces model complexity by penalizing less important variables, thereby enhancing the model’s generalizability and
preventing overfitting. In this study, we employed cross-validation for predictor selection (Figure 2) and determined the
tuning parameter (lambda) based on both the minimum criterion (left dashed line) and the 1-SE criterion (right dashed
line). Ultimately, we followed the 1-SE criterion (right dashed line) for predictor selection (Figure 3). Through LASSO
regression analysis, we selected 13 predictors, including age, total hospitalization duration, comorbidities (cor pulmonale,
heart failure, old cerebral infarction, chronic renal insufficiency), clinical interventions (mechanical ventilation require-
ment, tracheostomy status, indwelling gastric tube), antimicrobial therapies (cefoperazone-sulbactam, aminoglycoside
antibiotics, antifungal agents), and hemoglobin levels. 3) Model Development and Validation: Patients included in the
study were randomly divided into training and validation cohorts (7:3 ratio) using a random number table In the training
cohort, we developed a multivariable logistic regression model to predict the risk of MDR-PA infection using the
variables selected by LASSO regression. The model was subsequently validated in the validation cohort. The model
demonstrated good discriminative ability, with an area under the ROC curve (AUC) of 0.853 (95% confidence interval
[CI], 0.793-0.914) in the training cohort and 0.972 (95% CI, 0.931-1.0) in the validation cohort (Figures 4 and 5). To
make the model more intuitive and clinically applicable, we constructed a nomogram (Figure 6). The nomogram converts
the regression coefficients of each predictor into scores, sums them to obtain a total score, and then translates the total
score into a predicted probability, providing clinicians with a practical tool for estimating infection risk. 4) Model
Calibration: The calibration performance of the model was assessed using the Hosmer-Lemeshow test, which showed
non-significance (p=0.989) (Figure 7), indicating a close agreement between predicted and observed outcomes in the
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Figure 2 Selection of predictive factors using LASSO regression analysis with cross-validation.
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Figure 4 AUC of the predictive and validation models-train.

training cohort. These results suggest that the model has good discrimination and calibration consistency, effectively

identifying high-risk patients for MDR-PA infection and providing strong support for clinical decision-making.

Discussion
The threat of multidrug-resistant MDR-PA infection is on the rise, and there is an urgent need for predictive tools to
guide early clinical intervention. Utilizing data from a comprehensive tertiary hospital in Southwest China, we developed
and validated a nomogram that integrates multidimensional information, including demographics, clinical invasive
procedures, antibiotic exposure, and laboratory tests, to predict MDR-PA pulmonary infection.

In recent years, the prevalence of P. aeruginosa has surged dramatically, raising concerns. Our study found that
MDR-PA accounted for 44.98% of all P. aeruginosa-infected patients, which is consistent with the 2025 study by Zulkifli
et al, reporting a prevalence of 46.0% for MDR-PA strains in Asia and Africa.® This study developed a predictive model
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Figure 6 Nomogram for assessing multidrug-resistant Pseudomonas aeruginosa infection risk.

for MDR-PA infections using exclusively BALF specimens. Compared to prior studies incorporating heterogencous
specimen types, the sterile collection protocol of BALF effectively mitigates oropharyngeal flora contamination,”
thereby significantly enhancing the specificity of lower respiratory tract pathogen detection. This specimen standardiza-
tion strategy improves the model’s applicability to severe infection scenarios, such as ventilator-associated pneumonia.*®
However, the requirement for bronchoscopy in BALF acquisition necessitates the exclusion of hemodynamically
unstable patients and non-severe cases, which may result in potential underestimation of MDR-PA infection risks in

specific populations.
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The risk factors for MDR-PA infection identified in this study are in line with global epidemiological trends while
revealing regional specificity. Age is one of the key host factors influencing the risk of MDR-PA pneumonia. The results
show that the risk of MDR-PA pneumonia increases with age. From a pathophysiological perspective, the age-related
decline in immune function may be the reason why elderly patients are susceptible to MDR - PA.?%*” Moreover, elderly
patients often have multiple underlying diseases, which increase the burden of comorbidities. These diseases not only
disrupt the respiratory barrier function but also exacerbate the drug resistance of P. aeruginosa through long-term use of
corticosteroids/antibiotics. Our study found that cor pulmonale, heart failure, chronic renal insufficiency, and old cerebral
infarction increase the risk of MDR - PA pneumonia. Among them, old cerebral infarction as a risk factor is particularly
noteworthy, as this finding has been underestimated in previous literature.?”*® This association may stem from chronic
neuroinflammation or post-stroke immune suppression, which creates a favorable environment for the colonization or
infection of MDR - PA.

Prolonged hospitalization is one of the significant risk factors for MDR-PA pneumonia. Our study revealed that the
risk of MDR-PA pneumonia in long-term hospitalized patients is significantly higher than that in short-term hospitalized
patients, with a higher isolation rate of MDR-PA. As the length of hospital stay increases, patients are exposed to
a greater variety of pathogens in the hospital environment, including drug resistant bacteria.”” In long-term care hospitals,
the multidrug resistance rate of P. aeruginosa is higher than that in general hospitals.*® Reducing the length of hospital
stay is an important strategy to decrease P. aeruginosa infections.>’ However, long-term hospitalized patients often have
multiple underlying diseases and complex medical conditions, which may also have a confounding effect on the results.?’
Future studies need to further control these confounding factors to more accurately assess the relationship between
prolonged hospitalization and MDR-PA pneumonia.

Invasive procedures also impact the occurrence of MDR-PA pneumonia, with ventilator support and tracheostomy
being significant risk factors.*”> Studies have shown that P. aeruginosa is one of the main pathogens of ventilator-
associated pneumonia (VAP), and the emergence of MDR-PA has made the treatment of VAP more complex and
difficult.>® In patients with mechanical ventilation, intubation or tracheostomy disrupts the natural defense barrier of the
respiratory tract, increasing the chances of P aeruginosa entering the lower respiratory tract.>* Meanwhile, the surfaces
of medical devices such as ventilator tubing are prone to biofilm formation, in which drug-resistant bacteria can survive
and reproduce, further increasing the risk of infection.®* MDR-PA infection is associated with ventilator treatment
failure,” and the crude mortality rate of VAP patients caused by MDR-PA is as high as 42.1%-87%, which remains high
even with appropriate antibiotic therapy.>* Notably, in this study, nasogastric tube placement was one of the 13
independent predictors identified, indicating its clinical predictive value. Nasogastric tube placement directly damages

the neuromuscular coordination of the pharynx, weakening the swallowing reflex and increasing the risk of aspiration.*>
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Aspirated gastric acid and bile can damage the mucosal barrier of the lower respiratory tract, creating conditions for
MDR-PA colonization. According to research results in the literature, the use of nasogastric tubes (enteral/nasogastric
tubes) is one of the independent risk factors for carbapenem-resistant P. aeruginosa.’® In a study of 157 patients with
P. aeruginosa, 78.26% had used enteral/nasogastric tubes.*® Previous studies reported a significantly higher frequency of
nasogastric tube use among patients infected with non-mucoid P. aeruginosa, with 18.5% of these non-mucoid isolates
being carbapenem-resistant P. aeruginosa, suggesting that nasogastric tube placement may serve as a risk factor for non-
mucoid strain acquisition.>’

Although carbapenem resistance remains a major concern in high-income countries, our cohort study showed that,
compared with resistance to cephalosporins/aminoglycosides, carbapenem resistance has relatively lower predictive
value for resistance phenotypes. This difference may reflect the unique antimicrobial management landscape in China.
Under the national antibiotic restriction policy, the use of carbapenems is strictly regulated, while third-generation
cephalosporins (eg, cefoperazone-sulbactam) are still widely used for respiratory infections. This regional prescription
pattern may drive different resistance trajectories.®®

Notably, hemoglobin decline emerged as an independent predictor of MDR-PA infection, corroborating the emerging
“host iron metabolism-bacterial virulence” axis proposed in recent studies.>® This finding resonates with Peng et al’s
2024 report linking reduced admission hemoglobin levels to increased 30-day mortality in septic patients.*’
Physiologically, hemoglobin reduction often reflects chronic disease burden or immunocompromised status. While
host iron restriction mechanisms typically inhibit pathogen proliferation through free iron sequestration, chronic anemia
may compromise this defensive strategy.*' Existing MDR-PA prediction models mainly focus on inflammatory biomar-
kers (CRP/PCT) or antibiotic exposure history. By incorporating hemoglobin levels, we expanded the predictive frame-
work, which may enhance risk stratification for multidrug-resistant infections."'

The limitations of this study should be acknowledged. First, the single center retrospective design introduced potential
selection bias, especially regarding the exclusion of non-BALF specimens. Second, the relatively small sample size (n =
209) and the geographical scope limited to Southwest China may restrict the generalizability. Third, although internal
validation supported the robustness of the methodology, external validation through multicenter prospective cohorts is
still crucial for confirming clinical applicability. Lastly, this study was limited to MDR-PA pulmonary infection, and the
applicability of similar models to other respiratory pathogens, such as Streptococcus pneumoniae and Klebsiella
pneumoniae, needs to be explored.**** Future research should address these limitations while investigating the mechan-
istic relationships between iron homeostasis, chronic cerebrovascular pathology, and the pathogenesis of MDR-PA.

Conclusion

The nomogram developed and validated in this study integrates host comorbidities, iatrogenic interventions, and
antimicrobial exposure to predict the risk of MDR-PA pneumonia, which is of importance in clinical practice. The
nomogram enhances the early identification of high-risk patients and optimizes antimicrobial stewardship in regions with
cephalosporin/aminoglycoside-dominated resistance patterns, thereby reducing the incidence of MDR-PA. Additionally,
the nomogram can serve as a reference for formulating public health policies and infection control guidelines. Future
research should focus on validating the nomogram in multicenter cohorts and exploring its integration into clinical

decision-making systems.
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