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Purpose: Antibiotic administration leads to alterations in pathogenic organisms and antibiotic resistance, posing a significant risk to 
peritoneal dialysis patients’ health. This study aimed to investigate changes in the cause-specific peritonitis, pathogen profiles, 
antibiotic resistance, and the prognostic factors among patients with peritoneal dialysis-associated peritonitis (PDAP) at our center.
Patients and Methods: We included 463 PDAP patients who attended Peking University Shenzhen Hospital between 2002 and 
2023. We analyzed the effects of empirical treatment regimens with cefazolin and ceftazidime or gentamicin.
Results: From 2002 to 2023, we observed that gram-positive staphylococci emerged as the primary causative agents, while the proportion 
of gram-negative bacillary, enteric peritonitis, and catheter-associated peritonitis decreased significantly. However, the overall cure rate for 
PDAP and gram-negative bacillary peritonitis declined significantly from 2014 to 2023. Notably, we observed no increase in antibiotic 
resistance associated with antibiotic drugs use. In addition, reduced lymphocyte counts due to the prevalence of 2019 coronavirus disease 
(COVID-19) emerged as an independent risk factor for treatment failure in cases of gram-negative bacillary peritonitis.
Conclusion: We did not observe elevated antibiotic resistance in our center when employing empirical dosing strategies involving 
cefazolin, ceftazidime, or gentamicin. Additionally, we found that a decrease in lymphocyte count due to the COVID-19 epidemic was 
a significant risk factor for treatment failure in cases of gram-negative bacillary peritonitis at our center. This study provides 
a foundation for developing clinical treatment strategies for PDAP.
Keywords: antibiotic resistance, COVID-19, lymphocyte count, peritoneal dialysis, peritonitis, pathogen spectrum

Introduction
Peritoneal dialysis (PD) utilizes the peritoneum as a semi-permeable membrane to introduce dialysis solution into the 
peritoneal cavity by gravity. This process eliminates metabolites and toxic substances while balancing internal environ-
ment homeostasis through osmosis.1,2 PD is commonly used for acute kidney injury (AKI), chronic kidney disease 
(CKD), kidney failure, and acute toxicity.3 However, the presence of a catheter increases the risk of infection, with 
peritoneal dialysis-associated peritonitis (PDAP) being the most common complication.4–7 Despite advancements in 
technology, patient education, and management, the incidence of PDAP persists.8 Moreover, prolonged exposure to 
antibiotics has escalated pathogen resistance, complicating PDAP treatment. The evolving antimicrobial spectrum of 
pathogens poses a challenge for empirical dosing in PDAP.

Infection and Drug Resistance 2024:17 685–696                                                              685
© 2024 He et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 30 September 2023
Accepted: 7 February 2024
Published: 19 February 2024

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-2962-1199
http://orcid.org/0000-0001-5271-7079
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


The International Society of Peritoneal Dialysis (ISPD) guidelines have put forward a revised definition of cause- 
specific peritonitis, along with management criteria for pathogenic peritonitis, culture-negative peritonitis, enteric 
peritonitis, and catheter-associated peritonitis, with the aim of improving the treatment of peritonitis.9 Nonetheless, the 
pathogenic spectrum and antibiotic susceptibility of PDAP evolve continually, due to the widespread use of antibiotics, 
leading to inconsistent outcomes among different centers.10 Zeng and Hwang et al revealed an annual increase in the 
proportion of gram-negative bacteria peritonitis cases relative to total peritonitis.11,12 Kitterer et al reported that strains of 
gram-negative bacteria were increasingly less susceptible to ceftazidime and gentamicin.13 As a result, adapting ISPD 
guideline regimens to real-world situations may be necessary, placing greater emphasis on empirical dosing.

The long-term effects of our empirical dosing strategy (cefazolin and ceftazidime or gentamicin) in treating PDAP 
remains uncertain. Therefore, we conducted a retrospective study to investigate the impact of this empirical dosing 
strategy on cause-specific peritonitis, antimicrobial spectrum, and antibiotic resistance at our center and the presence of 
other factors influencing the prognosis of peritonitis.

Materials and Methods
Ethics
The study received approval from the Ethics Committee of Peking University Shenzhen Hospital (NO. 2022050). 
Informed consent was waived due to the retrospective nature of the study. All patient information was treated 
confidentially, and the study adhered to the Declaration of Helsinki.

Patients
We included 463 PDAP patients in this study from February 2002 to February 2023. To facilitate data comparison, we 
divided the patients into two groups based on a nine-year interval before and after 2011, with a three-year isolation period 
in between. The 2002–2011 group consisted of 169 episodes of peritonitis, while the 2014–2023 group comprised 294 
episodes. We collected patient demographic information, including gender, age, age on dialysis, primary renal disease, 
microbiology, antimicrobial sensitivity results, and clinical outcomes.

Peritonitis
Catheter-related peritonitis was defined as peritonitis occurring within three months of a catheter infection with the same 
organism at the exit site or from a tunnel collection, and in the effluent or one sterile site in the context of antibiotic 
exposure. Enteric peritonitis was defined as peritonitis originating from an intestinal source, involving processes such as 
inflammation, perforation, or ischemia of intraabdominal organs. Medical cure was defined as the complete resolution of 
peritonitis, along with the absence of complications such as relapse/recurrent peritonitis, catheter removal, transfer to 
hemodialysis for ≥30 days, or death. Relapsing peritonitis was defined as an episode of peritonitis occurring within four 
weeks of completing therapy for a prior episode with the same organism or one sterile (culture-negative) episode 
(specific organism followed by the same organism, culture-negative followed by a specific organism, or specific organism 
followed by culture-negative), and was counted as a single episode. In contrast, recurrent and repeat infections were 
considered separate episodes. PDAP death referred to death with peritonitis occurring within 30 days. Treatment failure 
included PD catheter removal and PDAP-related death.

Inclusion Criteria
We included all PDAP patients who met the 2022 diagnostic criteria recommended by the ISPD, which required the 
presence of at least two of the following criteria: (i) clinical features suggestive of peritonitis, such as abdominal pain 
and/or cloudy dialysis effluent; (ii) dialysis effluent white blood cell (WBC) count >100/μL or >0.1× 109 /L after a dwell 
time of at least 2 hours, with >50% polymorphonuclear leukocytes; and (iii) positive dialysis effluent culture. We 
excluded patients who did not have a dialysis effluent culture or who withdrew from active treatment. These inclusion 
and exclusion criteria ensured that the study population was consistent with current standards for PDAP diagnosis and 
minimized potential bias due to misclassification or incomplete data.
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Therapeutic Schedule
All patients received initial treatment with intraperitoneal first-generation cephalosporin to cover gram-positive organ-
isms, combined with third-generation cephalosporin or aminoglycoside which based on the patient’s residual renal 
function, to gram-negative organisms. The choice of antibiotics was adjusted promptly after the results of dialysis 
effluent cultures and antibiotic susceptibility testing became available to ensure optimal coverage and minimize the risk 
of antibiotic resistance or toxicity. The duration of antibiotic treatment was determined based on the severity and 
resolution of peritonitis symptoms, as well as the results of subsequent follow-up cultures. The term “most sensitive 
antibiotic” pertains to the antibiotic exhibiting the utmost susceptibility to the causative agent. Antibiotics demonstrating 
a sensitivity of ≥ 90% are delineated as highly sensitive antibiotics.

Statistics
Statistical analysis was performed using SPSS version 26.0. Normally distributed continuous variables were presented as 
mean ± standard deviation (SD) and compared between groups using the two sample Student’s t-test. Non-normally 
distributed continuous variables were presented as median and interquartile range (IQR) and compared between groups 
using the Mann–Whitney rank sum test. Categorical variables were reported as frequencies or percentages and compared 
between groups using the Chi-square or Fisher’s exact test as appropriate.

To identify independent protective factors and risk factors for treatment failure, logistic regression analysis was 
employed. In the initial univariate analyses, variables with a p-value ≤ 0.10 and demonstrated prognostic relevance in 
clinical practice were selected for inclusion in the subsequent multivariate analyses. In sensitivity analyses, we excluded 
data from patients treated after December 2019. This step aimed to clarify whether prognostic risk factors for gram- 
negative bacillary peritonitis were associated with the 2019 coronavirus disease (COVID-19) epidemic. Odds ratios (OR) 
and their corresponding 95% confidence intervals (CI) were calculated to determine the relationship between the factors 
of interest and treatment outcome. A P-value ≤ 0.05 was considered statistically significant.

Results
Peritonitis Rates
To understand the incidence of peritonitis in our centre over the last 22 years, we calculated the overall incidence of 
peritonitis. From February 2002 to February 2023, 463 episodes of peritonitis occurred in 306 PD patients, including 161 
(52.61%) male and 145 (47.39%) female patients. Among of them, 209 (68.30%) experienced just one episode of 
peritonitis, and 97 (31.70%) had two or more episodes. The incidence of peritonitis was 0.12 episodes per patient-year.

Population Characteristics
To explore any changes in patient population characteristics, we compared the characteristics of PDAP patients in the 2002– 
2011 and 2014–2023 groups (Table 1). Compared to the 2002–2011 group, patients in the 2014–2023 group tended to be 
younger and had a longer dialysis age. Additionally, the proportion of patients with chronic nephritis as their primary disease 
increased from 28.4% to 34.7% and replaced diabetic nephropathy as the most frequently occurring source of the condition.

Changes in Bacterial Spectrum and Cause-Specific Peritonitis
To analyze changes in bacterial composition and cause-specific peritonitis, we compared relevant data between the 2002–2011 
and 2014–2023 groups (Table 2). In the past two decades, peritonitis caused by gram-positive cocci, mainly Staphylococcus, 
has consistently been the primary causative organism of peritonitis in our center. Compared to the 2002–2011 group, the 2014– 
2023 group had reduced proportions of gram-negative bacillary, enteric peritonitis, and catheter-associated peritonitis, with 
E. coli peritonitis showing a particularly significant decrease. Moreover, in the 2014–2023 group, culture-negative peritonitis 
decreased, although this difference was not statistically significant. Additionally, the incidence of gram-negative cocci, gram- 
positive rods, fungi, and polymicrobial peritonitis in the 2014–2023 group were similar to those in the 2002–2011 group.
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Antimicrobial Sensitivity and Resistance of Pathogenic Bacteria
To investigate the effect of long-term antibiotic use on antibiotic susceptibility, we compared data related to pathogens from 
2002–2011 and 2014–2023 for both groups (Figure 1). The results showed no significant change in antimicrobial susceptibility 
for all pathogens. Vancomycin and rifampicin remain the most sensitive antibiotics against gram-positive cocci, while 
amikacin, imipenem and piperacillin/tazobactam were highly sensitive against gram-negative bacillary. Ampicillin and 
ampicillin/sulbactam remained the most resistant antibiotics. In addition, antibiotic susceptibility of gram-negative bacillary 

Table 1 The Characteristics of the Peritoneal Dialysis-Associated Peritonitis 
Patients Between the 2002–2011 and 2014–2023 Groups

Characteristics 2002–2011  
Group (n, %)

2014–2023  
Group (n, %)

t/x² P

Gender

Male 89 (52.7) 142 (48.30) 0.817 0.366
Age 61.10 ± 14.90 54.61 ± 14.06 0.831 0.001**

Dialysis age 19.72 ± 17.19 50.90 ± 35.41 90.558 0.001**

Primary renal diseases
Chronic nephritis 48 (28.4) 102 (34.70) 1.939 0.164

Diabetic nephropathy 67 (39.6) 78 (26.50) 8.581 0.003*
Hypertensive nephropathy 34 (20.1) 56 (19.00) 0.079 0.779

Obstructive nephropathy 5 (3.0) 14 (4.80) 0.887 0.346

Others 15 (8.9) 44 (15.00) 3.580 0.058

Notes: *P<0.05; **P<0.001.

Table 2 The Compositions of the Cause-Special Peritonitis Between the 2002–2011 and 2014–2023 
Groups

Cause-Special Peritonitis 2002–2011  
Group (n, %)

2014–2023  
Group (n, %)

x² P

Pathogenic peritonitis
Gram-positive cocci peritonitis 58 (34.32) 124 (42.18) 2.777 0.096

Staphylococcus 31 (18.34) 73 (24.83) 2.593 0.107

Staphylococcus aureus 5 (2.96) 12 (4.08) 0.383 0.536
Coagulase-negative Staphylococcus 26 (15.38) 61 (20.75) 2.023 0.155

Streptococcus 25 (14.79) 38 (12.93) 0.318 0.593

Enterococcus 2 (1.18) 13 (4.42) 2.253 0.133
Gram-negative bacillary peritonitis 45 (26.63) 59 (20.07) 2.651 0.103

Escherichia coli 28 (16.57) 27 (9.18) 5.590 0.018*

Klebsiella 5 (2.96) 4 (1.36) 0.722 0.396
Pseudomonas aeruginosa 4 (2.37) 13 (4.42) 1.281 0.258

Acinetobacter 5 (2.96) 2 (0.68) 0.105

Other 3 (1.78) 13 (4.42) 2.253 0.133
Gram-positive bacillus peritonitis 2 (1.18) 2 (0.68) 0.625

Gram-negative cocci peritonitis 1 (0.59) 5 (1.70) 0.423

Mycobacterium tuberculosis peritonitis N 9 (3.06) N N
Fungi peritonitis 6 (3.55) 7 (2.38) 0.195 0.659

Polymicrobial peritonitis 4 (2.37) 10 (3.40) 0.392 0.531

Culture-negative peritonitis 53 (31.36) 78 (26.53) 1.234 0.267
Enteric peritonitis 39 (23.07) 40 (13.61) 6.803 0.009*

The catheter-related peritonitis 12 (7.10) 16 (5.44) 4.555 0.033*

Note: *P<0.05.
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to gentamicin and ceftazidime increased in the 2014–2023 group, suggesting that empirical treatment at our center did not 
increase antibiotic resistance. Moreover, the susceptibility of all pathogens to cefepime may remain at a high level.

PDAP Outcomes
From 2002 to 2023, 391 (84.45%) out of 463 PDAP patients were cured, while the remaining 72 cases were classified as 
treatment failures, with 59 patients requiring catheter removal and 13 patients succumbing to the disease. To investigate 
the changes in the prognosis of peritonitis caused by specific pathogens, we compared the cure rates of two patient 
groups from 2002 to 2011 and 2014 to 2023 (Table 3). Compared with the 2002–2011 group, the overall cure rates for 

Figure 1 The change of antimicrobial sensitivity in gram-positive cocci and gram-negative bacillary peritonitis between the 2002–2011 and 2014–2023 groups.

Table 3 Comparison of Prognosis Between the 2002–2011 and the 2014–2023 Groups

Cause-Special Peritonitis 2002–2011 Group 2014–2023 Group x² P

Total Cure (n, %) Failure (n, %) Total Cure (n, %) Failure (n, %)

Pathogenic peritonitis

Gram-positive cocci peritonitis 58 55 (94.83) 3 (5.17) 124 118 (95.16) 6 (4.84) 0.001 1.000

Staphylococcus

Staphylococcus aureus 5 4 (80.0) 1 (20.00) 12 10 (83.33) 2 (16.67) 1.000

Coagulase-negative staphylococci 26 25 (96.15) 1 (3.85) 61 59 (96.72) 2 (3.28) 1.000

Streptococcus 25 24 (96.00) 1 (4.00) 38 38 (100) 0 0.397

Enterococcus 2 2 (100) 0 13 11 (84.62) 2 (15.38) 1.000

Gram-negative bacillary peritonitis 45 42 (93.33) 3 (6.67) 59 34 (57.63) 25 (42.37) 16.543 0.001**

Escherichia coli 28 25 (89.29) 3 (10.71) 27 18 (66.67) 9 (33.33) 4.123 0.042*

Klebsiella 5 5 (100) 0 4 1 (25.00) 3 (75.00) 0.048*

Pseudomonas aeruginosa 4 4 (100) 0 13 4 (30.77) 9 (69.23) 0.029*

Acinetobacter 5 5 (100) 0 2 1 (50.00) 1 (50.00) 0.286

Other 3 3 (100) 0 13 10 (76.92) 3 (23.08) 1.000

Gram-positive bacillary peritonitis 2 2 (100) 0 2 2 (100) 0 N

Gram-negative cocci peritonitis 1 1 (100) 0 5 4 (80.00) 1 (20.00) N

Mycobacterium tuberculosis peritonitis N N N 9 5 (55.56) 4 (44.44) N

Fungi peritonitis 6 0 6 (100) 7 0 7 (100) N

Polymicrobial peritonitis 4 3 (75.00) 1 (25.00) 10 6 (60.00) 4 (40.00) 1.000

(Continued)
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PDAP and gram-negative bacillary peritonitis were significantly lower in the 2014–2023 group. Notably, the cure rate for 
gram-positive coccus peritonitis remained above 90%, while the failure rate for fungal peritonitis was 100%. Moreover, 
there were no significant changes in the cure rates for catheter-associated peritonitis, culture-negative peritonitis, enteric 
peritonitis, or other bacterial peritonitis.

Association Between Risk Factors and Gram-Negative Bacillary Peritonitis Treatment 
Failure
To investigate potential factors beyond causative agent resistance that may contribute to the decline in cure rates for 
gram-negative bacillary peritonitis, we conducted a risk factor analysis of the patient cohort spanning from 2014 to 2023. 
Our findings indicate that lymphocyte count emerged as an independent risk factor influencing the failure of gram- 
negative bacillary treatment (OR: 0.054, 95% CI: 0.005–0.598, P = 0.017). These results are summarized in Table 4.

Table 3 (Continued). 

Cause-Special Peritonitis 2002–2011 Group 2014–2023 Group x² P

Total Cure (n, %) Failure (n, %) Total Cure (n, %) Failure (n, %)

Culture-negative peritonitis 53 49 (92.45) 4 (7.55) 78 70 (89.74) 8 (10.26) 0.048 0.598

Enteric peritonitis 39 34 (87.18) 5 (12.82) 40 34 (85.00) 6 (15.00) 0.078 0.780

Catheter-related peritonitis 12 11 (91.67) 1 (8.33) 16 12 (75.00) 4 (25.00) 0.355

Notes: *P<0.05; **P<0.001.

Table 4 Significant Risk Factors for the Gram-Negative Bacillary Peritonitis Prognosis During 2014–2023

Variables Univariable Logistic Regression Multivariate Logistic Regression

OR 95% CI P OR 95% CI P

Sex (Male or Female) 0.713 0.251–2.021 0.524 0.529 0.128–2.186 0.529

Age (per 1 year greater) 1.004 0.970–1.040 0.801 0.996 0.947–1.047 0.880
Dialysis age (per 1 months greater) 1.017 1.002–1.032 0.028* 1.014 0.996–1.033 0.132

Etiology of kidney failure

Chronic nephritis Reference Reference Reference Reference Reference Reference
Diabetic nephropathy 0.556 0.214–2.491 0.443 0.346 0.038–3.146 0.346

Hypertensive nephropathy 0.682 0.175–2.661 0.581 0.777 0.144–4.199 0.769

Obstructive nephropathy 2.500 0.191–32.802 0.485 3.068 0.131–71.993 0.486
Other 1.250 0.236–6.633 0.793 2.347 0.319–17.252 0.402

CCI 1.021 0.849–1.229 0.822 1.485 0.870–2.534 0.147

Leukocyte count (per 1×106/L greater) 0.909 0.806–1.026 0.123
Neutrophil count (per 1×106/L greater) 0.926 0.820–1.045 0.215

Lymphocyte count (per 1×106/L greater) 0.034 0.003–0.361 0.005* 0.030 0.003–0.336 0.004*

Monocyte count (per 1×106/L greater) 0.109 0.007–1.596 0.105
Erythrocyte count (per 1×109/L greater) 1.126 0.568–2.233 0.733

Hemoglobin (per 1g/L greater) 0.997 0.969–1.026 0.849

CRP (per 1 mg/L greater) 1.001 0.995–1.007 0.715
Total protein (per 1g/L greater) 1.013 0.954–1.075 0.675

Albumin (per 1g/L greater) 1.003 0.922–1.090 0.951

Globulin (per 1g/L greater) 1.076 0.952–1.216 0.243
Urea nitrogen (per 1 mmol/L greater) 1.051 0.964–1.146 0.259

Creatinine (per 1 umol/L greater) 1.000 0.998–1.002 0.803
Uric acid (per 1 umol/L greater) 1.000 0.993–1.006 0.941

Potassium (per 1 mmol/L greater) 0.934 0.445–1.958 0.856

(Continued)
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Sensitivity Analysis
To investigate the association between lymphocyte counts and the occurrence of COVID-19, we conducted additional 
sensitivity analyses. These analyses were rigorously validated by restricting our patient selection to those recorded 
between February 2014 and November 2019, with patients from the period following the COVID-19 outbreak being 
excluded. Our multifactorial analysis yielded the result that lymphocyte counts were not identified as a risk factor for 
treatment failure in patients with gram-negative bacillus infections during the period from February 2014 to 
November 2019 (OR: 0.014, 95% CI: 0.001–1.421, P = 0.070), as detailed in Table 5.

Table 4 (Continued). 

Variables Univariable Logistic Regression Multivariate Logistic Regression

OR 95% CI P OR 95% CI P

Sodium (per 1 mmol/L greater) 0.893 0.775–1.029 0.118

Chlorine (per 1 mmol/L greater) 0.987 0.874–1.116 0.840
Calcium (per 1 mmol/L greater) 0.791 0.072–8.742 0.849

PDE leukocytes (per 1×106/L greater) 1.000 1.000–1.000 0.826

Notes: *P<0.05. 
Abbreviations: CCI, Charlson Comorbidity index; CRP, C-reactive protein; PDE, peritoneal dialysis effluent; OR, odd ratio; CI, confidence interval.

Table 5 Significant Risk Factors for the Gram-Negative Bacillary Peritonitis Prognosis During 2014–2019

Variables Univariable Logistic Regression Multivariate Logistic Regression

OR 95% CI P OR 95% CI P

Sex (Male or Female) 1.000 0.222–4.502 1.000 0.323 0.036–2.930 0.315
Age (per 1 year greater) 0.999 0.948–1.053 0.964 1.014 0.951–1.082 0.663

Dialysis age (per 1 months greater) 1.019 0.997–1.041 0.094 1.008 0.979–1.039 0.574

Etiology of kidney failure
Chronic nephritis Reference Reference Reference Reference Reference Reference

Diabetic nephropathy 1.000 0.098–10.166 1.000 1.991 0.096–41.128 0.656

Hypertensive nephropathy 1.389 0.194–9.967 0.744 5.166 0.318–83.808 0.248
Obstructive nephropathy 0.001 – 1.000 0.001 – 1.000

Other 2.500 0.194–32.194 0.482 2.253 0.080–63.494 0.634

CCI 0.941 0.519–1.705 0.840 1.096 0.500–2.402 0.819
Leukocyte count (per 1×106/L greater) 0.897 0.752–1.070 0.228

Neutrophil count (per 1×106/L greater) 0.910 0.762–1.087 0.297

Lymphocyte count (per 1×106/L greater) 0.047 0.002–1.126 0.059 0.014 0.001–1.421 0.070
Monocyte count (per 1×106/L greater) 0.388 0.013–11.167 0.581

Erythrocyte count (per 1×109/L greater) 2.200 0.640–7.564 0.211

Hemoglobin (per 1g/L greater) 1.019 0.973–1.066 0.429
CRP (per 1 mg/L greater) 1.001 0.994–1.008 0.752

Total protein (per 1g/L greater) 0.988 0.908–1.076 0.780
Albumin (per 1g/L greater) 0.964 0.864–1.075 0.507

Globulin (per 1g/L greater) 1.099 0.915–1.321 0.311

Urea nitrogen (per 1 mmol/L greater) 0.951 0.807–1.121 0.552
Creatinine (per 1 umol/L greater) 0.998 0.995–1.002 0.344

Uric acid (per 1 umol/L greater) 0.994 0.982–1.005 0.271

Potassium (per 1 mmol/L greater) 1.393 0.473–4.099 0.547
Sodium (per 1 mmol/L greater) 0.832 0.686–1.008 0.061

Chlorine (per 1 mmol/L greater) 0.936 0.794–1.102 0.426

Calcium (per 1 mmol/L greater) 1.478 0.030–71.831 0.844
PDE leukocytes (per 1×106/L greater) 1.000 1.000–1.000 0.753

Abbreviations: CCI, Charlson Comorbidity index; CRP, C-reactive protein; PDE, peritoneal dialysis effluent; OR, odd ratio; CI, confidence interval.
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Discussion
PDAP remains a common and serious complication of PD therapy, often leading to treatment failure and mortality. Given 
the single-center specificity of PDAP, it is crucial to regularly summarize the pathogenic spectrum and antibiotic 
resistance patterns. In this study, we analyzed the prevalence of various types of cause-specific peritonitis, antibiotic 
resistance, and patient prognosis under empirical treatment with cefazolin and ceftazidime or gentamicin-based drugs 
over a 22-year period at our center. Our findings provide valuable guidance for the management of PDAP treated 
empirically with similar drug regimens. Furthermore, the methods employed in this study are applicable to single-center 
investigations of other drug-resistant pathogens.

A key finding of our study is the increasing proportion of younger PDAP patients, accompanied by a rise in dialysis 
age. This trend can be partially attributed to the expansion of our dialysis center since 2002, leading to the recruitment of 
more patients over time. Like many others around the world,14–16 our center has observed an increasing incidence of 
kidney disease in younger individuals. Consequently, younger patients are more likely to receive PD and experience 
PDAP. This trend has significant implications for PD and PDAP management, as younger patients may present different 
comorbidities, lifestyles, and treatment preferences that must be considered for optimal care. Furthermore, chronic 
nephritis has gradually become the main cause of PD patients in our center, which is consistent with the etiology of 
younger CKD patients of developing nations.17–19

According to ISPD guidelines, the overall peritonitis rate should be no more than 0.40 episodes per year at risk and 
the positive bacterial culture rate for peritonitis should be over 85%.9 Our study discovered an incidence of peritonitis at 
our center was 0.12 episodes/patient/year, demonstrating that our incidence rates are well below the ISPD-recommended 
threshold. Thus, our findings align with the ISPD recommendations for peritonitis incidence in a single center. However, 
our center’s data indicates that the positive rate during 2014–2023 was only 73.47%, albeit an increase from 68.64% in 
2002–2011. Notably, this trend is not exclusive to our center, as other centers have also reported sub-optimal rates.20–23 

This may result from antibiotics use before collecting peritoneal fluid, potentially killing or suppressing bacteria. To 
overcome this challenge, many molecular diagnostic techniques, such as polymerase chain reaction (PCR) and high- 
throughput sequencing,24,25 are being developed and applied to identify the microbial flora in peritonitis.26 By offering 
rapid and accurate diagnosis, these techniques may enhance peritonitis management and compliance with ISPD guide-
lines. Moreover, our study discerned a decline in the occurrence of enteric peritonitis and catheter-related peritonitis 
within our center during 2014–2023. This decline primarily stems from the center’s concerted efforts to ameliorate risk 
factors, including gastrointestinal dysfunction and hypokalemia among PD patients, coupled with the implementation of 
standardized education and training in PD procedures in recent years.

The choice of antibiotics for PDAP is critical to patient outcomes.27 Because dosing regimens may vary among 
different centers, it is essential to develop an empirical treatment protocol tailored to the local situation.9,28 According to 
ISPD guidelines, first-generation cephalosporins or vancomycin are recommended as empirical treatment for gram- 
positive cocci. Patients on long-term use of certain antibiotics or receiving dialysis are at increased risk of colonization 
and infection with vancomycin-resistant enterococci.29–31 Consequently, our center opts for cefazolin to treat gram- 
positive cocci, switching to vancomycin only if cefazolin proves ineffective. This is probably the main reason why we 
can maintain a sensitivity rate of 100% for vancomycin at our center. Recent studies have suggested that the suscept-
ibility of gram-positive bacteria to first-generation cephalosporins may be decreasing.9,13 However, we have not yet 
analyzed the resistance patterns of gram-positive cocci to first-generation cephalosporins. Further investigation is 
required to ascertain the efficacy of first-generation cephalosporins against gram-positive bacteria in our setting and to 
develop alternative treatment strategies, if necessary.

The ISPD guidelines for gram-negative bacillary peritonitis recommend employing third-generation cephalosporins or 
aminoglycoside antibiotics as empirical treatment. However, the use of these antibiotics has been associated with the 
emergence of extended-spectrum β-lactamase (ESBL) mutations in some organisms, leading to resistance to 
cephalosporins.11,13,32 In this study, we did not observe an increase in resistance to ceftazidime or gentamicin in gram- 
negative bacteria. Furthermore, the susceptibility of gram-negative bacteria to ceftazidime tended to rise. This finding 
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may reflect our center’s preference for narrow-spectrum antibiotics as the initial choice for empirical treatment in recent 
years, which may have helped to limit the development of antibiotic resistance.

Regarding aminoglycoside antibiotics, our center observed consistently high susceptibility of gram-negative bacillary 
to amikacin, with slightly increased susceptibility to gentamicin. Related studies have similar results.8 Thus, aminoglyco-
sides can be considered a viable option for treating gram-negative bacillary at the center.

Moreover, gram-negative bacillary have consistently demonstrated sensitivity to carbapenems, with imipenem 
exhibiting greater than 90% sensitivity. Previous studies have indicated that the effectiveness of carbapenems is 
comparable to that of cefazolin or ceftazidime combined with netilmicin for the treatment of PDAP.33 However, the 
use of carbapenems has been associated with the disruption of normal flora and an increased risk of infection. 
Consequently, carbapenems are not recommended as a first-line option for the initial treatment of PDAP.

According to the ISPD guideline, using cefepime as a single agent to cover both gram-positive cocci and gram- 
negative bacillary is an effective strategy for empiric treatment. This study showed that cefepime has high susceptibility 
against both gram-positive cocci and gram-negative bacillary. In particular, cefepime demonstrated a sensitivity rate of up 
to 100% against gram-positive cocci. Therefore, cefepime can be used alone as a suitable empirical treatment option for 
peritoneal dialysis-associated peritonitis at out center.

The present study also evaluated the medical cure and failure rates of PDAP at our center during the period of 2002– 
2023. The findings indicated that the cure rate for gram-positive cocci consistently remained above 90%. However, 
a significant decline in the cure rate of gram-negative bacillary peritonitis was observed in recent years, which was the 
primary cause of the overall decrease in cure rate. Similar issues have been reported in other studies, and the high risk of 
treatment failure and mortality in patients with gram-negative bacterial peritonitis has been associated with multiple 
factors. Firstly, it may be linked to exposure to contamination, exit infections, and intestinal infections.11,34 Secondly, 
ESBL mutant gram-negative bacillary can hydrolyze the β-lactam ring, resulting in resistance to penicillin, cephalospor-
ins, and monocyclic antibiotics. Thirdly, their plasmids typically carry genes that confer resistance to other antibiotics, 
such as aminoglycosides, leading to ineffective treatment with multiple antibiotics.35,36 However, despite the fact that 
several of the aforementioned studies have found that the cause of treatment failure in gram-negative bacillary is 
associated with antibiotic resistance, however, the present study did not find an increase in resistance to antibiotics 
(eg, third-generation cephalosporins and gentamicin) among gram-negative bacillary along with a decrease in the gram- 
negative bacillary cure rate, which seems to suggest the existence of other factors that influence prognosis in gram- 
negative bacillary peritonitis in addition to antibiotic resistance.

To explore these other prognostic factors for gram-negative bacillary peritonitis, we conducted risk factor analysis and 
sensitivity analysis. We discovered that decreased lymphocyte counts during the COVID-19 pandemic period were an 
independent risk factor for poor prognosis in gram-negative bacillary peritonitis. This finding suggests that the decreased 
cure rate of gram-negative bacillary peritonitis at our center may be associated with immune system abnormalities in 
patients due to COVID-19.

Recent studies have identified several factors contributing to COVID-19-associated lymphocytopenia. Lymphocytes 
express ACE2 receptors on their surfaces, making them susceptible to direct infection by SARS-CoV-2, leading to their 
lysis.37 Additionally, the cytokine storm observed in COVID-19 patients, characterized by significantly elevated levels of 
interleukins (mainly IL-6, IL-2, IL-7), granulocyte colony-stimulating factor, interferon-gamma-inducible protein 10, 
MCP-1, MIP1-a, and tumor necrosis factor (TNF)-α, may promote lymphocyte apoptosits.38–40 This cytokine activation 
can also lead to atrophy of lymphoid organs, including the spleen, further impairing lymphocyte urnover.41 Lymphocytes 
play a pivotal role in both cellular and humoral immunity against invading pathogens.42 A decrease in lymphocyte counts 
can compromise the immune response, potentially delaying the control and elimination of infecting pathogens. Prolonged 
infection duration may contribute to the progression of peritonitis and eventual treatment failure. It has been demon-
strated that the adaptive immune response, involving CD4+ T cells and cytokine release, is crucial in protecting the 
intestinal barrier and inhibiting bacterial translocation.43–45 Lymphopenia may compromise this barrier and promote 
bacterial translocation from the intestine to the peritoneal cavity, increasing susceptibility to gram-negative bacteria like 
E. coli and affecting peritonitis prognosis.
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Several limitations should be acknowledged in our study. First, this is a retrospective study conducted at a single 
center, which may limit the generalizability of our results to other institutions. The antibiotic sensitivity patterns observed 
in our center could be influenced by the local use of certain antibiotics or the prevalence of specific bacterial strains, 
which may not be representative of other regions. Further multicenter studies are needed to confirm our findings. Second, 
our analysis did not include the results of antibiotic resistance testing for gram-positive cocci against first-generation 
cephalosporins. Therefore, we could not fully evaluate the resistance patterns of all organisms implicated in PDAP. We 
plan to update our analysis as more data become available. Finally, due to a change in hospital system, we were unable to 
collect data on patients with peritonitis in the period of 2012–2013. To facilitate comparison, we categorized patients into 
two groups based on a nine-year interval before and after the system update. Nonetheless, the impact of this time gap on 
our findings is expected to be minimal. Additionally, for patients included in the 2002–2011 period of our study, we were 
unable to collect laboratory data due to the older timeframe. Consequently, we could not assess variations in lymphocyte 
counts between patients in the 2002–2011 and 2014–2023 groups.

Conclusion
In conclusion, this single-center retrospective study summarizes the effect of empirical treatment with cefazolin and 
ceftazidime or gentamicin as the main agents on PDAP. Gram-positive cocci remained the predominant causative 
organisms at our center, with a significant decrease in the rates of gram-negative rods, enteric peritonitis and catheter- 
associated peritonitis. Importantly, there was no significant increase in drug resistance with our empirical treatment. 
Vancomycin, third-generation cephalosporins, aminoglycosides, and cefepime monotherapy remain available as empiric 
treatment options for PDAP at our center. Moreover, the cure rate of gram-negative bacillary and overall peritonitis 
decreased significantly, which appeared to be associated with a decrease in lymphocytes due to the COVID-19 epidemic. 
Our study provides a foundation for developing clinical treatment strategies for PDAP. In addition to regular monitoring 
of antimicrobial susceptibility patterns, we should also pay attention to the impact of patients’ immune function status on 
the prognosis of PDAP.
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