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ABSTRACT
Background. Patients receiving maintenance hemodialysis (MHD) who develop
pneumonia experience substantially elevated risks of hospitalization and mortality,
while also incurring significantly heightened healthcare-related financial burdens. Our
goal is to establish a forecasting model to assess the individual risk of pneumonia in
patients undergoing MHD.
Materials andMethods. A retrospective analysis was carried out between January 2018
and November 2024, involving 405 MHD patients from two medical centers. The
variables underwent adjustment through multivariate Cox regression analysis, and the
forecasting model was created and verified.
Results. The median follow-up time of the external validation set was 35 months
(interquartile range: 20–43), and the median follow-up time of the modeling set was
22 months (12–24). The event happened in 101 (34.83%) out of 290 patients in
the modeling set and 45 (39.13%) out of 115 patients in the external validation set.
The model predictors included history of diabetes and coronary heart disease; serous
effusion; white blood cell; albumin-globulin ratio; left ventricular mass index, and
age. The C-index was 0.753 (0.684, 0.822) for the external validation set and 0.772
(95% CI [0.724–0.821]) for the modeling set. The model showed excellent calibration
ability throughout the risk spectrum, and decision curve analysis showed that it could
maximize the prognosis of patients.
Conclusion. The created predictivemodel provided a precise, individualized evaluation
of pneumonia risk in patients with MHD. It can be used to identify individuals at high
risk of pulmonary infection in patients undergoing MHD and guide their treatment
and prognosis follow-up.

Subjects Clinical Trials, Internal Medicine, Nephrology, Respiratory Medicine
Keywords Patients on MHD, Pneumonia, Predictive model, External validation, Retrospective
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INTRODUCTION
According to statistics, infections are one of the leading causes of hospitalization for
patients with maintenance hemodialysis (MHD), second only to cardiovascular disease
(Gandra et al., 2021;Guo et al., 2008). Among infections, pneumonia ranks first, with a high
incidence rate of 28% within the first year of dialysis treatment (Gandra et al., 2021; Guo et
al., 2008). According to statistics, the cumulative probability of pneumonia hospitalization
within one year for MHD patients is 9%, and it increases to 36% within five years (Slinin,
Foley & Collins, 2006). The one-year and five-year mortality rates for patients with MHD
after contracting pneumonia are 45% and 83%, respectively (Slinin, Foley & Collins, 2006).

In current clinical treatment, MHD treatment is the primary method for eliminating
metabolites from the blood and stabilizing the internal environment of dialysis patients to
extend their survival, despite causing nutrient and trace element loss, immune dysfunction,
weakening barrier function against pathogens, and heightened infection risk (Di Pasquale
et al., 2019; Dou et al., 2022; Pettigrew, Tanner & Harris, 2021; Toma, Naka & Iseki, 2021;
Vanholder & Ringoir, 1993). In addition, dialysis fluid and dialysis cuff catheters used
during dialysis treatment, or puncture damage to arteriovenous fistulas, can also be a
potential route of bacterial infection (Machiba et al., 2022; Tavakoli et al., 2021; Toma,
Naka & Iseki, 2021). In addition, there are many complications such as heart failure (HF),
diabetes and coronary heart disease in patients with MHD, which are difficult to control,
and also increase the challenge for the prevention of pulmonary infection (Torres et al.,
2021). Therefore, early identification of high-risk MHD patients with pulmonary infection,
accurate and personalized dialysis and drug treatment plan design is essential.

Forecasting pulmonary infections in MHD patients using existing models poses a
challenge. First of all, the previously published predictive models are mainly developed for
the general population or chronic kidney disease (CKD) population. They only include
routine demographic and laboratory examination characteristics, and do not consider the
important characteristics of dialysis treatment (dialysis mode, dialysis frequency, dialysis
duration), heart failure (HF) management (cardiac biomarkers, echocardiography) and
prognosis in patients with MHD (Deng et al., 2024; Gearhart et al., 2019; Markussen et al.,
2024; Shirata et al., 2021). Secondly, the above studies focused more on the prognosis of
patients with pneumonia (death or rehospitalization), rather than the early prediction of
pulmonary infection (Deng et al., 2024;Gearhart et al., 2019;Markussen et al., 2024; Shirata
et al., 2021). Furthermore, the above predictionmodels were not verified in the independent
cohort (Deng et al., 2024; Gearhart et al., 2019; Markussen et al., 2024; Shirata et al., 2021).
Pulmonary infection is the primary infectious disease among patients undergoing MHD
and a significant prognostic factor; however, the relevant risk factors for pulmonary
infections in these patients remain unclear (Torres et al., 2021).

The purpose of this study was to establish and validate a predictive model for pneumonia
in maintenance hemodialysis patients to achieve accurate assessment of individual
pneumonia risk. The aim is to improve early detection and intervention of pneumonia by
healthcare providers, ultimately enhancing the prognosis of patients receiving MHD.
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           From January 2018 to November 2024
                   Included in 2 centers 
                    464 cases of MHD patients
（All of them were tertiary first-class hospitals） 

   According to the standard of nano-row. 
Finally, 405 cases were included in the study.

58 cases were excluded :
         cancer (n=7)
         Severe lung or liver dysfunction(n=14)
         renal transplantation or transfer(n=7)
         death（n=26）
         Inspection data defect (n=4)      
         

              Using a central patient to 
                  form the training set
Guangyuan Central Hospital ( n = 290 )

             Patients at another center 
   constitute an external validation set 
  Nanchong Central Hospital ( n = 115 )

Figure 1 Research flow chart.
Full-size DOI: 10.7717/peerj.20070/fig-1

MATERIALS & METHODS
Materials
Subjects
This retrospective analysis examined data from 405 patients undergoing MHD at
Guangyuan Central Hospital and Nanchong Central Hospital, between January 2018
and November 2024 (Fig. 1).

Inclusion criteria
(1) The age should be over 18 years old; (2) Patients diagnosed with CKD5 receiving dialysis
treatment, fulfilling the requirements established by the Kidney Disease Improving Global
Outcomes guidelines. In addition, regular hemodialysis must be performed for at least 3
months, frequency ≥ 2 times (weekly); (3) Patients who initially began to receive MHD
treatment.

Exclusion criteria
(i) Patients were considered ineligible if they had chronic obstructive pulmonary disease,
severe bronchiectasis, a history of malignancy, hepatic conditions, cystic fibrosis, recent
hospitalization within the 14 days preceding admission, or were under a palliative approach
(i.e., with a life expectancy of less than 2 weeks); (ii) who had received a kidney transplant;
(iii) who refused to participate, could not cooperate or had incomplete clinical data.
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Methods
Diagnostic criteria for pneumonia
Met at least three of the following criteria: ¬ Recent sputum production, cough, or
exacerbation of existing respiratory diseases, with or without purulent sputum, dyspnea,
chest pain, or hemoptysis; ­ fever; ® signs of lung consolidation and/or audible moist
rales; ¯ peripheral white blood cell count<4×109/L or >10×109/L, with or without a
left shift in the nucleus; ° chest imaging revealed new patchy infiltration, lobar/segmental
consolidation, ground-glass opacities, or interstitial changes, with or without pleural
effusion;± excluding chronic obstructive pulmonary disease, pulmonary tuberculosis, lung
tumors, non-infectious non-interstitial diseases, pulmonary edema, atelectasis, pulmonary
embolism, pulmonary eosinophilic infiltration, pulmonary vasculitis, and positive throat
swab results for coronavirus disease 2019 (Markussen et al., 2024; Serigstad et al., 2022;
White et al., 2024). This study follows the Declaration of Helsinki and has been approved
by the Ethics Committee of Guangyuan Central Hospital (No: 2024-08 and date of approval
11.19.2024). However, written consent was not necessary given the retrospective nature of
the study.

Starting point and endpoint of observation
We plan that each patient starts from the beginning of MHD treatment as the starting point
of observation. This setting ensures that the prediction results of our model are in the early
stage of the disease rather than the end stage of the disease. Before the patient’s first MHD
treatment, each center will conduct a comprehensive and detailed assessment of them
to prepare for subsequent treatment (including relevant laboratory tests and ultrasound
examinations), rather than based on the patient’s disease status. The observation endpoint
was considered reached in the presence of pneumonia or upon completion of the follow-up
period. We defined the follow-up period as a period of time between the starting point
of observation and the end point of observation, lasting at least 3 months. Pneumonia
was the primary outcome of our study. A patient with MHD must regularly go to each
center for dialysis treatment. Once the treatment is interrupted, the staff of each center
will immediately contact the patient or his family by telephone, and record the cause of
the patient’s treatment interruption in detail in the system. It is the particularity of the
treatment of patients with MHD mentioned above that ensures that there are almost no
lost follow-up events in our study cohort.

Study indicators
This study identified candidate predictors based on clinical guidelines and literature review.
Patient information, details of dialysis treatment, and clinically relevant data were retrieved
from the electronic medical record systems of each center. We collected the variables of
patients receiving MHD for the first time. Our study contains a total of 42 candidate
predictors, which encompassed various aspects such as (1) general and dialysis-related
information. These included factors such as sex, age, smoking or drinking habits, type of
dialysis vascular access, frequency (weekly), duration (hours per session) of dialysis, urea
reduction ratio (URR), single-pool Kt/V (spKt/V; K, urea dialytic clearance; t, dialysis
time; V, urea distribution volume), and ultrafiltration rate (UFR). (2) Clinical data:
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body mass index (BMI), blood pressure, Basic diseases leading to renal failure (diabetes,
nephritis, hypertension, lupus nephritis, polycystic kidney and so on), history of related
previous diseases (coronary heart disease (CHD), cerebral apoplexy, hypertension, diabetes,
history of fracture surgery), serous cavity effusion, pulmonary artery hypertension. (3)
Laboratory examination: white blood cell (WBC), neutrophil ratio (NEU%), lymphocyte
ratio (LYM%), hemoglobin (HGB), C-reactive protein (CRP), albumin-globulin ratio
(A/G), serum calcium (Ca), serum phosphorus (P), TC (total cholesterol), serum creatinine
(Scr), parathyroid hormone (PTH), platelet to high-density lipoprotein cholesterol ratio
(PHR), N-terminal prohormone of brain natriuretic peptide (NT-proBNP), venous blood
glucose. (4) Echocardiographic data: left ventricular ejection fraction (LVEF), pulmonary
artery hypertension, and left ventricular mass index (LVMI, calculated according to the
formula of American Society of Echocardiography (Lang et al., 2015)). (5) Medication:
antihypertensive drugs (angiotension converting enzyme inhibitor/ angiotensin II receptor
blocker/ calcium antagonists/α-receptor blocker, antidiabetic drugs (oral hypoglyceimic
agents/ insulin, calcium supplements drugs (calcium tablets/vitamin). Due to the obvious
multicollinearity between ‘antihypertensive drugs’ and ‘baseline blood pressure’, ‘calcium,
vitamin D’ and ‘parathyroid hormone, blood calcium’, ‘insulin or hypoglycemic drugs’
and ‘Basic diseases leading to renal failure (especially diabetes)’ variables; secondly, due
to the single factor Cox analysis, the correlation between it and the outcome events was
not significant (P > 0.05); Regarding the dialysis-related predictor, guidelines typically
recommend single-pool Kt/V (spKt/V; K, urea dialytic clearance; t, dialysis time; V, urea
distribution volume) as the preferred indicator of dialysis adequacy. However, recent
studies have shown that spKt/V and URR have similar prognostic values for all-cause
mortality (Chen et al., 2023). We performed correlation and Cox univariate analysis on
spKt/V andURR and found significant collinearity between the twomeasures. However, the
association between spKt/V and outcome events was insignificant (P = 0.423). According
to the expert clinical consensus, the most informative and representative variables are
selected from the highly relevant variables. Therefore, we chose to exclude six variables,
such as basic diseases leading to renal failure, drug-related variables (antihypertensive
drugs/antidiabetic drugs/calcium supplements drugs), and intravenous blood glucose,
and finally only 36 variables were retained for subsequent analysis. The results of serous
effusion were derived from pericardial and pleural effusion in cardiac ultrasound and chest
CT examination. The HCO3

−<22 mmol/L in blood gas analysis was defined as metabolic
acidosis (Kraut & Madias, 2018). Venous blood samples were collected after overnight
fasting for ≥8 h before MHD treatment. The laboratory and imaging center of each center
completed the corresponding laboratory examination or echocardiography. Patients in
both centers were dialyzed using GambroAK9, Gambro PA14016, Fresenius5008 s, and
WEGO (DBB-06S) dialyzer.

Construction and evaluation of predictive models
From all the independent variables, characteristic factors were selected. Patients receiving
maintenance hemodialysis (MHD) were separated into modeling sets (n= 290) at
Guangyuan Central Hospital and external validation sets (n= 115) at Nanchong Central
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Hospital. The significance of each index was assessed and compared across different models
in both groups. Following a series of detailed steps, the best model was subjected to further
evaluation and validation: (1) Identification of characteristic factors through screening:
Least Absolute Shrinkage and Selection Operator (Lasso) regression analysis was performed
using the Glmnet package (R software, version 4.1.2), and multivariate Cox regression
analysis was performed using SPSS (version 26.0, IBM, USA). P < 0.05 was considered
significant. (2) Pearson correlation coefficient (r) was calculated to evaluate the correlation
between predictors. When r > 0.7, it was considered that there was multicollinearity
between variables (Python, Sklearn 0.22.1) (Sauerbrei, Royston & Binder, 2007) (3) For
model visualization, the nomogram was created using the ‘logreg6.2.0’ R software package,
and the forest plot was generated using the ‘ggplot2’ package. (4) The ‘survivalROC’ package
(R software, version 4.2.2) was used to draw the receiver operating characteristic (ROC)
curve and evaluate the accuracy of themodel. The area under the curve andC statistics of the
modeling set and the external validation set are calculated respectively (Eom et al., 2015). To
measure the predictive ability of the model and assess the concordance between predicted
and actual risks, calibration curves were drawn using the ‘rms’ (R-software, version 6.2.0)
and ‘timeROC’ packages (R-software, version 0.4) (Eom et al., 2015). Decision curve analysis
(DCA) was performed using the ‘ggDCA ’ package (R software) (Vickers & Elkin, 2006), and
Kaplan–Meier (K–M) curves were generated using the ‘survminer’ package (R software) to
comprehensively evaluate the clinical value of our model.

Statistical analysis
A comparison of variables was performed between the modeling and external validation
sets. The distribution of continuous variables was represented by median and interquartile
range (IQR), and continuous variables were compared using the Mann–Whitney U test.
The distribution of categorical variables was expressed by count and percentage, and the
comparison between groups was performed by chi-square test. Two-sided test P < 0.05 was
considered significant. Statistical analyses were conducted using SPSS version 26.0 (IBM
Corp., Armonk, NY, USA) and the R-software package version 4.2.2. The proportional
hazards assumption was assessed using Schoenfeld residuals (Harrell, 2015).When cleaning
the data, it was found that there were 9.63% −10.62 defects in TC, TG, LVEF, LVMI and
NT-proBNP, and the defect variables were filled by multiple imputation (All statistical
analyses were conducted using R version 4.2.3 and Python version 3.11.4), and compare
the significant impact on data distribution before and after data filling (Fig. S1).

RESULTS
Demographic and clinical characteristics of study population
According to the inclusion and exclusion criteria, 405 patients with MHD were included
in our study. Table 1 summarizes the distribution of baseline data for the modeling
set and the external validation set. There were significant differences in smoking or
drinking, hemodialysis vascular access, hypertension, metabolic acidosis, pulmonary artery
hypertension, serous effusion, URR, WBC, NEU%, LYM%, A/G, scr, P, ln (NT-proBNP)
between the two groups (P < 0.05). The median follow-up time of modeling set and
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external validation set was 22 months (IQR 12-45) and 35 months (20-43), respectively.
The incidence of pneumonia in the modeling set was 34.83% (101/290), and the incidence
of pneumonia in the external validation set was 39.13% (45/105). There was no loss of
follow-up or withdrawal from the study.

Model construction
The correlation analysis of the screened predictors did not show any clear signs of
collinearity (Fig. S2). The relationship between candidate variables and pneumonia
outcome was preliminarily evaluated by Cox univariate regression analysis (Table S3).
Through single factor regression analysis, 21 variables were statistically significant
(P < 0.05). Lasso regression analysis with pulmonary infection as the endpoint reduced
the number of predictors from 21 to 8 (Fig. 2).

Subsequently, multivariate Cox stepwise regression analysis was performed on the
above eight variables to further adjust the confounding factors. Finally, seven variables
were determined as predictors of the model (P < 0.05): Diabetes, CHD, serous effusion,
age, WBC, A/G, LVMI (Fig. 3). The final Schoenfeld residual test confirms that the above
variables meet the proportional risk hypothesis (Fig. S3).

We created a scoring system to comprehensively evaluate the predictive performance
of the model. The system scores and sums each variable, and finally calculates the overall
score. The point at which the line intersects the probability axis represents the probability
of pneumonia at 12, 24, and 36 months (Fig. 4).

Multi-model comparison
The seven assessed variables were prioritized through AdaBoost regression, random forest
regression, and Lasso regression analysis. The findings suggested that ‘‘CHD’’ was the most
crucial predictive factor (Fig. 5). In order to evaluate the improvement of the model, Model
1 (constructed using six variables except ‘CHD’) and Model 2 (including seven variables)
were compared.

Compared with model 1, the 1-year and 2-year DCA curves of model 2 in the modeling
set and the external validation set show greater net benefits (Fig. 6). This suggests that the
incorporation of ‘‘CHD’’ notably enhanced the model. Therefore, we believe that Model 2
is the best model and further verification is carried out.

The best model verification
The ROC curves of the modeling set and the external validation set were drawn, and the
area under the curve of Model 2 was calculated. Over time, the time-AUC curve showed
the stability of the prediction model, and the AUC values were maintained at about 0.8
(Fig. 7).

The calibration curve closely follows the calibration chart of the reference line, suggesting
the accurate prediction of the model in the whole risk range (Fig. 8).

Kaplan–Meier analysis was used to further verify the effect of risk factors on the
occurrence of pneumonia in patients undergoing MHD (Fig. S4). WBC, A/G, LVMI, and
Age were categorized according to cut-off values determined through ROC curve analysis.
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Table 1 Baseline characteristics of the modeling and external validation set.

Variables Modeling sets
(n= 290)

External
validation sets
(n= 115)

Z P

Sex, n (%)
Female 108 (37.241) 47 (40.870) 0.459 0.498
Male 182 (62.759) 68 (59.130)

Smoking or Drinking, n (%)
No 219 (75.517) 111 (96.522) 24.077 <0.001
Yes 71 (24.483) 4 (3.478)

Hemodialysis vascular access, n (%)
Autogenous arteriovenous fistula 175 (60.345) 113 (98.261) 57.626 <0.001
Long-term cuff catheter 115 (39.655) 2 (1.739)

Dialysis frequency (weekly), n (%)
<3 54 (18.621) 11 (9.565) 5.012 0.025
≥3 236 (81.379) 104 (90.435)

Duration of dialysis (h/time), n (%)
3 21 (7.241) 13 (11.304) 2.199 0.333
3.5 12 (4.138) 3 (2.609)
4 257 (88.621) 99 (86.087)

Reasons for entering dialysis, n (%)
Diabetes 109 (37.586) 49 (42.609) 44.571 <0.001
Nephritis 67 (23.103) 55 (47.826)
Hypertension 13 (4.483) 5 (4.348)

Others (Lupus nephritis, Polycystic kidney. etc.) 101 (34.828) 6(5.217)
Cerebral apoplexy, n (%)

No 250 (86.207) 101 (87.826) 0.187 0.666
Yes 40 (13.793) 14 (12.174)

Hypertension, n (%)
No 104 (35.862) 9 (7.826) 37.83 <0.001

Grade 1∼2 32 (11.034) 30 (26.087)
Grade 3 154 (53.103) 76 (66.087)

Diabetes, n (%)
No 160 (55.172) 68 (59.130) 0.524 0.469
Yes 130 (44.828) 47 (40.870)

CHD, n (%)
No 250 (86.207) 90 (78.261) 3.859 0.049
Yes 40 (13.793) 25 (21.739)

NYHA, n (%)
0∼2 129 (44.483) 42 (36.522) 2.139 0.144
3∼4 161 (55.517) 73 (63.478)

Metabolic acidosis, n (%)
No 254 (87.586) 62 (53.913) 54.455 <0.001
Yes 36 (12.414) 53 (46.087)

(continued on next page)
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Table 1 (continued)

Variables Modeling sets
(n= 290)

External
validation sets
(n= 115)

Z P

Pulmonary artery hypertension, n (%)
No 238 (82.069) 33 (28.696) 105.956 <0.001
Yes 52 (17.931) 82 (71.304)

Serous effusio, n (%)
No 222 (76.552) 56 (48.696) 29.685 <0.001
Yes 68 (23.448) 59 (51.304)

History of fracture surgery, n (%)
No 286 (98.621) 109 (94.783) 5.037 0.025
Yes 4 (1.379) 6 (5.217)

Antihypertensive drugs, n (%)
No 100 (34.483) 11 (9.565) 25.698 <0.001
Yes 190 (65.517) 104 (90.435)

Antidiabetic drugs, n (%)
No 181 (62.414) 66 (57.391) 0.873 0.35
Yes 109 (37.586) 49 (42.609)

Calcium tablets or Vitamin D, n (%)
No 20 (6.897) 4 (3.478) 1.726 0.189
Yes 270 (93.103) 111 (96.522)

Age (years),median [IQR] 57.000 [46.000, 68.000] 58.000 [46.000, 71.000] −0.908 0.364
BMI,median [IQR] 22.137 [20.386, 24.961] 23.280 [20.310, 25.160] −1.343 0.179
Pulse (bpm),median [IQR] 84.000 [76.000, 95.000] 82.000 [76.000, 90.000] 0.894 0.371
SBP (mmHg),median [IQR] 154.000 [136.000, 170.000] 152.000 [137.000, 166.000] 0.867 0.386
DBP (mmHg),median [IQR] 86.000 [77.000, 96.000] 82.000 [76.000, 92.000] 1.242 0.214
URR (%),median [IQR] 68.190 [65.450, 71.480] 65.470 [63.850, 67.220] 6.466 <0.001
Single-pool Kt/V [IQR] 1.430 [1.310, 1.520] 1.300[1.250, 1.330] 7.984 <0.001
UFR (ml/kg*h),median [IQR] 9.797 [7.285, 12.460] 10.336 [8.750, 12.037] −1.304 0.192
WBC (109/L),median [IQR] 6.050 [4.720, 7.730] 7.160 [5.830, 8.980] −4.25 <0.001
NEU %,median [IQR] 74.600 [67.100, 80.800] 78.700 [74.200, 84.000] −4.073 <0.001
LYM%,median [IQR] 15.000 [10.300, 21.900] 11.400 [8.100, 15.600] 4.677 <0.001
HGB (g/L),median [IQR] 83.000 [73.000, 96.000] 90.000 [78.000, 108.000] −2.957 0.003
CRP (mg/L),median [IQR] 4.610 [1.510, 15.800] 4.800 [1.600, 16.660] 0.164 0.87
A/G,median [IQR] 1.470 [1.236, 1.650] 1.214 [1.024, 1.416] 6.93 <0.001
Scr (µmol/L),median [IQR] 597.600 [435.000, 830.000] 806.000 [567.000, 1063.200] −4.991 <0.001
Ca (mmol/L),median [IQR] 1.950 [1.810, 2.110] 1.960 [1.730, 2.110] 0.541 0.589
P (mmol/L),median [IQR] 1.580 [1.220, 2.080] 1.990 [1.390, 2.600] −3.659 <0.001
PTH (pmol/L),median [IQR] 259.410 [138.700, 378.880] 249.300 [140.200, 373.000] 0.243 0.808
TC (mmol/L),median [IQR] 3.984 [3.400, 4.640] 4.130 [3.380, 4.960] −1.116 0.265
PHR (109 mmol/L2),median [IQR] 120.000 [87.912, 169.506] 139.423 [102.190, 210.870] −2.538 0.011
LVMI (g/m2),median [IQR] 119.826 [103.586, 139.631] 117.671 [99.794, 140.039] 0.963 0.336

(continued on next page)
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Table 1 (continued)

Variables Modeling sets
(n= 290)

External
validation sets
(n= 115)

Z P

ln (NT-proBNP) (pg/mL),median [IQR] 8.629 [7.559, 9.686] 9.643 [8.423, 10.463] −5.059 <0.001
LVEF (%),median [IQR] 64.000 [58.000, 67.000] 65.000 [60.000, 70.000] −2.366 0.018

Notes.
CHD, Coronary-heart-disease; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; URR, urea reduction ratio; spKt/V, single-pool Kt/V;
K, urea dialytic clearance; t, dialysis time; V, urea distribution volume; UFR, ultrafiltration rate; WBC, white blood cell; NEU%, neutrophil ratio; LYM%, lymphocyte ra-
tio; HGB, hemoglobin; CRP, C-reactive protein; A/G, albumin-globulin ratio; Scr, Serum creatinine; Ca, serum calcium; P, serum phosphorus; PTH, parathyroid hor-
mone; TC, total cholesterol; PHR, Platelet to high-density lipoprotein cholesterol ratio; LVMI, left atrial diameter; NT-proBNP, N-terminal prohormone of brain natri-
uretic peptide; LVEF, left ventricular ejection fraction.
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Figure 2 LASSO regression.
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DISCUSSION
In this retrospective analysis, we created and validated a nomogram prediction model
specifically for the risk of pneumonia in patients undergoing MHD. Based on our limited
knowledge, this seems to be the first externally validated predictive model for pneumonia
in MHD patients. Our results show that the model provides accurate and personalized risk
assessment for individuals and has strong clinical practical value.

Compared with general patients, dialysis patients face more complex risk factors
for pneumonia. These factors include rapid changes in hemodynamics and electrolyte
levels, along with inadequate dialysis treatment. Therefore, prioritizing the identification
of individuals at an increased risk of pneumonia-related hospitalization or mortality is
essential. Numerous current predictionmodels do not consider patients undergoingMHD,
making them unsuitable for this specific population (Ramirez et al., 2020; Toma, Naka &
Iseki, 2021; Vanholder & Ringoir, 1992).

In line with prior research, our model took into account age, WBC, and albumin levels
(Deng et al., 2024; Huang et al., 2024; Shirata et al., 2021). Moreover, our model integrated
essential variables relevant to current MHD treatment management, including LVEF,
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LVMI, and URR assessment (Deng et al., 2024; Gearhart et al., 2019;Markussen et al., 2024;
Shirata et al., 2021). Kaplan–Meier analysis showed that age > 60.5 years, LVMI ≥ 138.4
g/m2, WBC ≥ 6.71×109/L, A/G < 1.27, history of diabetes, and CHD were recognized as
independent risk factors that elevate the likelihood of pneumonia.

Our results showed an 80% rise in pneumonia risk in patients with CHD and a 64.4%
increase in pneumonia risk in patients with diabetes. There seems to be a two-way
relationship between pneumonia and CHD. On the one hand, coronary artery disease
increases the risk of pneumonia hospitalization (Kim et al., 2021); In contrast, pneumonia
might also elevate the risk of acute coronary syndrome, such as myocardial infarction or
unstable angina (Corrales-Medina et al., 2013). While pulmonary infections are typically
viewed as acute occurrences, there is evidence suggesting that pneumonia is linked to
cardiovascular complications that may manifest years later, notably acute coronary events
such as left ventricular dysfunction, arrhythmia, ischemia, and infarction, as well as HF
(Corrales-Medina et al., 2013). Regarding diabetes, a number of studies have shown that
it increases the susceptibility of patients to pulmonary infection, and the infection rate
will increase with age, poor blood glucose control, or deterioration of immune function
(Critchley et al., 2018; Fazeli Farsani et al., 2015; Visca et al., 2018). The main pathogenesis
of diabetes is closely related to immune dysfunction, including chemotaxis, phagocytosis,
cytokine release and so on (Erener, 2020). The latest data show that, on the one hand,
hypoproteinemia caused by diabetes and hemodialysis can affect the synthesis of immune
factors and increase the risk of pulmonary infection (Oliver et al., 2022;Wand et al., 2022);
on the other hand, the level of opportunistic Enterobacteriaceae in diabetic patients is
high, and the intestinal barrier function is decreased, resulting in an increased risk of
pathogen transmission (Anhê et al., 2020; Thaiss et al., 2018). Regarding serous effusion,
current studies suggest that it may be the result of local inflammation, volume overload,
and metabolic abnormalities caused by uremic toxin accumulation or infection (Ito &
Akamatsu, 2024).

Among the included basic management indicators of cardiovascular and dialysis
treatment, we found that LVMI had a high predictive value (HR: 1.007, 95% CI [1.002–
1.019], P = 0.004). In the field of echocardiography, LVMI is often used to assess the
health status of cardiac structure (left ventricular size and weight) and function; the
increase of LVMI is closely related to heart diseases such as hypertension, coronary heart
disease, left ventricular hypertrophy and HF (Heidenreich et al., 2022). The incidence
of pneumonia in patients with HF is very high, which is about 2–3 times the expected
incidence (Jobs et al., 2018; Shen et al., 2021). Water and sodium retention and toxic
accumulation in patients with MHD increase cardiopulmonary function load and tissue
structure damage. The decrease of cardiac pumping function in patients with HF is
easy to cause pulmonary circulation disorder, which leads to pulmonary congestion and
edema, pulmonary dysfunction and local defense function decline, resulting in pulmonary
infection (Bartlett et al., 2019); Pulmonary infection can lead to the release of inflammatory
factors and respiratory dysfunction in the body. At the same time, myocardial ischemia
and hypoxia are aggravated, cardiac load is increased, and HF is aggravated (Mancini &
Gibson, 2021). Current research and guidelines emphasize that in the secondary prevention
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of pulmonary infection, the most critical thing is to ensure that all heart (e.g., HF) and
lung (e.g., chronic obstructive pulmonary disease, asthma) complications are treated in
accordance with the guidelines, and to restart goal-directed therapy before discharge
(Tralhão & Póvoa, 2020; Vaughn et al., 2024).

Standard laboratory tests contributed valuable prognostic information in our models.
We found that higher levels of WBC and lower levels of A/G were closely related to
the occurrence of pulmonary infection. The results of K-M curve analysis showed that
‘WBC’ with a cut-off value of 6.71×109/L and ‘A/G’ with a cut-off value of 1.27 could
effectively distinguish the high-risk population of pulmonary infection. In clinical practice,
WBC is often used as one of the diagnostic indicators of pulmonary inflammation (WBC
10×109/L), while A/G is used as a prognostic indicator of prostate cancer, lymphoma,
and rectal cancer, with little attention paid to its prognostic value for pulmonary infection
in MHD patients (An et al., 2022; Salciccia et al., 2022). Compared with the previous
diagnostic criteria >10,000/µL, the results of this study showed that 6.71 as a cutoff seemed
to effectively reduce the missed diagnosis of high-risk MHD patients with pulmonary
infection. About A/G, albumin can reflect the nutritional status of the body, globulin
can reflect the immune and inflammatory state, their proportion can be divided by
albumin in serum total protein minus albumin value to evaluate (Soeters, Wolfe & Shenkin,
2019). The possible reasons for the decrease of the ratio are the decrease of albumin and
the abnormal increase of globulin, which indicate the decrease of nutritional level, the
hyperfunction of inflammatory state and the chronic inflammatory state (Kadatane et al.,
2023; Salciccia et al., 2022). Inflammation in MHD is caused by a variety of mechanisms,
including accumulation of pro-inflammatory cytokines due to clearance defects, uremia,
oxidative stress, infection, volume overload, and dialysis treatment measures (Kadatane
et al., 2023; Zoccali et al., 2017). Long-term dialysis patients have serious loss of nutrients,
poor nutritional status, and severe reduction of immune function, so they are more prone
to pulmonary infection (Wand et al., 2021). Therefore, the dynamic monitoring of WBC,
A/G in patients with MHD should be strengthened. According to the 2019 Global Burden
of Disease study, older adults, specifically those over the age of 70, are the demographic
most impacted by pneumonia (2020). Our results also showed that age was an independent
risk factor for pneumonia in patients with MHD, which was positively correlated with
pulmonary infection. The risk of pneumonia increased by 28.8% for every 10-year increase
in age (HR: 1.288, 95% CI [1.103–1.502], P = 0.001). However, our study found that MHD
patients aged ≥ 60.5 years were at high risk of pneumonia by K-M curve analysis, which
was significantly different from the age stratification of the high-risk population in the
Global Burden of Disease study. It is further explained that the complex background of
MHD patients (toxin accumulation, micro-inflammatory state, nutrient loss, uncontrolled
blood pressure, prevalence of HF, etc.) makes the risk population of pneumonia in this
population more younger (Ebert et al., 2020; Torres et al., 2021).

In this study, we included more variables related to HF management and dialysis
treatment, and further evaluated their correlation with pneumonia. Our model
demonstrated outstanding predictive performance, optimizing patient outcomes through
the analysis of diverse metrics like ROC curves, calibration plots, and DCA curves.
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Nevertheless, there are still some limitations in our research. First of all, this study is
a retrospective cohort study involving two centers. The clinical data of two hospitals
located in different geographical regions were collected. Through the comparison of
baseline data between groups, it can be found that there are significant differences between
different centers. The differences in disease diagnosis and treatment strategies between
different centers may directly affect the results and accuracy of the prediction model.
Secondly, despite the external validation of this study, the sample size remains relatively
small, potentially restricting the generalizability and statistical reliability of the findings.
Future clinical studies are anticipated to utilize a larger sample size to provide additional
validation for the model.

CONCLUSIONS
Our study established and validated a pneumonia prediction model specifically for patients
undergoing MHD. The model developed by showed excellent predictive performance and
was a valuable tool for assessing the risk of pneumonia in subgroup patients.

ACKNOWLEDGEMENTS
Thanks to Extreme Smart Analysis for technical support.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was supported by the Sichuan Provincial Administration of Traditional
Chinese Medicine Research Fund (2020JC0079); Sichuan Provincial Department of
Science and Technology Research Special Fund (2021YFS0259); Nanchong Science and
Technology Plan Project (22JCYJPT0005); Nanchong Science and Technology Plan Project
(22JCYJPT0011). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The Sichuan Provincial Administration of Traditional Chinese Medicine Research Fund:
2020JC0079.
Sichuan Provincial Department of Science and Technology Research Special Fund:
2021YFS0259.
Nanchong Science and Technology Plan Project: 22JCYJPT0005, 22JCYJPT0011.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Xiaohua Yang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 16/22

https://peerj.com
http://dx.doi.org/10.7717/peerj.20070


• Ju Zhang conceived and designed the experiments, performed the experiments, prepared
figures and/or tables, and approved the final draft.
• Xisheng Xie conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.
• Wenwu Tang conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Medical Ethics Committee of Guangyuan Central Hospital. Approval No: 2024-08
and date of approval 11.19.2024.

Clinical Trial Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Medical Ethics Committee of Guangyuan Central Hospital.

Data Availability
The following information was supplied regarding data availability:

Data are available in the Supplemental Files.

Clinical Trial Registration
The following information was supplied regarding Clinical Trial registration:

No: 2024-08 and date of approval 11.19.2024.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.20070#supplemental-information.

REFERENCES
An S, ShimH, Kim K, Kim B, Bang HJ, Do H, Lee HR, Kim Y. 2022. Pretreatment

inflammatory markers predicting treatment outcomes in colorectal cancer. Annals
of Coloproctology 38:97–108 DOI 10.3393/ac.2021.01004.0143.

Anhê FF, Jensen BAH, Varin TV, Servant F, Van Blerk S, Richard D, Marceau S, Surette
M, Biertho L, Lelouvier B, Schertzer JD, Tchernof A, Marette A. 2020. Type 2
diabetes influences bacterial tissue compartmentalisation in human obesity. Nature
Metabolism 2:233–242 DOI 10.1038/s42255-020-0178-9.

Anonymous. 2020. Global burden of 369 diseases and injuries in 204 countries and
territories, 1990–2019: a systematic analysis for the Global Burden of Disease Study
2019. Lancet 396:1204–1222 DOI 10.1016/s0140-6736(20)30925-9.

Bartlett B, Ludewick HP, Lee S, Dwivedi G. 2019. Cardiovascular complications
following pneumonia: focus on pneumococcus and heart failure. Current Opinion
in Cardiology 34:233–239 DOI 10.1097/hco.0000000000000604.

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 17/22

https://peerj.com
http://dx.doi.org/10.7717/peerj.20070#supplemental-information
http://dx.doi.org/10.7717/peerj.20070#supplemental-information
http://dx.doi.org/10.7717/peerj.20070#supplemental-information
http://dx.doi.org/10.3393/ac.2021.01004.0143
http://dx.doi.org/10.1038/s42255-020-0178-9
http://dx.doi.org/10.1016/s0140-6736(20)30925-9
http://dx.doi.org/10.1097/hco.0000000000000604
http://dx.doi.org/10.7717/peerj.20070


Chen YK, Chu CS, Niu SW, Lin HY, Yu PH, Shen FC, Chao YL, Kuo IC, Hung
CC, Chang JM. 2023. The prognostic value of URR equals that of Kt/V for all-
cause mortality in Taiwan after 10-year follow-up. Scientific Reports 13:8923
DOI 10.1038/s41598-023-35353-8.

Corrales-Medina VF, Musher DM, Shachkina S, Chirinos JA. 2013. Acute pneumonia
and the cardiovascular system. Lancet 381:496–505
DOI 10.1016/s0140-6736(12)61266-5.

Critchley JA, Carey IM, Harris T, DeWilde S, Hosking FJ, Cook DG. 2018. Glycemic
control and risk of infections among people with type 1 or type 2 diabetes in a large
primary care cohort study. Diabetes Care 41:2127–2135 DOI 10.2337/dc18-0287.

DengW, Liu C, Cheng Q, Yang J, ChenW, Huang Y, Hu Y, Guan J, Weng J, Wang Z,
Chen C. 2024. Predicting the risk of pulmonary infection in patients with chronic
kidney failure: A-C(2)GH(2)S risk score—a retrospective study. International
Urology and Nephrology 56:2391–2402 DOI 10.1007/s11255-024-03953-6.

Di Pasquale MF, Sotgiu G, Gramegna A, Radovanovic D, Terraneo S, Reyes LF, Rupp
J, González Del Castillo J, Blasi F, Aliberti S, RestrepoMI. 2019. Prevalence and
etiology of community-acquired pneumonia in immunocompromised patients.
Clinical Infectious Diseases 68:1482–1493 DOI 10.1093/cid/ciy723.

Dou J, Wu X, Ao H, Zhang Q, Li M. 2022. Clinical characteristics of catheter-related
infection in patients with chronic renal failure end stage renal failure undergoing
semi-permanent catheter placement during maintenance hemodialysis through
tunnelled cuffed hemodialysis catheter. Pakistan Journal of Medical Sciences
38:1426–1430 DOI 10.12669/pjms.38.6.4834.

Ebert T, Pawelzik SC,Witasp A, Arefin S, Hobson S, Kublickiene K, Shiels PG, BäckM,
Stenvinkel P. 2020. Inflammation and premature ageing in chronic kidney disease.
Toxins 12:1–21 DOI 10.3390/toxins12040227.

Eom BW, Ryu KW, Nam BH, Park Y, Lee HJ, KimMC, Cho GS, Kim CY, Ryu SW, Shin
DW, HyungWJ, Lee JH. 2015. Survival nomogram for curatively resected Korean
gastric cancer patients: multicenter retrospective analysis with external validation.
PLOS ONE 10:e0119671 DOI 10.1371/journal.pone.0119671.

Erener S. 2020. Diabetes, infection risk and COVID-19.Molecular Metabolism 39:101044
DOI 10.1016/j.molmet.2020.101044.

Fazeli Farsani S, Souverein PC, Van der Vorst MM, Knibbe CA, De Boer A, Mantel-
Teeuwisse AK. 2015. Chronic comorbidities in children with type 1 diabetes: a
population-based cohort study. Archives of Disease in Childhood 100:763–768
DOI 10.1136/archdischild-2014-307654.

Gandra S, Li T, Reske KA, Dang NL, Farnsworth CW, Hock KG, Miller C, Olsen
MA, Kwon JH,Warren DK, Fraser VJ. 2021. SARS-CoV-2 infection risk factors
among maintenance hemodialysis patients and health care personnel in outpatient
hemodialysis centers. Kidney360 2:996–1001 DOI 10.34067/kid.0001282021.

Gearhart AM, Furmanek S, English C, Ramirez J, Cavallazzi R. 2019. Predicting the
need for ICU admission in community-acquired pneumonia. Respiratory Medicine
155:61–65 DOI 10.1016/j.rmed.2019.07.007.

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 18/22

https://peerj.com
http://dx.doi.org/10.1038/s41598-023-35353-8
http://dx.doi.org/10.1016/s0140-6736(12)61266-5
http://dx.doi.org/10.2337/dc18-0287
http://dx.doi.org/10.1007/s11255-024-03953-6
http://dx.doi.org/10.1093/cid/ciy723
http://dx.doi.org/10.12669/pjms.38.6.4834
http://dx.doi.org/10.3390/toxins12040227
http://dx.doi.org/10.1371/journal.pone.0119671
http://dx.doi.org/10.1016/j.molmet.2020.101044
http://dx.doi.org/10.1136/archdischild-2014-307654
http://dx.doi.org/10.34067/kid.0001282021
http://dx.doi.org/10.1016/j.rmed.2019.07.007
http://dx.doi.org/10.7717/peerj.20070


GuoH, Liu J, Collins AJ, Foley RN. 2008. Pneumonia in incident dialysis patients—the
United States renal data system. Nephrology, Dialysis, Transplantation 23:680–686
DOI 10.1093/ndt/gfm474.

Harrell FEJ. 2015. Regression modeling strategies. With applications to linear models,
logistic and ordinal regression, and survival analysis. Cham: Springer International
Publishing.

Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, ColvinMM, Deswal A,
Drazner MH, Dunlay SM, Evers LR, Fang JC, Fedson SE, Fonarow GC, Hayek
SS, Hernandez AF, Khazanie P, KittlesonMM, Lee CS, LinkMS, Milano CA,
Nnacheta LC, Sandhu AT, Stevenson LW, Vardeny O, Vest AR, Yancy CW.
2022. 2022 AHA/ACC/HFSA guideline for the management of heart failure:
a report of the American College of Cardiology/American Heart Association
Joint Committee on clinical practice guidelines. Circulation 145:e895-e1032
DOI 10.1161/cir.0000000000001063.

Huang D, Gong L,Wei C,Wang X, Liang Z. 2024. An explainable machine learning-
based model to predict intensive care unit admission among patients with
community-acquired pneumonia and connective tissue disease. Respiratory Research
25:246 DOI 10.1186/s12931-024-02874-3.

Ito T, Akamatsu K. 2024. Echocardiographic manifestations in end-stage renal disease.
Heart Failure Reviews 29:465–478 DOI 10.1007/s10741-023-10376-5.

Jobs A, Simon R, DeWaha S, Rogacev K, Katalinic A, Babaev V, Thiele H. 2018.
Pneumonia and inflammation in acute decompensated heart failure: a registry-
based analysis of 1939 patients. European Heart Journal. Acute Cardiovascular Care
7:362–370 DOI 10.1177/2048872617700874.

Kadatane SP, SatarianoM,Massey M, Mongan K, Raina R. 2023. The role of
inflammation in CKD. Cell 12:1581–1601 DOI 10.3390/cells12121581.

Kim J, Park SJ, Choi S, SeoWW, Lee YJ. 2021.Hospitalization for acute coronary
syndrome increases the long-term risk of pneumonia: a population-based cohort
study. Scientific Reports 11:9696 DOI 10.1038/s41598-021-89038-1.

Kraut JA, Madias NE. 2018. Re-evaluation of the normal range of serum total CO(2)
concentration. Clinical Journal of the American Society of Nephrology 13:343–347
DOI 10.2215/cjn.11941017.

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf
FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, PicardMH,
Rietzschel ER, Rudski L, Spencer KT, TsangW, Voigt JU. 2015. Recommendations
for cardiac chamber quantification by echocardiography in adults: an update
from the American Society of Echocardiography and the European Association
of cardiovascular imaging. Journal of the American Society of Echocardiography
28:01–39 DOI 10.1016/j.echo.2014.10.003.

Machiba Y, Mori K, Shoji T, Nagata Y, Uedono H, Nakatani S, Ochi A, Tsuda A,
Morioka T, Yoshida H, Tsujimoto Y, EmotoM. 2022. Nutritional disorder
evaluated by the geriatric nutritional risk index predicts death after hospitalization

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 19/22

https://peerj.com
http://dx.doi.org/10.1093/ndt/gfm474
http://dx.doi.org/10.1161/cir.0000000000001063
http://dx.doi.org/10.1186/s12931-024-02874-3
http://dx.doi.org/10.1007/s10741-023-10376-5
http://dx.doi.org/10.1177/2048872617700874
http://dx.doi.org/10.3390/cells12121581
http://dx.doi.org/10.1038/s41598-021-89038-1
http://dx.doi.org/10.2215/cjn.11941017
http://dx.doi.org/10.1016/j.echo.2014.10.003
http://dx.doi.org/10.7717/peerj.20070


for infection in patients undergoing maintenance hemodialysis. Journal of Renal
Nutrition 32:751–757 DOI 10.1053/j.jrn.2022.01.008.

Mancini D, Gibson GT. 2021. Impact of pneumonia in heart failure patients. Journal of
the American College of Cardiology 77:1974–1976 DOI 10.1016/j.jacc.2021.03.010.

Markussen DL, Serigstad S, Ritz C, Knoop ST, EbbesenMH, Faurholt-Jepsen D,
Heggelund L, VanWerkhoven CH, Clark TW, Bjørneklett RO, Kommedal Ø,
Ulvestad E, Grewal HMS. 2024. Diagnostic stewardship in community-acquired
pneumonia with syndromic molecular testing: a randomized clinical trial. JAMA
Network Open 7:e240830 DOI 10.1001/jamanetworkopen.2024.0830.

Oliver MJ, Thomas D, Balamchi S, Ip J, Naylor K, Dixon SN, McArthur E, Kwong
J, Perl J, AtiquzzamanM, Singer J, Yeung A, HladunewichM, Yau K, Garg AX,
Leis JA, Levin A, KrajdenM, Blake PG. 2022. Vaccine effectiveness against SARS-
CoV-2 infection and severe outcomes in the maintenance dialysis population
in Ontario, Canada. Journal of the American Society of Nephrology 33:839–849
DOI 10.1681/asn.2021091262.

PettigrewMM, TannerW, Harris AD. 2021. The lung microbiome and pneumonia.
Journal of Infectious Diseases 223:S241–s245 DOI 10.1093/infdis/jiaa702.

Ramirez JA, Musher DM, Evans SE, De la Cruz C, Crothers KA, Hage CA, Aliberti S,
Anzueto A, Arancibia F, Arnold F, Azoulay E, Blasi F, Bordon J, Burdette S, Cao
B, Cavallazzi R, Chalmers J, Charles P, Chastre J, Claessens YE, Dean N, Duval X,
FartoukhM, Feldman C, File T, Froes F, Furmanek S, Gnoni M, Lopardo G, Luna
C, Maruyama T, Menendez R, MeterskyM,Mildvan D, Mortensen E, Niederman
MS, Pletz M, Rello J, RestrepoMI, Shindo Y, Torres A,Waterer G,Webb B,
Welte T,WitzenrathM,Wunderink R. 2020. Treatment of community-acquired
pneumonia in immunocompromised adults: a consensus statement regarding initial
strategies. Chest 158:1896–1911 DOI 10.1016/j.chest.2020.05.598.

Salciccia S, FrisendaM, Bevilacqua G, Viscuso P, Casale P, De Berardinis E, Di Pierro
GB, Cattarino S, Giorgino G, Rosati D, Del Giudice F, Sciarra A, Mariotti G,
Gentilucci A. 2022. Prognostic value of albumin to globulin ratio in non-metastatic
and metastatic prostate cancer patients: a meta-analysis and systematic review.
International Journal of Molecular Sciences 23:1–11 DOI 10.3390/ijms231911501.

Sauerbrei W, Royston P, Binder H. 2007. Selection of important variables and determi-
nation of functional form for continuous predictors in multivariable model building.
Statistics in Medicine 26:5512–5528 DOI 10.1002/sim.3148.

Serigstad S, Ritz C, Faurholt-Jepsen D, Markussen D, EbbesenMH, Kommedal
Ø, Bjørneklett RO, Heggelund L, Clark TW, VanWerkhoven CH, Knoop ST,
Ulvestad E, Grewal HMS. 2022. Impact of rapid molecular testing on diagnosis,
treatment and management of community-acquired pneumonia in Norway:
a pragmatic randomised controlled trial (CAPNOR). Trials 23:622
DOI 10.1186/s13063-022-06467-7.

Shen L, Jhund PS, Anand IS, Bhatt AS, Desai AS, Maggioni AP, Martinez FA, Pfeffer
MA, Rizkala AR, Rouleau JL, Swedberg K, VaduganathanM, Vardeny O, Van
Veldhuisen DJ, Zannad F, Zile MR, Packer M, Solomon SD, McMurray JJV. 2021.

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 20/22

https://peerj.com
http://dx.doi.org/10.1053/j.jrn.2022.01.008
http://dx.doi.org/10.1016/j.jacc.2021.03.010
http://dx.doi.org/10.1001/jamanetworkopen.2024.0830
http://dx.doi.org/10.1681/asn.2021091262
http://dx.doi.org/10.1093/infdis/jiaa702
http://dx.doi.org/10.1016/j.chest.2020.05.598
http://dx.doi.org/10.3390/ijms231911501
http://dx.doi.org/10.1002/sim.3148
http://dx.doi.org/10.1186/s13063-022-06467-7
http://dx.doi.org/10.7717/peerj.20070


Incidence and outcomes of pneumonia in patients with heart failure. Journal of the
American College of Cardiology 77:1961–1973 DOI 10.1016/j.jacc.2021.03.001.

Shirata M, Ito I, Ishida T, Tachibana H, Tanabe N, Konishi S, Oi I, Hamao N, Nishioka
K, Matsumoto H, Yasutomo Y, Kadowaki S, Ohnishi H, Tomioka H, Nishimura
T, Hasegawa Y, Nakagawa A, Hirai T. 2021. Development and validation of a new
scoring system for prognostic prediction of community-acquired pneumonia in
older adults. Scientific Reports 11:23878 DOI 10.1038/s41598-021-03440-3.

Slinin Y, Foley RN, Collins AJ. 2006. Clinical epidemiology of pneumonia in hemodial-
ysis patients: the USRDS waves 1 3, and 4 study. Kidney International 70:1135–1141
DOI 10.1038/sj.ki.5001714.

Soeters PB,Wolfe RR, Shenkin A. 2019.Hypoalbuminemia: pathogenesis and
clinical significance. Journal of Parenteral and Enteral Nutrition 43:181–193
DOI 10.1002/jpen.1451.

Tavakoli A, Alavian SM,Moghoofei M, Mostafaei S, Abbasi S, FarahmandM. 2021.
Seroepidemiology of hepatitis E virus infection in patients undergoing maintenance
hemodialysis: systematic review and meta-analysis. Therapeutic Apheresis and Dialysis
25:4–15 DOI 10.1111/1744-9987.13507.

Thaiss CA, LevyM, Grosheva I, Zheng D, Soffer E, Blacher E, Braverman S, Tengeler
AC, Barak O, Elazar M, Ben-Zeev R, Lehavi-Regev D, Katz MN, Pevsner-Fischer
M, Gertler A, Halpern Z, Harmelin A, Aamar S, Serradas P, Grosfeld A, Shapiro H,
Geiger B, Elinav E. 2018.Hyperglycemia drives intestinal barrier dysfunction and
risk for enteric infection. Science 359:1376–1383 DOI 10.1126/science.aar3318.

Toma S, Naka T, Iseki K. 2021. Incidence of shunt infection among patients on mainte-
nance dialysis with buttonhole technique: Okinawa hemodialysis survey. Therapeutic
Apheresis and Dialysis 25:354–356 DOI 10.1111/1744-9987.13569.

Torres A, Cilloniz C, NiedermanMS, Menéndez R, Chalmers JD,Wunderink
RG, Van der Poll T. 2021. Pneumonia. Nature Reviews Disease Primers 7:25
DOI 10.1038/s41572-021-00259-0.

Tralhão A, Póvoa P. 2020. Cardiovascular events after community-acquired pneumonia:
a global perspective with systematic review and meta-analysis of observational
studies. Journal of Clinical Medicine 9 DOI 10.3390/jcm9020414.

Vanholder R, Ringoir S. 1992. Polymorphonuclear cell function and infection in dialysis.
Kidney International. Supplement 38:S91–S95.

Vanholder R, Ringoir S. 1993. Infectious morbidity and defects of phagocytic function
in end-stage renal disease: a review. Journal of the American Society of Nephrology
3:1541–1554 DOI 10.1681/asn.V391541.

Vaughn VM, Dickson RP, Horowitz JK, Flanders SA. 2024. Community-acquired
pneumonia: a review. Journal of the American Medical Association 332:1282–1295
DOI 10.1001/jama.2024.14796.

Vickers AJ, Elkin EB. 2006. Decision curve analysis: a novel method for evaluating pre-
diction models.Medical Decision Making 26:565–574
DOI 10.1177/0272989x06295361.

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 21/22

https://peerj.com
http://dx.doi.org/10.1016/j.jacc.2021.03.001
http://dx.doi.org/10.1038/s41598-021-03440-3
http://dx.doi.org/10.1038/sj.ki.5001714
http://dx.doi.org/10.1002/jpen.1451
http://dx.doi.org/10.1111/1744-9987.13507
http://dx.doi.org/10.1126/science.aar3318
http://dx.doi.org/10.1111/1744-9987.13569
http://dx.doi.org/10.1038/s41572-021-00259-0
http://dx.doi.org/10.3390/jcm9020414
http://dx.doi.org/10.1681/asn.V391541
http://dx.doi.org/10.1001/jama.2024.14796
http://dx.doi.org/10.1177/0272989x06295361
http://dx.doi.org/10.7717/peerj.20070


Visca D, Pignatti P, Spanevello A, Lucini E, La Rocca E. 2018. Relationship between
diabetes and respiratory diseases—clinical and therapeutic aspects. Pharmacological
Research 137:230–235 DOI 10.1016/j.phrs.2018.10.008.

WandO,Mor O, Zuckerman N, Fadeela A, Benchetrit S, Nacasch N, Cohen-Hagai
K. 2021. Outcomes from infections with variant strains of SARS-CoV-2 among
patients receiving maintenance hemodialysis. American Journal of Kidney Diseases
78:617–619 DOI 10.1053/j.ajkd.2021.06.015.

WandO, Nacasch N, Fadeela A, Shashar M, Grupper A, Benchetrit S, Erez D, Shitrit P,
Cohen-Hagai K. 2022.Humoral response and breakthrough infections with SARS-
CoV-2 B.1.617.2 variant in vaccinated maintenance hemodialysis patients. Journal of
Nephrology 35:1479–1487 DOI 10.1007/s40620-022-01245-9.

White AT, Vaughn VM, Petty LA, Gandhi TN, Horowitz JK, Flanders SA, Bernstein SJ,
Hofer TP, Ratz D, McLaughlin ES, Nielsen D, Czilok T, Minock J, Gupta A. 2024.
Development of patient safety measures to identify inappropriate diagnosis of com-
mon infections. Clinical Infectious Diseases 78:1403–1411 DOI 10.1093/cid/ciae044.

Zoccali C, Vanholder R, Massy ZA, Ortiz A, Sarafidis P, Dekker FW, Fliser D, Fouque
D, Heine GH, Jager KJ, KanbayM,Mallamaci F, Parati G, Rossignol P, Wiecek
A, London G. 2017. The systemic nature of CKD. Nature Reviews Nephrology
13:344–358 DOI 10.1038/nrneph.2017.52.

Yang et al. (2025), PeerJ, DOI 10.7717/peerj.20070 22/22

https://peerj.com
http://dx.doi.org/10.1016/j.phrs.2018.10.008
http://dx.doi.org/10.1053/j.ajkd.2021.06.015
http://dx.doi.org/10.1007/s40620-022-01245-9
http://dx.doi.org/10.1093/cid/ciae044
http://dx.doi.org/10.1038/nrneph.2017.52
http://dx.doi.org/10.7717/peerj.20070

