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Abstract 

Objective

To develop and internally validate a Cox model predicting 1.5-year adverse outcomes 

(cardiovascular admission or all-cause mortality) in incident hemodialysis (HD) 

patients by integrating routinely recorded dialysis-machine parameters with traditional 

indicators.

Methods

We retrospectively analyzed 74 incident end-stage renal disease (ESRD) patients 

who commenced thrice-weekly HD at Huashan Hospital, Fudan University, between 

2012 and 2018. A total of 83 candidate variables, including demographics, traditional 

indicators (Kt/V, phosphorus, parathyroid hormone [PTH], albumin, hemoglobin, ultra-

filtration volume), and dialysis machine parameters, were evaluated. Univariable and 

multivariable Cox regression identified predictors of 1.5-year outcomes.

Results

The mean (± SD) age of the study population was 62 ± 14 years, and 55.4% were 

male. Independent predictors included serum alkaline phosphatase (ALP) measured 

at month 3 and machine-derived bicarbonate conductivity (BC) at month 6. A model 

combining ALP (month 3), bicarbonate conductivity (month 6), and traditional indica-

tors (month 6) showed strong discrimination (AUC = 0.82). Achieving targets in ≥5 of 8 

indicators—including ALP and BC—was associated with significantly better outcomes 

(log-rank p = 0.018).
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Conclusion

Integrating ALP and machine-derived BC into a Cox model significantly improves risk 

stratification in incident HD patients and facilitates the implementation of automated 

quality control.

Introduction

The number of incident hemodialysis patients is increasing globally [1]. Hemodialysis 
is a life-saving therapy for patients with advanced uremia. However, despite its wide-
spread adoption, the initial phase of hemodialysis is associated with significant dan-
gers, particularly manifesting as excessive cardiovascular admissions and mortality, 
especially during the first year of treatment [2,3]. Recent studies on incident hemo-
dialysis patients have reported a first-year mortality rate as high as 20% [4,5]. Given 
the high medical and care costs, early identification of high-risk incident hemodialysis 
patients is critical for clinical decision-making and poses a challenge to researchers 
and clinicians.

The management of dialysis patients has historically relied on a set of established 
quality control indicators, including Kt/V, serum albumin, hemoglobin, phospho-
rus, parathyroid hormone, and ultrafiltration volume. These indicators are likewise 
applied to incident hemodialysis patients. While these traditional markers offer 
valuable insights, the dynamic nature of incident patients during the early stages of 
dialysis may not be fully captured, and frequent testing could impose an increased 
clinical burden. Consequently, the predictive capabilities of models that utilize these 
traditional indicators have been observed to vary across different studies. On the 
one hand, these indicators may lack the capacity to adequately reflect the dynamic 
changes observed in new dialysis patients; on the other hand, the incorporation of 
additional markers could potentially enhance the prediction of dialysis outcomes. 
Exploratory efforts have been made to identify non-routine markers [6], but their 
practicality remains limited, with predictive power similar to that of routine clinical 
indicators.

During hemodialysis, a variety of parameters are continuously and automati-
cally collected. These parameters include blood flow, ultrafiltration, dialysate flow 
rates, vessel pressure, temperature, and levels of bicarbonate and sodium. These 
machine parameters, informed by clinical knowledge, are potentially associated with 
various indicators known to influence patient outcomes. For instance, parameters 
such as dialysate flow rate, dialysis duration, and the type of dialyzer used may offer 
insights into urea clearance efficiency, a key factor in dialysis adequacy. A number 
of studies have indicated that arterial and venous pressures may serve as predictors 
of cardiovascular metrics, including blood pressure, heart rate, and cardiac electrical 
activity. These metrics have been demonstrated to exhibit a correlation with cardio-
vascular events [7–9]. Furthermore, an association has been demonstrated between 
sodium concentration in the dialysate and alterations in fluid volume among dialysis 
patients [10].
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Consequently, the incorporation of these machine parameters may offer supplementary insights into the assessment 
of cardiovascular health, toxin clearance, and fluid balance. While traditional clinical indicators remain paramount in the 
oversight of dialysis quality, the incorporation of dialysis machine parameters holds the potential to augment the predictive 
capabilities. Additionally, the incorporation of continuously collected parameters has the potential to reduce the financial 
burden associated with frequent biochemical tests. However, further research is warranted to explore the full potential of 
machine-derived parameters in predicting long-term outcomes and improving dialysis care.

The objectives of this study were twofold: (i) to assess the potential association of demographic characteristics, tradi-
tional dialysis quality indicators, and hemodialysis machine parameters with the risk of all-cause death or cardiovascular 
disease admission in incident hemodialysis patients, and (ii) to generate a prediction model that may initially establish a 
more suitable dialysis quality control standard for incident hemodialysis patients.

Materials and methods

Study population

We retrospectively included 74 adults with end-stage renal disease (ESRD) who initiated thrice-weekly hemodialysis at 
Huashan Hospital between 03/02/2012 and 15/03/2018. Source data from the hospital’s electronic medical records, labo-
ratory information system, and dialysis machine logs were accessed for research on 17/12/2022; the final analytic dataset 
was frozen (data lock) on 28/10/2023.

The inclusion criteria for the study were as follows: First, patients with end-stage renal disease requiring hemodialysis 
therapy were included, with no previous dialysis prior to enrollment. Secondly, the study population included patients aged 
18 years or older. Thirdly, patients receiving hemodialysis for a period exceeding six months were included in the study. 
The following criteria were used to exclude subjects from the study: First, patients who had undergone living kidney trans-
plantation within three months or conversion to peritoneal dialysis were excluded from the study. Secondly, patients who 
were pregnant or actively planning to become pregnant within the subsequent 24 months were excluded from the study.

Patients received standardized thrice-weekly hemodialysis. Single-pool Kt/V was calculated using Daugirdas’ second-
generation formula [11]. Primary kidney disease was classified as chronic glomerulonephritis, diabetic nephropathy, 
hypertensive nephrosclerosis, polycystic kidney disease, or other/unknown, in line with the categories used in the Chinese 
Dialysis Outcomes and Practice Patterns Study (DOPPS5, 2012–2015) [12]. Comorbidities were systematically ascer-
tained from the medical records, including diabetes mellitus, hypertension, cardiovascular disease, and a history of malig-
nancy. This study was approved by the Ethics Committee of Huashan Hospital, Fudan University (KY2021−584). Written 
informed consent was obtained from all participants prior to enrollment. All participants were adults (≥18 years); therefore, 
parental or guardian consent was not applicable. All procedures were conducted in accordance with the Declaration of 
Helsinki and relevant institutional guidelines.

The term “high-risk” was defined as patients who experienced cardiovascular disease admission or all-cause mortality 
during the 1.5-year follow-up period. Individuals who did not require hospitalization or were hospitalized for reasons unre-
lated to cardiovascular disease (e.g., infection, vascular access revision, or other non-cardiovascular issues) were classi-
fied into the “low-risk” group. In instances where multiple diagnoses were documented (e.g., heart failure accompanied by 
pulmonary infection), the principal admission cause ascribed by the attending physician served as the determiner of group 
allocation.

Biochemical assays and other measurements

Blood samples were obtained prior to the commencement of dialysis treatment. Serum biomarkers were subsequently 
measured using traditional laboratory methods, which included the assessment of sodium, potassium, calcium, phos-
phorus, chloride, magnesium, serum albumin, carbon dioxide binding capacity, alkaline phosphatase (ALP), hemoglobin, 
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glycosylated hemoglobin, parathyroid hormone (PTH), ferritin, serum creatinine, and blood urea nitrogen (BUN). Subse-
quent measures were obtained at the third and sixth months of enrollment (denoted M3/M6) to capture dynamic changes 
in early dialysis. The parameters of the dialysis machine included dialysate parameters (conductivity, dialysate flow rate, 
etc.), ultrafiltration parameters (ultrafiltration volume, treatment time, etc.), pressure ranges (venous pressure, transmem-
brane pressure, etc.), and heparin parameters (heparin rate, arterial needle type, etc.) (see S1 Table in S1 File for com-
plete markers). Total body water (TBW) at month 3 was not measured directly but estimated using the Watson formula 
based on sex, age, height, and post-dialysis body weight. Serum carbon dioxide binding power (CBP) was measured in 
mmol/L as part of the routine serum chemistry panel in the hospital central laboratory and reflects total CO₂ content, pre-
dominantly bicarbonate.

The primary study outcomes of interest included cardiovascular disease admissions and all-cause mortality. Patients 
were observed over a two-year period, with detailed follow-up at 1.5 years, given that excessive new hemodialysis mortal-
ity often occurs within the first two years [13].

Statistical analysis

A total of 83 features were collected, with an average missing rate of 8%. Missing values were imputed using iterative 
imputation methods based on random forest regression. Continuous variables are expressed as means (standard devi-
ations), while categorical variables are expressed as counts (percentages). The patients were stratified into two groups 
based on their prognosis within 1.5 years: a high risk group, defined as all-cause death or cardiovascular disease admis-
sion, and a low risk group, defined as admission for other reasons or no admission. Statistical comparisons were con-
ducted using the Wilcoxon rank sum test and the χ2 test.

In the initial phase of the study, factors influencing poor prognosis were examined using univariate Cox proportional 
hazards analysis. We then specified a primary multivariable Cox model that focused on a parsimonious set of predictors 
that are not part of the traditional evaluation metrics, namely ALP at month 3 and BC at month 6, with adjustment for age 
and sex [14]. As a sensitivity analysis, we also fitted an exploratory saturated multivariable Cox model that included all 
predictors with p values less than 0.05 in univariable analyses together with age and sex; the hazard ratio estimates for 
this saturated model are presented in S4 Table in S1 File. Continuous predictors were z-standardized (per 1 SD increase) 
before Cox regression; hazard ratios therefore represent the effect per SD increment. To evaluate potential multicollinear-
ity, we examined pairwise correlation coefficients and calculated variance inflation factors for candidate predictors.

The discriminatory power of these risk factors was assessed by generating receiver operating characteristic (ROC) 
curves, using bootstrap resampling with 1,000 iterations for internal validation, and recording accuracy, sensitivity, speci-
ficity, F

1
 score, and area under the curve (AUC, 95% CI). The optimal cutoff was selected by maximizing the Youden index 

at 1.5 years. Pairwise comparisons of AUCs between models were performed using DeLong’s test.
In order to make a comparison of the discriminatory ability of significant predictors for poor prognosis, each predictor’s 

value was converted into a score, the scores were summed, and the total score was classified as a binary variable. Subse-
quent to this, Kaplan-Meier plots and log-rank tests were utilized for further assessment. Finally, the predictive model was 
visualized through the implementation of column-line plots (nomograms). All analyses were conducted on the total sample. 
A two-tailed p-value less than 0.05 was considered statistically significant. All analyses were executed in R (version 4.1.2), 
with the exception of missing value imputation and certain hypothesis tests, which utilized Python 3.9 and Scikit-learn [15].

Results

Baseline characteristics

Table 1 summarizes baseline characteristics of the 74 incident hemodialysis patients and compares the low risk (n = 60) and 
high risk groups (n = 14). The complete characteristics are presented in S2 Table in S1 File. The demographic data indicate 
that 41 patients (55.4%) were male and 33 (44.6%) female, with a mean age of 62 ± 14 years. No significant differences in 
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Table 1.  Baseline characteristics of incident hemodialysis patients.

All Patients Lower risk group Higher risk group P

(n = 74) (n = 60) (n = 14)

Demographics

Age, yr 62.1 (13.9) 62.9 (12.8) 58.4 (18.2) 0.746

Sex 0.101

  Male 41 (0.6) 30 (0.5) 11 (0.8)

  Female 33 (0.4) 30 (0.5) 3 (0.2)

  Height, cm 164.7 (7.8) 164.2 (7.8) 166.6 (7.9) 0.337

  Post-dialysis Weight (M3), kg 59 (11.6) 57.8 (9.5) 64.2 (17.7) 0.327

  Total body water (M3), L 33.4 (5.6) 32.6 (4.6) 36.7 (8.1) 0.090

  BMI (M3), kg/m2 22.6 (3.7) 22.3 (3.3) 23.9 (5.2) 0.276

  RRF, ml/min/1.73m2 1.76 (2.41) 1.82 (2.57) 1.51 (1.63) 0.825

Vascular Access 0.075

  Arteriovenous fistula 58 (0.8) 50 (0.8) 8 (0.6)

  Catheter 16 (0.2) 10 (0.2) 6 (0.4)

  Single-pool Kt/V (M3) 1.4 (0.3) 1.4 (0.3) 1.2 (0.3) 0.051

  Pre-dialysis SBP (M3), mm Hg 138.4 (19.7) 137.9 (20.1) 140.6 (18.6) 0.669

  Pre-dialysis DBP (M3), mm Hg 80.1 (14.9) 80.2 (15.5) 79.4 (12.5) 0.820

  Post-dialysis SBP (M3), mm Hg 136.2 (19.1) 136.3 (17.8) 135.5 (24.5) 0.679

  Post-dialysis DBP (M3), mm Hg 81 (12.7) 80.5 (12.7) 83.2 (12.6) 0.460

Blood chemistry

  Hemoglobin (M3), g/L 97.4 (17.9) 98.2 (15.7) 94.1 (25.7) 0.095

  Calcium (M3), mmol/L 2.2 (0.3) 2.2 (0.2) 2.3 (0.4) 0.847

  Phosphorus (M3), mmol/L 1.6 (0.4) 1.6 (0.4) 1.6 (0.5) 0.831

  Albumin (M3), g/L 38.4 (3.9) 38.6 (3.6) 37.5 (5) 0.521

  Parathyroid hormone (M3), pg/mL 283.2 (216.8) 282.4 (232.2) 286.6 (139.3) 0.614

  CBP (M3), mmol/L 21.7 (3.3) 21.6 (3.4) 22.1 (2.9) 0.590

  Pre-dialysis creatinine (M3), µmol/L 798.9 (209.1) 793.1 (202.2) 823.9 (243.4) 0.423

  Post-dialysis creatinine (M3), µmol/L 302.6 (104.3) 284.4 (90.1) 380.7 (127.3) 0.004

  Pre-dialysis Urea nitrogen (M3), mmol/L 26.1 (6.5) 25.9 (6.5) 27 (6.9) 0.644

  Post-dialysis Urea nitrogen (M3), mmol/L 8.8 (3.1) 8.2 (2.4) 11.4 (4.2) 0.006

Hemodialysis Equipment Treatment Parameters

  Treatment time (M3), hours 3.9 (0.3) 4.0 (0.3) 3.8 (0.3) 0.087

  Reinfusion volume (M3), mL 261.5 (66.5) 268.7 (60.9) 230.7 (82.1) 0.061

  Ultrafiltration volume (M3), mL 2056.9 (1017) 1978.5 (1070.6) 2392.9 (675.3) 0.065

  Venous pressure (M3), mm Hg 101 (31.1) 103.5 (31.7) 90.4 (26.6) 0.134

  Arterial pressure (M3), mm Hg −90.8 (48.7) −89.6 (52.2) −95.9 (30.3) 0.619

  Actual MTP (M3), mm Hg 113.6 (80.9) 114.2 (88) 110.9 (40.6) 0.629

  Blood flow (M3), mL/min 142.8 (14.5) 143.5 (15) 139.9 (11.9) 0.440

Continuous variables are expressed as means (standard deviations). Categorical variables are expressed as counts (proportions). Total body water 
was calculated using the Watson formula (1980). BMI, body mass index; RRF, residual renal function; Kt/V, based on Daugirdas second generation 
logarithmically estimated single pool variable volume formula; CBP, carbon dioxide binding power (routine serum total carbon dioxide, predominantly 
bicarbonate); SBP, systolic blood pressure; DBP, diastolic blood pressure; BC, bicarbonate conductivity; MTP, maximum transmembrane pressure; M3, 
the third month after initiation of hemodialysis; M6, the sixth month after initiation of hemodialysis; Lower risk group, other reasons for hospitalization or 
non-hospitalization; Higher risk group, hospitalization for cardiovascular disease or all-cause death. P indicates the significance level of the hypothesis 
test (Wilcoxon rank sum test for numeric variables and χ2 test for categorical variables, two-tailed p-value < 0.05 was considered statistically significant).

https://doi.org/10.1371/journal.pone.0340994.t001

https://doi.org/10.1371/journal.pone.0340994.t001
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age or sex distribution were observed between groups. The low-risk group demonstrated a mean total body water (TBW) 
of 32.6 L, while the high-risk group exhibited a mean TBW of 36.7 L. Furthermore, the Kt/V ratio exhibited a higher value in 
the low-risk group (1.4) compared to the high-risk group (1.2). A higher proportion of patients in the low-risk group utilized 
an arteriovenous fistula (80%) compared to a catheter (20%), while the high-risk group exhibited 60% fistula vs. 40% 
catheter usage. The leading causes of end-stage renal disease were chronic glomerulonephritis (n = 27, 36.5%), diabetic 
nephropathy (n = 18, 24.3%), hypertensive nephrosclerosis (n = 10, 13.5%), polycystic kidney disease (n = 8, 10.8%), and 
other or unknown causes (n = 11, 14.9%). The most frequent comorbidities at baseline were hypertension (n = 25, 33.8%), 
cardiovascular disease (n = 22, 29.7%), diabetes mellitus (n = 14, 18.9%), and a history of malignancy (n = 9, 12.2%).

Several indicators showed marked between-group differences at M3. In particular, post-dialysis creatinine (380.7 
vs. 284.4 µmol/L) and post-dialysis urea nitrogen (11.4 vs. 8.2 mmol/L) were significantly higher in the high risk group 
(p = 0.004 and p = 0.006, respectively). Treatment time (3.8 vs. 4.0 hours) and reinfusion volume (230.7 vs. 268.7 mL) 
were lower in the high risk group, whereas ultrafiltration volume was higher (2392.9 vs. 1978.5 mL), although these differ-
ences did not reach statistical significance. At M6, pre-dialysis parathyroid hormone (306.1 vs. 223.9 pg/mL), post-dialysis 
creatinine (385.6 vs. 311.6 µmol/L), and ultrafiltration volume (2662.2 vs. 2006.3 mL) were all higher in the high risk group, 
as summarized in S2 Table in S1 File.

During the 1.5-year follow-up, 14 of the 74 incident hemodialysis patients (18.9%) experienced the primary outcome of 
all-cause death or cardiovascular hospitalization. Among these 14 patients, 6 died and 8 had at least one cardiovascular 
admission. Cardiovascular events included 3 cases of coronary artery disease, 2 cases of acute ischemic stroke, and 3 
cases of intracerebral hemorrhage.

Univariate and multivariate analysis with Cox proportional hazards models

Table 2 presents the association between baseline indicators and adverse prognosis. In univariable Cox analyses, ten 
variables were significantly associated with the primary outcome (p < 0.05): pre- and post-dialysis weight, total body 
water, Kt/V, ALP, post-dialysis urea nitrogen at M3, and Kt/V, BC, and ultrafiltration volume at M6. These variables mainly 
reflected dialysis adequacy and volume-related domains.

Table 2.  Cox model hazard ratios (HRs) for adverse prognosis in incident hemodialysis patients.

Model 1 Model 2

HR (95% CI) P-value HR (95% CI) P-value

Pre-dialysis Weight (M3), kg 1.69 (1.04 - 2.73) 0.033 — —

Post-dialysis Weight (M3), kg 1.67 (1.04 - 2.7) 0.035 — —

Total body water (M3), L 2.06 (1.22 - 3.49) 0.007 — —

Kt/V (M3) 0.54 (0.3 - 0.97) 0.04 — —

Kt/V (M6) 0.52 (0.28 - 0.98) 0.042 — —

Alkaline phosphatase (M3), U/L 1.37 (1.08 - 1.74) 0.011 1.63 (1.21 - 2.19) 0.001

Post-dialysis creatinine (M3), µmol/L 1.82 (1.21 - 2.74) 0.004 — —

Post-dialysis Urea nitrogen (M3), mmol/L 2.01 (1.34 - 3.02) <0.001 — —

Bicarbonate conductivity (M6), mS/cm 1.57 (1.15 - 2.13) 0.004 1.55 (1.12 - 2.16) 0.009

Ultrafiltration volume (M6), mL 1.95 (1.08 - 3.52) 0.027 — —

Model 1: univariate models; only significant variables are presented. Model 2: prespecified multivariable Cox model including alkaline phosphatase at 
month 3 and bicarbonate conductivity at month 6, adjusted for age and sex. Variance inflation factors were calculated to assess multicollinearity; all vari-
ance inflation factors in Model 2 were less than 2.0. P values less than 0.05 were considered statistically significant. Kt/V, based on Daugirdas second-
generation logarithmically estimated single-pool variable volume formula; M3, initial hemodialysis stage 3 (the third month); M6, initial hemodialysis stage 
6 (the sixth month). All continuous predictors were z-standardized prior to Cox regression; hazard ratios represent the effect per 1-SD increase. Units are 
provided for clinical interpretability.

https://doi.org/10.1371/journal.pone.0340994.t002

https://doi.org/10.1371/journal.pone.0340994.t002
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In the primary multivariable model, we focused on a parsimonious set of clinically prespecified predictors that are not part 
of the traditional evaluation metrics, namely alkaline phosphatase at month 3 and bicarbonate conductivity at month 6, with 
adjustment for age and sex (Model 2 in Table 2). In this model, alkaline phosphatase at month 3 and bicarbonate conductivity 
at month 6 remained independently associated with adverse prognosis, with hazard ratios (HRs) of 1.63 (95% confidence 
interval [CI]: 1.21–2.19, P = 0.001) and 1.55 (95% CI: 1.12–2.16, P = 0.009), respectively. All variance inflation factors in the 
primary model were less than 2.0, indicating no important multicollinearity among these predictors. Variance inflation factors 
and hazard ratio estimates for the exploratory saturated model are presented in S3 and S4 Tables in S1 File.

Comparison of prognostic predictive performance of new indicators with traditional dialysis quality indicators

The present study evaluated the combined predictive performance of ALP (M3) and BC (M6), comparing it against tra-
ditional dialysis quality indicators (M3/M6) (Table 3), using ROC analysis with bootstrap 95% confidence intervals. The 
area under the curve (AUC) for traditional indicators (M3) was 0.70 (95% CI 0.62–0.79), while for M6 it was 0.75 (95% CI 
0.68–0.82). Concurrently, ALP (M3) and BC (M6) exhibited an AUC of 0.72 (95% CI 0.65–0.80). Notably, incorporating 
ALP (M3), BC (M6), and the traditional indicators (M6) yielded the maximum AUC (0.82; 95% CI 0.76–0.88), signifying 
an enhanced discriminatory capacity (Fig 1). In pairwise comparisons using DeLong’s test, the combined model including 
ALP (M3), BC (M6), and traditional indicators (M6) demonstrated a statistically significant improvement in discrimination 
compared with the model including traditional indicators (M6) alone (AUC 0.82 vs. 0.75; ∆AUC = 0.07; p = 0.012).

To illustrate this, we defined clinical target ranges (Table 4) for each indicator [16–19], then categorized them into 
dichotomous variables and performed Kaplan-Meier analysis (Fig 2 and Table 5). The analysis indicated that the presence 
of four or more of the six traditional indicators within the acceptable range did not adequately predict adverse outcomes 
(log-rank p = 0.303). However, the incorporation of ALP (M3) and BC (M6) as supplementary indicators (resulting in a total 
of eight) demonstrated that patients with at least one of these two indicators within the acceptable range tended to have 
better outcomes, although this difference did not reach conventional statistical significance (log-rank p = 0.063). By con-
trast, when all eight indicators were considered together, patients with five or more indicators within the acceptable range 
exhibited significantly improved outcomes (log-rank P = 0.018). Furthermore, the nomogram-based scoring method (Fig 3) 
underscored the pivotal roles of ALP (M3) and BC (M6) in determining overall risk, thereby emphasizing their significance 
in the early stages of hemodialysis.

Discussion

Using Cox models, we identified ALP at month 3 and machine-derived bicarbonate conductivity at month 6 as indepen-
dent predictors of adverse outcomes in incident HD patients. The combination of these two parameters with established 

Table 3.  Comparison of the predictive performance of traditional dialysis quality indicators and combination of ALP (M3) and BC (M6).

Accuracy Sensitivity Specificity F1 AUC

Traditional dialysis quality indicators (M3) 0.67 (0.64, 0.71) 0.64 (0.62, 0.68) 0.80 (0.76, 0.82) 0.76 (0.73, 0.79) 0.70 (0.62, 0.79)

Traditional dialysis quality indicators (M6) 0.71 (0.65, 0.75) 0.71 (0.65, 0.74) 0.72 (0.69, 0.74) 0.80 (0.75, 0.83) 0.75 (0.68, 0.82)

ALP (M3) + BC (M6) 0.71 (0.69, 0.74) 0.71 (0.68, 0.77) 0.70 (0.68, 0.73) 0.80 (0.75, 0.83) 0.72 (0.65, 0.80)

ALP (M3) + BC (M6) + Traditional dialysis 
quality indicators (M6)

0.87 (0.82, 0.90) 0.93 (0.91, 0.94) 0.62 (0.60, 0.66) 0.92 (0.90, 0.96) 0.82 (0.76, 0.88)

Traditional dialysis quality indicators include Kt/V, blood phosphorus, parathyroid hormone, albumin, and hemoglobin; Kt/V, based on Daugirdas second 
generation logarithmically estimated single pool variable volume formula; ALP, alkaline phosphatase; BC, bicarbonate conductivity; AUC, area under the 
receiver operating characteristic (ROC) curve; CI, confidence interval; M3, initial hemodialysis stage 3 (the third month after initiation of dialysis); M6, 
initial hemodialysis stage 6 (the sixth month after initiation of dialysis). The confidence intervals provided were obtained using the Bootstrap method. 
Pairwise comparisons of AUCs were performed using DeLong’s test; details are provided in the Results section.

https://doi.org/10.1371/journal.pone.0340994.t003

https://doi.org/10.1371/journal.pone.0340994.t003
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dialysis quality indicators (Kt/V, serum phosphorus, parathyroid hormone, albumin, and hemoglobin) yielded a significant 
enhancement in the model’s discriminatory capability, resulting in an increased AUC value to 0.82. When five or more of 
these eight indicators were within target ranges, prognosis could be predicted with greater accuracy. These findings sug-
gest that while traditional quality control indicators perform well in assessing patient outcomes, the inclusion of additional 
markers such as ALP and bicarbonate conductivity may further enhance predictive accuracy. The validation and transla-
tion of these findings into clinical practice could facilitate a more precise risk stratification of incident hemodialysis patients 
and contribute to the expansion of the current set of dialysis quality control indicators.

Fig 1.  Receiver operating characteristic curve for estimating the discrimination of the multivariate Cox models. Receiver operating characteris-
tic (ROC) curves show the predictive performance of traditional dialysis quality indicators (M3 or M6) and the combination of ALP (M3) and BC (M6), in 
isolation and in combination, for the risk of poor prognosis in patients on initial dialysis. The area under the curve (AUC) with 95% confidence intervals 
(CIs) was 0.70 (0.62–0.79) for traditional dialysis quality indicators (M3), 0.75 (0.68–0.82) for traditional dialysis quality indicators (M6), 0.72 (0.65–0.80) 
for the combination of ALP (M3) and BC (M6), and 0.82 (0.76–0.88) for the combined model including ALP (M3), BC (M6), and traditional indicators (M6). 
In pairwise comparison using DeLong’s test, the combined model showed significantly better discrimination than the model including traditional indicators 
(M6) alone (AUC 0.82 vs. 0.75; ΔAUC = 0.07; p = 0.012).

https://doi.org/10.1371/journal.pone.0340994.g001

https://doi.org/10.1371/journal.pone.0340994.g001
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This study possesses certain advantages over previous research on poor prognosis of dialysis, primarily due to its 
foundation on a retrospective analysis of high-risk incident hemodialysis patients. In the preliminary stage, strict judgments 
and requirements were made regarding the enrollment conditions of patients. Additionally, a more comprehensive set of 
parameters for dialysis machines was developed to predict poor prognoses in incident hemodialysis patients. Traditionally, 
Mandrekar et al. have proposed that, in the context of receiver operating characteristic curves in diagnostic test evalua-
tion, AUC values greater than 0.70 are deemed acceptable, and values exceeding 0.80 are regarded as excellent. The 
Cox regression model that was constructed demonstrated convergent excellent predictive performance (AUC = 0.82; 95% 
CI 0.76, 0.88), which was comparatively higher than the predictive models that were previously constructed for predicting 
the risk of poor prognosis in incident hemodialysis patients, with AUC = 0.75 for the random forest model of Akbilgic et al. 
In previous studies, the AUCs for the four equations of Prouvot et al. and Yang et al.‘s CHADS2 score is 0.61-0.70, while 
the AUC for Quinn et al.’s logistic regression model is 0.76 [20–23]. This discrepancy can be attributed to the inherent 
limitations of traditional Cox regression models, which utilize complete survival time ending data without accounting for 
the inherent characteristics of the time distribution. Beyond the disparities in the applied prediction methods, the observed 
discrepancies can be attributed to the heterogeneity of the study patient populations and the variation in the available 
predictor variables.

The present findings align with the observations of other studies, which demonstrated that elevated ALP and BC levels 
are associated with a poor prognosis in hemodialysis patients [24–27]. Of particular significance is the observation of the 
satisfactory combined predictive utility of ALP (M3) and BC (M6) in incident hemodialysis patients. Previous studies have 
mainly focused on the elevated mortality rate among new hemodialysis patients [23,24]. However, the present study also 
encompassed the adverse prognostic implications of cardiovascular disease hospitalization. ALP, a membrane-bound 
enzyme, plays a pivotal physiological role in bone metabolism in patients with CKD [24]. Elevated ALP levels have been 
demonstrated to serve as a substantial predictor of augmented risk for high-turnover bone disease, a condition asso-
ciated with ectopic calcification and an elevated risk of cardiovascular disease [28]. Furthermore, ALP consistently and 
independently predicts mortality [27]. Conversely, it is imperative to acknowledge that effective control of the bicarbonate 
concentration of dialysis fluid by BC is paramount to ensure acid-base balance in hemodialysis patients [17]. A sub-
stantial body of research has established a correlation between elevated bicarbonate levels in serum and suboptimal 
nutritional status, as well as diminished survival outcomes [29,30]. It is imperative for clinicians to exercise caution when 

Table 4.  Clinical significance and range of traditional dialysis quality indicators (M6), ALP (M3) and BC (M6) and patient assessment.

Marker Significance Range Within target Out of target

Traditional hemodialysis quality indicators (M6)

  Urea Low molecular toxins Kt/V ≥ 1.2 54 (0.73) 20 (0.27)

  Phosphorus Cardiovascular Diseases 1.13–1.78 mmol/L 40 (0.54) 34 (0.46)

  PTH Medium molecular toxins
Metabolic bone disease

150–300 pg/mL 24 (0.32) 60 (0.68)

  Albumin Nutritional status ≥ 40 g/L 39 (0.53) 35 (0.47)

  Hemoglobin Anemia 110–130 g/L 27 (0.36) 47 (0.64)

  UV Body fluid balance ≤ 13 × W × T mL 45 (0.61) 29 (0.39)

New hemodialysis quality indicators

  ALP (M3) CKD-Mineral and Bone Disorder < 80 U/L 45 (0.61) 29 (0.39)

  BC (M6) Acid-base balance < 3.1 mS/cm 9 (0.12) 65 (0.88)

Within target, the corresponding indicators fall within the standard clinical range, expressed as cases (%); out of target, the corresponding indicators are 
outside the standard clinical range, expressed as cases (%); PTH, Parathyroid hormone; UV, Ultrafiltration volume; W, Weight after dialysis (per patient); 
T, Time for dialysis (per patient); Kt/V, based on Daugirdas second generation logarithmically estimated single pool variable volume formula; ALP, alka-
line phosphatase; BC, bicarbonate conductivity; M3, the third month after initiation of hemodialysis; M6, the sixth month after initiation of hemodialysis.

https://doi.org/10.1371/journal.pone.0340994.t004

https://doi.org/10.1371/journal.pone.0340994.t004
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Fig 2.  Kaplan-Meier analysis plots of binary variables for traditional dialysis quality indicators (TEM, M6), ALP (M3) and BC (M6). Cumulative 
survival curves of initial hemodialysis patients according to a traditional dialysis quality indicators (M6) group (Good [≥ 4] versus Not good [< 4]); b ALP 
(M3) + BC (M6) group (Good [≥ 1] versus Not good [= 0]); c ALP (M3) + BC (M6) + TEM (M6) group (Good [≥ 5] versus Not good [< 5]).

https://doi.org/10.1371/journal.pone.0340994.g002

https://doi.org/10.1371/journal.pone.0340994.g002
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administering bicarbonate to correct metabolic acidosis, particularly in cases of severe acidosis. Elevated bicarbon-
ate concentrations, as seen in bicarbonate therapy, have been demonstrated to lack therapeutic benefit and may even 
increase mortality [31–34]. There is a broad consensus in the scientific community that the metabolism of bone tissue and 
the balance of acidity within the body significantly impact the prognosis of hemodialysis patients. To a certain extent, the 
maintenance or improvement of bone metabolism and acid-base balance has been demonstrated to reduce cardiovascu-
lar admissions and enhance survival outcomes [35,36].

When four or more of the six traditional dialysis quality indicators were within target ranges, they did not adequately 
predict poor prognosis in patients. However, the integration of ALP and bicarbonate conductivity (BC) into the traditional 
dialysis quality indicators led to a significant enhancement in prognostic predictions, with the attainment of 5 or more of 
the 8 indicators within target ranges. The established dialysis quality indicators, encompassing Kt/V, blood phosphorus, 
parathyroid hormone, albumin, and hemoglobin, are widely recognized and employed in Chinese hospitals as a stan-
dardized clinical reference. These indicators play a pivotal role in the management of hemodialysis centers and ensuring 
patient safety [37,38]. However, the findings of this study suggest that the incorporation of ALP (M3) and BC (M6) may 
offer enhanced prognostic risk differentiation, particularly in the context of prolonged patient monitoring (1.5 years). This 
expanded set of markers could assist clinicians in refining their understanding of dialysis adequacy and identifying a 
greater number of patients at high risk, facilitating timely interventions. Moreover, the integration of these supplementary 
markers with traditional quality indicators enhanced the model’s discriminatory capability (AUC = 0.82), thereby offering a 
more comprehensive approach to risk stratification. These cost-effective and readily implementable screening methods 
hold considerable potential to enhance the identification of high-risk incident hemodialysis patients and optimize patient 
care.

The present study has three main strengths. Firstly, to our knowledge, it is among the first studies to incorporate dialy-
sis machine–derived parameters in incident hemodialysis patients to evaluate the risk of poor prognosis, thereby broad-
ening the set of candidate indicators for dialysis quality control and proposing a practical quality-control tool (Table 5). 
Secondly, the combined model including ALP (M3), BC (M6), and traditional dialysis quality indicators (M6) demonstrated 
excellent discriminative performance (AUC = 0.82), supporting its potential use for early risk stratification and guidance 
of prevention and management in incident hemodialysis patients. Thirdly, the predictors identified in this study are sim-
ple, routinely measured clinical variables that are assessed at defined early time points (M3 and M6), providing temporal 
resolution of early dialysis adaptation rather than relying on long-term averages as in previous studies (Okuno et al. [39], 
Owen et al. [40]).

Table 5.  Combined effect of traditional hemodialysis quality indicators (M6), ALP (M3) and BC (M6) on poor prognosis in incident hemodial-
ysis patients: a Kaplan-Meier analysis.

Meaning Case (%) P

Traditional hemodialysis quality indicators (M6), total of 6 indicators 0.303

  Good 4 and more indicators in range 36 (0.49)

  Not good Less than 4 indicators in range 38 (0.51)

ALP (M3) + BC (M6), total of 2 indicators 0.063

  Good 1 or 2 indicators in range 48 (0.65)

  Not good No indicators in range 26 (0.35)

ALP (M3) + BC (M6) + Traditional hemodialysis quality indicators (M6), total of 8 indicators 0.018

  Good 5 and more indicators in range 26 (0.35)

  Not good Less than 5 indicators in range 48 (0.65)

ALP, alkaline phosphatase; BC, bicarbonate conductivity; M3, the third month after initiation of hemodialysis; M6, the sixth month after initiation of hemo-
dialysis. Log-rank test P < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0340994.t005

https://doi.org/10.1371/journal.pone.0340994.t005
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This study has several limitations. First, it was conducted in a single center with a relatively small sample and only 14 
primary outcome events, which may limit generalizability [41]. Although we used bootstrap internal validation to quantify model 
optimism and obtain confidence intervals for the AUC, the absence of an external validation cohort means that the proposed 
model should be regarded as exploratory and hypothesis generating rather than ready for routine clinical use. Second, 
assessments at months 3 and 6 may not capture the full clinical trajectory. However, these time points are commonly used 
to monitor early adaptation in new dialysis patients and are practical anchors for early risk stratification in routine care. Third, 
several baseline variables that were associated with outcomes in univariable analyses were not retained in the parsimonious 
multivariable model because of concerns about overfitting and collinearity. These candidate predictors, together with ALP and 
bicarbonate conductivity, will need to be reevaluated in larger multicenter cohorts with more events and longer follow-up.

Fig 3.  Cox model-based nomogram illustrating the relationship between traditional dialysis quality indicators (M6), ALP (M3), and BC (M6). For 
each patient, the value of each predictor is identified on its corresponding axis, and a vertical line is drawn upward to the “Points” axis to determine the 
score for that predictor. The cumulative score across all predictors is then converted into a total risk score, which corresponds to a linear predictor that 
estimates the patient’s risk of a poor prognosis.

https://doi.org/10.1371/journal.pone.0340994.g003

https://doi.org/10.1371/journal.pone.0340994.g003
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Conclusion

In summary, the present study identified the combination of ALP and BC as a significant predictor of poor prognosis in 
incident hemodialysis patients. Moreover, the integration of these measures with traditional dialysis quality indicators has 
the potential to enhance discrimination, thereby potentially improving dialysis quality. Further prospective studies with 
external validation cohorts are needed to substantiate and expand the clinical application of these findings. The objective 
of such studies would be to substantiate an augmented standard of dialysis quality control.
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