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Abstract

Background and hypothesis. Mortality in hemodialysis (HD) remains high and cannot be entirely
clarified by traditional risk factors. The interplay between arterial stiffness, cardiac remodeling, and
biomarker activation, such as galectin-3 and NT-proBNP, may be a potential driver of adverse
outcomes in this setting. Combining biomarker profiling with NT-proBNP and galectin-3 may
improve risk stratification. Methods. This was an observational study of 173 stable, asymptomatic
HD patients, followed for more than 10 years. Patients were classified into four groups based on
baseline NT-proBNP and galectin-3 medians (4,234 pg/mL and 28.1 ng/mL, respectively). Primary
outcomes were all-cause mortality, major cardiovascular events (MACE), and an exploratory
outcome: all-cause mortality stratified by pulse wave velocity (PWV). Results. The overall mortality
rate was 76.9% in our cohort: 21.1% died from cardiovascular causes, 21.1% from sepsis, and 22.6%
of patients died from other causes. 31.6% of patients were coded as sudden death. High NT-proBNP
(Groups 3—4) was associated with the poorest survival (adjusted HR 2.58 and 1.93 vs. Group 1,
p<0.05). Age and PVW were independently associated with higher mortality risk. Each one-year
increase in age was associated with a 4% higher risk of death, and each 1m/s increase in PVW
corresponded to a 6% increase in mortality risk. MACE occurred in 26.8% and did not differ among
biomarker groups. Conclusion. In this long-term HD cohort, biomarker profiles that included high
NT-proBNP, predicted all-cause mortality. Raised PWV further augmented risk, underlying the
interplay between cardiac stretch and vascular stiffness.

Keywords: biomarker profile hemodialysis; cardiovascular risk hemodialysis; mortality
hemodialysis; Nt-proBNP and hemodialysis; NT-proBNP gal-3 hemodialysis

1. Introduction

The global prevalence of chronic kidney disease (CKD) has increased substantially over the past
decades, with the number of cases increasing by 104.09% in 2019 compared to 1990 [1]. Moreover,
CKD is now widely recognized as one of the leading causes of death worldwide, and it is projected
that by 2040, it will become the fifth leading cause of mortality worldwide [2]. Regarding the end-
stage renal disease (ESRD) population, sudden cardiac death appears to be the leading cause of death,
accounting for up to 50% of cases, while cardiac causes are at about 8.3% [3].

Galectin-3 has been studied as a potential biomarker for predicting cardiovascular (CV) risk and
mortality in hemodialysis (HD) patients. Galectin-3 is a [3-galactoside-binding protein that is
expressed in various tissues. It is located intracellularly or secreted into the extracellular space, and
it plays a role in cell proliferation, differentiation, apoptosis, fibrosis and inflammation [4]. Galectin-
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3 has been widely studied in cardiovascular disease, chronic kidney disease, but also in
rheumatological conditions, such as rheumatoid arthritis, gastrointestinal diseases and idiopathic
pulmonary fibrosis [5]. A meta-analysis published in 2019 regarding the prognostic impact of
galectin-3 in CKD patients showed that in CKD patients every 1% increase in galectin-3 increased all-
cause mortality by 37.9%. However, this association was not consistent among HD patients [6]. Most
importantly, the impact of galectin-3 was not evaluated long-term in a population with ESRD on
hemodialysis.

In a previous study, our research group combined NT-proBNP and gal-3 to develop a
biomarker-model for better predicting CV outcomes in stable asymptomatic HD patients during a
median follow-up of 36 months. Results suggested that the combination of NT-proBNP and gal-3
(one biomarker for fibrosis and one for myocardial stretch) correlated with major cardiovascular
outcomes in stable HD patients [7].

The current study aimed to reassess on a very long-term the same cohort of patients to evaluate
all-cause mortality, major cardiovascular events (MACE) and an exploratory outcome: all-cause
mortality stratified by pulse wave velocity (PVW) values.

2. Materials and Methods

This is a long-term (at least 10 years) observational study designed to assess all-cause mortality
and MACE in a cohort of patients with ESRD on intermittent hemodialysis. The cohort included 173
clinically stable, asymptomatic patients receiving standard thrice-weekly HD treatment. Patients
were included if they had been on HD for at least 3 months and were recruited from two HD units
in Jasi, Romania. Exclusion criteria were: known ischemic heart disease (diagnosed by stress test or
angiography), prevalent heart failure, active malignancy and acute infections. All participants in the
original study provided written informed consent, and the study was approved by the local ethics
committee of “Dr. C.I. Parhon” Hospital. The current study complies with the principles of the
Declaration of Helsinki.

Follow-up and data collection

We conducted a long-term observational study (through October 1st, 2025) to evaluate survival
and cardiovascular outcomes in the initial cohort. Vital status (alive or deceased) was verified
through dialysis center records or by ascertaining the national electronic health database. For
deceased patients, the presumed cause of death was determined from available clinical
documentation, including hospital discharge summaries and dialysis unit reports. When cause of
death was not identified or when the cause of death was sudden death (as reported by dialysis center
records), those causes were excluded from the cause-specific cardiovascular mortality analysis but
retained in the all-cause mortality dataset. Cardiovascular events (stroke, acute myocardial
infarction, coronary revascularization procedures) were identified through electronic records from
“Dr. C.I. Parhon” Hospital and corresponding dialysis centers. Regarding year of death, 3 records
were missing.

The classification of patients into four subgroups according to baseline Gal3 and NT-proBNP
levels —Group 1: low Gal3, low NT-proBNP; Group 2: high Gal3, low NT-proBNP; Group 3: low
Gal3, high NT-proBNP; Group 4: high Gal3, high NT-proBNP was retained from the original study.
The cut-off values for Gal3 and NT-pro-BNP (28.1 ng/mL and 4234pg/mL pg/mL, respectively) were
based on their respective median concentrations in the baseline cohort.

Outcomes

The primary outcome was all-cause mortality during follow-up. The secondary outcomes
included: three-point MACE, defined as non-fatal stroke, non-fatal acute myocardial infarction and
cardiovascular death. This definition was chosen to ensure the accuracy and reliability of the data, as
detailed, verified information regarding heart failure hospitalization, arrhythmias, or unstable angina
was not available for the entire cohort. We aimed to minimize misclassification bias and improve the
robustness of the cardiovascular outcome assessment.
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An exploratory analysis was conducted to assess the association between baseline PVW and
long-term all-cause mortality, with the cut-off pf PVW being the median value of the included cohort
(9.85m/s).

Statistical analysis

All statistical analyses were performed using JASP (version 0.95.4). Continuous variables were
expressed as mean + standard deviation or median and interquartile range (IQR), as appropriate.
Categorical variables were summarized as absolute numbers and percentages. The normality of
continuous variables was assessed using the Shapiro-Wilk test and visual inspection of histograms.
Baseline differences across the four groups were assessed using one-way ANOVA for normally
distributed continuous variables and Kruskal-Walli’s test for non-normally distributed continuous
variables. Categorical variables were compared using x? or Fisher’s exact test, as appropriate. A two-
tailed p-value <0.05 was considered statistically significant.

All-cause mortality was analyzed using the Kaplan-Meier method, with comparisons between
the four defined groups using the log-rank test. Cox proportional hazard regression was used to
identify predictors for all-cause mortality. Covariates included age, sex, diabetes, hypertension,
peripheral artery disease, dialysis vintage, pulse wave-velocity and the four defined groups. Results
were reported as hazard ratios (HR) with 95% confidence intervals (CI). The proportional hazards
assumption was verified using scaled Schoenfeld residuals and model-calibration was assessed
through visual inspection of log-minus-log plots. MACE was analyzed as a binary outcome using
logistic regression. The primary model included the same covariates in the Cox model. Model was
assessed using the Hosmer-Lemeshow test and Nagelkerke’s R2. A sensitivity analysis was
performed using a parsimonious model (including only age, sex, diabetes and groups). The stability
of estimates was evaluated by comparing odds ratios (OR) and confidence intervals (CI) between
models. PVW was treated as a continuous variable (per 1m/s increase) and as a categorical variable
dichotomized at 9.85m/s (the median value of the cohort). Sensitivity analyses were conducted to
ensure the model's robustness.

3. Results

3.1. Baseline Characteristics

173 patients were analysed in this follow-up cohort. The mean baseline age was 58.6+ 14.8 years;
48.6% were male, and 16.2% had diabetes mellitus. The median dialysis vintage was 42.9 months
(IQR 17.6-89.3). The median levels of Gal-3 and NT-proBNP were 28.1 (ng/mL, IQR: 18.7-40.4ng/mL)
and 4234 pg/mL (IQR: 1826.5-11.581pg/mL), respectively. The patients were divided into four groups
based on median Gal-3 and NT-proBNP levels:

e Group 1: low Gal-3 / low NT-proBNP (n = 44)
*  Group 2: high Gal-3 / low NT-proBNP (n = 43)
e Group 3: low Gal-3 / high NT-proBNP (n =43)
¢ Group 4: high Gal-3 / high NT-proBNP (n = 43)
Baseline demographic, clinical, biological and vascular characteristics of the entire population
are presented in Table 1.
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Table 1. Baseline characteristics, PAD: peripheral arterial disease, PVW: pulse wave velocity.

All Groupl  Group2  Group3  Group 4 P*
(N=44) (N=43)

(N=173) (N=43) (N=43)
Age, years 58.6£14.8  59.0¢13.9 55.8+16.7 57.7x14.0 61.8+142  0.29
Male, n (%) 84 (48.6)  22(50.0) 26(60.5) 15(349) 21(48.8)  0.13
Dialysis vintage, 42.9 28.1 36.2 553 48.1 0.17
months
(17.6-89.3) (13.9-70.4)  (16.6- (20.9-  (20.5-80.9)
114.6) 102.2)

Anuric, n (%) 91(52.6) 20(45.5) 24(55.8) 23(53.5) 24(558) 0.74

Hypertension, n (%) 140(80.9) 35(79.5) 34(79.1) 37(86.0) 34(79.1) 083

Diabetes, % 29(168) 10227 5116 7(163)  7(163)  0.60

PAD, n (%) 23(133)  7(159  5(1L6)  6(140)  5(1L.6) 096

PVW (m/s) 085(7.6- 949(84- 9.78(8  9.95(83- 102186 0.793
11.4) 11.5) 10.7) 11.6) 11.9)

3.2. Primary Outcome — All-Cause Mortality

Over a median follow-up of more than 10 years, 76.9% of patients died. Among patients with
known causes of death, 21.1% died from cardiovascular causes, 21.1% from sepsis, and 22.6% from
other causes (pulmonary embolism, terminal illness, or intracerebral hemorrhage). Sudden death
occurred in 31,6% of all recorded deaths, according to the electronic dialysis database. The cause of
death remained undetermined in four patients.

Kaplan-Meier survival analysis for all-cause mortality showed significant differences among the
four groups (Log-rank x2 =10.6, p = 0.014). Median survival progressively decreased from Group 1
(10 years) to Group four (five years). Patients with high levels of NT-proBNP (groups three and four)
demonstrated the poorest survival rate compared to those with low levels of NT-proBNP (groups
one and two). Group 4 had the shortest median survival time (5 years, 95% CL, 2-10), followed by
group 3 (6 years, 95% CI, 9-13). The survival curves diverged early during follow-up, with the greatest
separation observed after 5 years (Figure 1).

In the unadjusted Cox Regression model, group one was used as the reference category.
Compared with group one, patients in groups three and four had a higher risk of all-cause mortality
(HR =1.95, 95% CI 1.20-3.16, p = 0.007; and HR = 1.70, 95% CI 1.04-2.76, p = 0.034, respectively).
Group two did not differ as much from the reference group (HR =1.07, 95% CI 0.65-1.78, p = 0.79).
These results suggest that a profile characterized by high NT-proBNP levels, alone or in combination
with high Gal-3 levels, is associated with increased long-term mortality in hemodialysis patients
(Table 2).
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Figure 1. Kaplan-Meier survival analysis — All-cause mortality.
Table 2. HR derived from Cox proportional hazards regression.

Variable Hazard Ratio 95%Cl p-value

Group 2vs. 1 1.071 0.645-1.777 0.791

Group 3vs. 1 1.946 1.198-3.163 0.007

Group4vs. 1 1.696 1.041-2.761 0.034

Next, a multivariable Cox proportional hazards model was performed to identify independent
predictors of all-cause mortality. The model was adjusted for age, sex, presence of diabetes mellitus,
arterial hypertension, peripheral artery disease, pulse wave velocity and dialysis vintage (months).
After adjustment, both Group 3 and Group 4 remained independently associated with mortality (HR
2.58 [1.54—4.32], p <0.001; HR 1.93 [1.17-3.20], p = 0.011). Group 2 did not differ significantly from the
reference.

Among the covariates, both age and PVW were independently associated with higher mortality
risk. Each one-year increase in age was associated with a 4% higher risk of death (HR 1.04 [95% CI
1.03-1.06], p < 0.001). On the other hand, each 1m/s increase in PVW corresponded to a 6% increase
in mortality risk (HR 1.06 [95% CI 1.01-1.11], p = 0.019). Arterial hypertension showed a borderline
protective effect (HR 0.63 [95% CI 0.40-1.00], p = 0.05). The other covariates (diabetes mellitus,
peripheral artery disease, sex and dialysis vintage) were not associated with an increase in mortality
after adjustment (Table 3).
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Table 3. Multivariable Cox regression for all-cause mortality.

Variable HR 95% ClI p-value
Group 2vs. 1 1.49 0.88-2.51 0.14
Group 3vs. 1 2.58 1.54-4.32 0.001
Group 4vs. 1 1.93 1.17-3.20 0.009
Diabetes mellitus 1.26 0.78-2.04 0.34
Arterial 0.63 0.40-1.00 0.05
hypertension

PAD 1.08 0.64-1.80 0.78
Sex 0.97 0.67-1.39 0.85
Age (per year) 1.04 1.03-1.06 <0.001
PVW (per 1m/s) 1.06 1.01-1.11 0.02
Dialysis vintage 1.00 0.99-1.00 0.20

(months)

3.2.1. Sensitivity Analysis

Proportionality of hazards were verified using scaled Schoenfeld residuals. The global test
revealed a mild departure from proportionality (x?=19.37, df =10, p = 0.036), primarily driven by the
variables age (p = 0.006) and group (p = 0.029). All other covariates met the proportional hazards
assumption (P>0.05). The overall pattern of residuals did not indicate major time-dependent effects,
and the assumption of proportional hazards was considered reasonably met.

3.3. Secondary Outcome — MACE

For MACE analysis, data were available for 127 patients after excluding those with sudden or
undetermined death. During follow-up, 34 MACE events (26.8%) were recorded: 79.4%
cardiovascular deaths, 14.7% non-fatal myocardial infarctions, and 5.9% non-fatal strokes. In the
unadjusted logistic regression model excluding patients with sudden death, no statistically
significant differences in MACE risk were observed across the predefined groups (p=0.71). Compared
to group 1, the odds ratios for MACE were 0.70 (95% CI 0.23-2.10, p = 0.53) for Group 2, 0.53 (95% CI
0.16-1.72, p = 0.28) for Group 3, and 0.88 (95% CI 0.30-2.58, p=0.8). Model fit indices indicated no
improvement in predictive power compared to the null model (Ax2 =1.37, p =0.71; Nagelkerke R? =
0.016).

To test the robustness of our findings, we repeated the multivariate logistic regression including
patients who experienced sudden death and in patients for whom we did not know the cause of death
(n=173). The results remained directionally consistent with the primary model, although none of the
predictors reached statistical significance (global model p = 0.42, Nagelkerke R? = 0.09). Peripheral
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artery disease and diabetes remained positively associated with MACE risk, whereas PWV and
biomarker-defined groups showed no significant association.

After adjusting for demographic, vascular, and dialysis-related factors, peripheral artery disease
emerged as the leading independent predictor of MACE, with patients showing a 5.5-fold higher risk
compared to those without PAD. Diabetes showed a borderline significant trend. No independent
association was found for the biomarker-defined groups or PVW (Table 4).

Table 4. Multivariate logistic regression for MACE.

Variable Odds Ratio (OR) 95% CI p-value
Group 2 0.65 0.20-2.10 0.484
Group 3 0.37 0.09-1.48 0.166
Group 4 0.78 0.27-2.23 0.661
PAD 5.57 1.28-24.2 0.023
Diabetes 4.10 0.95-17.8 0.064
Arterial hypertension 0.44 0.15-1.32 0.163
sex 1.85 0.70-4.88 0.195
Age 1.09 0.93-1.28 0.273
Dialysis vintage 0.99 0.97-1.02 0.243
PWV (continuous) 1.09 0.95-1.25 0.227

3.4. Exploratory Outcomes

A semi-parametric Cox proportional hazards model including group, PWV, and their interaction
was fitted to assess the differential impact of arterial stiffness across biomarker-defined subgroups.
The analysis included 170 patients and 130 events. Model comparison showed a slight improvement
in fit (AIC = 1179.18 vs. 1179.80). The global proportional hazards test revealed mild deviation (x2 =
19.37, df =10, p = 0.036), but the model was considered acceptable.

In the multivariate Cox model including the defined groups and PVW and their interaction,
results indicated that a PVW > 9.85 m/s was independently associated with all-cause mortality (HR
3.1, 95% CI 0.2-1.46, p=0.002). A significant interaction between Group 3 and PWV (p = 0.04) was
observed, suggesting that the effect of arterial stiffness on mortality differed across biomarker-
defined groups. In Group 4 (both biomarkers elevated), mortality was already high irrespective of
arterial stiffness (Table 5).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 5. Cox regression with PVW-Group interaction.

Groups - PWV HR Ci p-value
PWV =9.85m/s 3.10 1.51-6.34 0.002
Group 2 x PWV 0.74 0.26-2.07 0.56
Group 3 x PWV 0.36 0.14-0.95 0.040
Group 4 x PWV 0.55 0.20-1.46 0.23

4. Discussion

In this long-standing study, the biomarker profile that included elevated baseline NT-proBNP
levels were significantly associated with all-cause mortality over a follow-up period exceeding 10
years, irrespective of galectin-3. In addition, arterial stiffness, as reflected by higher PVW, was an
independent predictor of mortality, with its impact particularly pronounced in patients with high
NT-proBNP and low galectin-3 levels. These findings underline the prognostic value of mixing
cardiac and vascular markers in the risk assessment of HD patients.

This study provides one of the most extended follow-up periods reported in a dialysis cohort,
enabling a reliable assessment of long-term outcomes. Patients were categorized using both clinical
and biomarker-based parameters, providing a comprehensive evaluation of cardiovascular and
mortality risk beyond traditional factors. The use of biomarker-defined subgroups (NT-proBNP and
galectin-3) denotes a contemporary approach to catch heterogeneous cardiovascular phenotypes in
hemodialysis.

In our previous 3-year follow-up study, NT-proBNP and galectin-3 were both linked with CV
outcomes in stable, asymptomatic HD patients [7]. The present analysis reinforces the notion that
NT-proBNP remains a robust predictor even after a decade, whereas galectin-3 loses independent
significance over time. This suggests that NT-proBNP may replicate a more stable pathophysiologic
signal, catching both volume and pressure overload, as well as subclinical myocardial strain—
hallmarks of a poor long-term prognosis in ESKD. In contrast, galectin-3 seems more closely
connected to intermediate processes, such as inflammation and fibrosis, which may fluctuate with
dialysis-related or systemic factors [8].

Previous meta-analyses in CKD and HD cohorts have described varying links between galectin-
3 and mortality. Zhang et al. [6] found that elevated galectin-3 was associated with all-cause mortality
in CKD, but its prognostic value in HD remained uncertain. More recent signals, including the meta-
analysis by Bellos et al. [9], have confirmed that galectin-3 levels above 30 ng/mL are associated with
a higher mortality risk. However, this connection was frailer in HD than in pre-dialysis CKD. Our
findings are consistent with these observations and indicate that, within a long-term HD population,
galectin-3 alone may not provide additional predictive value beyond NT-proBNP.

NT-proBNP and galectin-3 reveal different but complementary biological pathways. NT-
proBNP mainly reflects myocardial stretch, cavity pressure, and volume overload, although galectin-
3 is involved in macrophage activation, myocardial fibrosis, and systemic inflammation [10]. In
dialysis patients, chronic exposure to fluid overload, uremic toxins, and repetitive myocardial
ischemia-reperfusion episodes cause both cardiac remodeling and vascular stiffening [11]. Galectin-
3 seems more faithfully linked to intermediate processes, such as inflammation and fibrosis, which
may vary with dialysis-related or systemic aspects. Galectin-3 may be a mediator rather than a
marker of pathology —its elevation may lead to tissue remodeling but not inevitably predict long-
term outcomes once structural cardiac damage is recognized [12]. This hypothesis aligns with
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mechanistic studies showing that galectin-3 inhibition in animal models reduces fibrosis but does not
reverse established structural abnormalities [13].

Arterial stiffness independently predicted mortality and amplified the risk conferred by raised
NT-proBNP. This finding supports the notion that cardiac and vascular dysfunction act
synergistically to influence outcomes in ESKD. Their interface advocates that vascular stiffness may
exacerbate cardiac stress by augmenting afterload, thus supporting a vicious cycle of myocardial
strain and maladaptive remodeling [14].

PWYV has been constantly associated with mortality in HD, but its prognostic integration with
biomarkers continues to be limited [15]. Our results establish that joining PWV with NT-proBNP
recognizes patients at particularly high long-term risk. This tactic could improve risk stratification
outside conventional clinical variables, especially in asymptomatic individuals without overt
cardiovascular disease.

These results have some possible clinical implications. NT-proBNP remains a strong and
inexpensive predictor of long-term outcomes in HD, and its assessment could help identify patients
who might benefit from enhanced cardiovascular surveillance or more stringent volume
management. The additive prognostic role of PWV supports the use of non-invasive vascular
evaluation in HD care. Merging NT-proBNP and PWV may provide a simple, clinically applicable
model for personalized risk stratification. In contrast, the role of galectin-3 as a mediator of
myocardial fibrosis and inflammation warrants further exploration, particularly in combination with
other markers and in relation to temporal changes rather than baseline levels.

Limitations of our study include: the cohort size was modest, and biomarker measurements
were obtained at a single baseline time point. Temporal changes in NT-proBNP, galectin-3, and PWV
were unavailable, limiting the assessment of dynamic risk trajectories. The high proportion of sudden
deaths in our cohort may have led to an underestimation of cardiovascular-specific mortality.
Although the study had an unusually long follow-up and minimal loss to observation, residual
confounding by unmeasured factors cannot be excluded. Finally, the results are derived from a single
geographic region and may not generalize to other populations or dialysis modalities.

5. Conclusions

In summary, this study suggests that NT-proBNP, but not galectin-3, predicts long-term all-
cause mortality in HD patients, while arterial stiffness remains a strong, additive determinant of risk.
The combined assessment of NT-proBNP and PWV identifies patients with the highest mortality
burden, emphasizing the interlinked roles of cardiac stretch and vascular rigidity in the
pathophysiology of cardiovascular mortality in end-stage kidney disease.
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Abbreviations

The following abbreviations are used in this manuscript:

CKD Chronic kidney disease
cv Cardiovascular
Gal-3 Galectin-3
NT- . N .
proBNP N-terminal pro-B-type natriuretic peptide
ESRD End-stage renal disease
PVW Pulse wave velocity
HD hemodialysis
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