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Background: Elderly patients exhibit a higher incidence of chronic heart failure (CHF). Patients with CHF can develop acute kidney injury (AKI) during follow-up, which can result in poor prognosis. This relationship between kidney dysfunction and levels of N-terminal pro-brain natriuretic peptides (NT-proBNP), with regard to prognosis, is complicated and has rarely been analyzed in elderly patients with CHF.

Method: We conducted a retrospective cohort study involving patients with a CHF history aged ≥ 65 years, who experienced an episode of AKI. Kaplan–Meier curves and Cox or logistic proportional hazards regression models were used to evaluate the association between serum NT-proBNP concentrations and mortality or renal recovery by day 90.

Results: A total of 1,160 eligible patients with AKI were available for the study. Of this sample, 41.5% of patients died within 90 days of the onset of AKI. Patients with a decreased change in NT-proBNP accompanying the episode of AKI had a lower risk (adjusted OR = 0.56, 95% CI = 0.34−0.91) of more severe AKI (stage 2 and 3 vs. stage 1). The more severe AKI were associated with higher mortality and non-recovery of renal function in elderly patients with CHF, independent of NT-proBNP levels. Elevated levels of baseline lnNT-proBNP (adjusted HR = 1.27, 95% CI = 1.17−1.38) predicted mortality in elderly patients with CHF within 90 days of AKI onset. Patients with a decrease in NT-proBNP accompanying AKI had a lower risk of mortality (adjusted HR = 0.62, 95% CI = 0.48−0.79). However, a decrease in NT-proBNP is a risk factor (adjusted OR = 1.59, 95% CI = 1.02−2.48) for the non-recovery of renal function following AKI–especially in elderly survivors with low baseline NT-proBNP levels.

Conclusion: A decreased change in NT-proBNP maybe protective for elderly patients with CHF by improving survival outcomes and preventing severe AKI. However, an excessive decrease in NT-proBNP is a risk factor for the non-recovery of renal function following AKI. Avoiding excessive changes in NT-proBNP may be protective for survival and renal injury prognosis.
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1. Introduction

The prevalence of chronic heart failure (CHF) is high and increasing in aging populations worldwide. The higher incidence of CHF in elderly persons can be attributed to aging and the high frequency of comorbidities, particularly coronary heart disease and hypertension. CHF with preserved ejection fraction is particularly prevalent in geriatric patients. The aging-related changes in the diastolic properties of the myocardium predispose older adults to develop CHF with preserved ejection fraction and atrial fibrillation (1). Elderly patients with heart failure (HF) experience high mortality rates. Compared to younger patients, elderly patients with HF are characterized by more severe clinical conditions, an increased proportion of non-cardiovascular death, and poorer prognoses (2). Considering the high incidence of CHF and poor CHF prognoses in the elderly, more CHF-related studies focusing on this vulnerable patient group are necessary.

B-type natriuretic peptide (BNP) and the precursor of BNP, N-terminal pro-brain natriuretic peptide (NT-proBNP), are produced mainly by cardiomyocytes in response to stretch from volume overload and myocardial ischemia. Circulating natriuretic peptides are widely used biomarkers that are indicative of HF and volume overload. In elderly patients with heart disease, elevated NT-proBNP levels are associated with a greater risk of cardiovascular mortality (3). In elderly patients with CHF, diuretics are frequently utilized as decongestion treatment, which accompanies a decrease in BNP level (4).

Patients with CHF are often characterized by impaired renal function, also referred to as cardiorenal syndrome (CRS). Cardiorenal syndrome is prevalent in the elderly, and a dynamic interplay between the heart and kidneys exists (5). Patients with CHF can develop chronic renal dysfunction or acute kidney injury (AKI) during follow-up. In elderly patients with CHF, pre-renal AKI is frequent due to decreased renal perfusion caused by HF or depletion of effective circulating volume. Elderly patients are more prone to the development of volume depletion because of their restricted ability to access fluids and the frequent use of diuretics (6). AKI is associated with an increased mortality risk that is proportional to the severity of the AKI (7). Furthermore, many patients cannot recover from AKI and thus, progress to more severe stages of chronic kidney disease (CKD) (8). Renal injury is associated with a higher risk of adverse outcomes and is also a predictor of all-cause mortality and rehospitalization in HF (9). However, recent findings indicate that improving renal function is paradoxically associated with worse outcomes in acute HF, but outcomes may differ based on the response to decongestion (decreased change in NT-proBNP) (4).

Since most of the randomized clinical trials for CHF and AKI were designed to exclude elderly patients, only limited data on elderly patients with cardiorenal syndrome are available. In the current analysis, we conducted a retrospective observational study to investigate the relationships between change in NT-proBNP, renal function and adverse outcomes in elderly patients with AKI in CHF.



2. Materials and methods


2.1. Study design and cohort formation

We conducted a retrospective cohort study at the Second Medical Center (Geriatric Department) of the Chinese PLA General Hospital to assess AKI outcomes in older patients with CHF. Patients 65 years of age or older, with a history of CHF with preserved and mildly reduced ejection fraction [left ventricular ejection fraction (LVEF) > 40%], were enrolled if they experienced an episode of AKI between 1 January 2008 and 31 December 2018. Patients with end-stage renal disease (eGFR < 15 mL/min/1.73 m2) or incomplete medical histories were excluded from the study. Patients were also excluded if they lacked serum creatinine (SCr) or NT-proBNP data, either at baseline or at AKI onset. We followed all patients for 90 days after the initial AKI episode, to determine clinical outcomes relating to mortality and renal function.

This study was conducted in accordance with the Declaration of Helsinki and was approved by the ethics committee of the Chinese People’s Liberation Army General Hospital (S2022-342-01), and the requirement for informed consent was waived.



2.2. Clinical definitions and outcomes

The ICD10 codes I50.22 and I50.32 were used to retrieve data on patients with CHF history. The diagnosis of CHF was based on clinical findings, symptoms, abnormal electrocardiogram, elevation of brain natriuretic peptide level (NT-proBNP > 125 pg/mL), and structural cardiac abnormalities identified on echocardiography according to 2021 ESC guidelines (10). To select patients who experienced an episode of AKI, AKI was defined and classified based on the KDIGO (Kidney Disease Improving Global Outcomes) criteria, using SCr and urine output criteria (11). AKI is defined as any of the following: increase in SCr by ≥0.3 mg/dl (≥26.5 μmol/l) within 48 h; or increase in SCr to ≥1.5 times baseline, which is known or presumed to have occurred within the prior 7 days; or urine volume < 0.5 ml/kg/h for 6 h. AKI was classified into three stages for severity. Baseline SCr values were obtained in a stable state within 3 months of AKI onset. The estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 2009 equation. AKI at stage 2 or 3 was defined as more severe AKI. All patients were followed up for 90 days after the initial AKI diagnosis, to assess primary outcomes and all-cause 90-day mortality.

The secondary outcome of the study was non-recovery from AKI, defined as the last available SCr measurement (during the follow-up of 90 days) where SCr remained at more than 150% of the baseline value (thus still meeting the criteria for AKI).



2.3. Data collection

All data were obtained from hospital electronic health records. Demographic characteristics (age and sex), medical history [including LVEF value, the use of medication (ACEI or ARB, beta-blockers, aldosterone antagonist, loop diuretics), hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, prior myocardial infarction, atrial fibrillation, chronic obstructive pulmonary disease (COPD), and malignant tumors], accompanying conditions (proteinuria, extremity edema, infection, and blood pressure), and laboratory test results [including plasma SCr, NT-proBNP, hemoglobin, cardiac troponin I (cTnI), glucose, potassium, calcium, and phosphorus] were recorded. SCr levels were routinely measured in our clinical laboratory, using the Cobas c 501 analyzer (Roche Diagnostics). The serum NT-proBNP concentration was measured using Dimension EXL with an LM Integrated Chemistry System (Siemens). Within 3 months before AKI onset, the NT-proBNP level at baseline (NT-proBNP at baseline) was measured together with the baseline SCr value in a stable state. The NT-proBNP at AKI diagnosis (NT-proBNP at AKI) was measured together with the increased SCr value, which contributed to the diagnosis of AKI. The change in NT-proBNP (continuous) accompanying the episode of AKI was expressed as the ratio of NT-proBNP at AKI to NT-proBNP at baseline. The change in NT-proBNP was also analyzed as a binary variable. A decreased change in NT-proBNP was defined by the ratio of NT-proBNP at AKI to NT-proBNP at baseline < 1.



2.4. Statistical analysis

Continuous variables were presented as mean ± standard deviation for normally distributed data or median [25−75% interquartile ranges (IQR)] for non-normal distributions. Discrete variables were presented as percentages. Patient characteristics were compared by the Student’s t-test, the Mann–Whitney U test (continuous variables), or Pearson’s χ2 test (categorical variables). NT-proBNP concentrations were log-transformed to reduce skew, modeled as continuous variables, and divided into quartiles. Kaplan–Meier, log rank, and univariate and multivariate Cox regression analyses were used for the outcomes of 90-day mortality. Univariate and multivariate logistic regression models were used to evaluate the associations between NT-proBNP concentrations and the severity of AKI and the 90-day renal recovery. Multivariable models were constructed including NT-proBNP levels, severe AKI and confounding factors that were significantly associated with outcomes in the univariate analyses (P < 0.05). Interaction testing was performed between the direction of change in NT-proBNP, before and after AKI, and the quartiles of baseline NT-proBNP levels, with renal outcomes. The association between the change in NT-proBNP levels and non-recovery from AKI was further examined within different quartiles of baseline NT-proBNP levels. P-values of < 0.05 were considered statistically significant for all analyses, including interaction terms.




3. Results


3.1. Clinical characteristics and survival outcomes of patients

A total of 1,160 eligible patients with CHF and AKI were enrolled and assessed in this study. Clinical characteristics and survival outcomes of the enrolled geriatric patients are shown in Table 1. A total of 482 patients (41.5%) died within 90 days of the onset of AKI. The age of non-survivors was higher than that of the survivors. Substantially elevated NT-proBNP levels (at baseline and at AKI diagnosis) and greater changes in NT-proBNP levels (ratio of NT-proBNP at AKI/NT-proBNP at baseline) were found in the non-survivors. Stage 1 AKI occurred in 746 patients (64.3%), stage 2 in 245 patients (21.1%), and stage 3 in 169 patients (14.6%). In the non-surviving group, the percentage of patients with more severe AKI was higher than that in the surviving group (stage 3, 28.4 vs. 4.7% and stage 2, 25.7 vs. 17.8%, respectively). Moreover, non-survivors experienced a higher incidence of comorbidities including prior myocardial infarction, atrial fibrillation, COPD, and malignant tumors, as well as abnormal conditions including lower LVEF, proteinuria, extremity edema, infection, higher blood glucose, electrolyte disturbance, lower blood pressure, lower hemoglobin and higher cTnI. Additionally, survivors were more often treated with angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs), and non-survivors were more often treated with loop diuretics.


TABLE 1    Patient characteristics between elderly survivors and non-survivors.
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3.2. AKI stages and NT-proBNP

As shown in Supplementary Table 1, a higher baseline NT-proBNP level is a protective factor [adjusted odds ratio (OR) = 0.78 95% CI = 0.68−0.89] against more severe stage AKI. Patients with the highest quartile of baseline NT-proBNP (Q4: NT-proBNP > 3,729 vs. Q1: NT-proBNP ≤ 480) had a lower incidence of more severe AKI. However, patients with greater changes in NT-proBNP represented as the ratio of NT-proBNP at AKI/NT-proBNP at baseline, had a significantly higher incidence of more severe AKI. Patients with a decreased change in NT-proBNP accompanying the episode of AKI had a lower risk (adjusted OR = 0.56, 95% CI = 0.34−0.91) of severe AKI.

Severe AKI may result from several associated risk factors. Supplementary Table 2 shows that infection, higher fasting blood glucose, elevated phosphorus, lower hemoglobin, use of loop diuretics and non-use of ACEI/ARB were risk factors for more severe AKI. A lower level of baseline NT-proBNP and an increased change in NT-proBNP at AKI were associated with a severe AKI episode.



3.3. Survival analysis and hazard ratio for 90-day mortality based on NT-proBNP or AKI stages

Kaplan–Meier curves for 90-day mortality showed that patients with higher NT-proBNP levels at baseline (log rank, P < 0.001; Figure 1A) had higher mortality concerning the four quartiles of NT-proBNP levels. Patients with a decreased change in NT-proBNP had significantly higher survival rates (Figure 1B). With regard to AKI stages, the 90-day survival rate ranged from 70.4% in those with stage 1 to 49.4% and 18.9% in those with stage 2 and 3 AKI, respectively. Kaplan–Meier curves (Figure 1C) showed significantly increased mortality in stage 2 (log rank P < 0.001) and stage 3 (log rank P < 0.001) compared to stage 1.
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FIGURE 1
Patient survival on day 90 with respect to the NT-proBNP levels or AKI stages. (A) Kaplan–Meier curves for 90-day mortality with respect to the four quartiles of baseline NT-proBNP levels at baseline. (B) Kaplan–Meier curves for 90-day mortality with respect to the direction of change in NT-proBNP levels accompanied by an episode of AKI. (C) Kaplan–Meier curves for 90-day mortality with respect to the AKI stages.


The Cox proportional hazard analyses (Table 2) showed that baseline lnNT-proBNP was associated with mortality in the unadjusted and adjusted models [adjusted hazard ratio (HR) = 1.27, 95% CI = 1.27−1.38]. A significant association between the direction of change in NT-proBNP levels and mortality was found. Patients with a decrease in NT-proBNP at the time of AKI diagnosis had a lower risk of mortality (adjusted HR = 0.62, 95% CI = 0.48−0.79). However, the continuous change in NT-proBNP, expressed by the ratio of NT-proBNP at AKI to NT-proBNP at baseline, was not significantly associated with mortality. Compared with those with stage 1 AKI, patients with more severe AKI had higher unadjusted and adjusted HR (1.52, 95% CI = 1.20–1.93) for 90-day mortality. Factors considered for the adjustments in Cox proportional hazard analyses for mortality are listed in Supplementary Table 3. In multivariable model, Lower LVEF, non-use of ACEI/ARB, malignant tumors, infection, higher blood glucose, higher phosphorus lower hemoglobin level, higher cTnI and lower systolic pressure were significantly associated with 90-day mortality.


TABLE 2    Univariable and multivariable Cox regression analysis for 90-day mortality by AKI stages and NT-proBNP levels.
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3.4. Renal recovery and NT-proBNP

Renal outcomes were evaluated in 678 survivors on day 90 after the episode of AKI. The renal function of 122 (18%) survivors did not recover from AKI. Significant variables (baseline eGFR, loop diuretics, atrial fibrillation, malignant tumor, proteinuria, glucose, calcium, and hemoglobin) from univariate logistic regression analyses and retained adjustors (NT-proBNP levels and AKI stages) were analyzed in multivariate models (Supplementary Table 4) as covariates. As shown in Table 3, the baseline NT-proBNP level was not associated with non-recovery in the unadjusted and adjusted logistic regression models. However, the decreased change in NT-proBNP level was shown to be a risk factor (adjusted OR = 1.59, 95% CI = 1.02−2.48) in the non-recovery of renal function. Patients with more severe AKI were associated with the non-recovery of renal function.


TABLE 3    Univariable and multivariable logistic regression analysis for 90-day renal non-recovery by AKI stages and NT-proBNP levels.
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Interaction testing between the baseline NT-proBNP and the ratio of NT-proBNP at AKI to NT-proBNP at baseline for non-recovery of renal function was not statistically significant. However, interaction testing was significant (adjusted P = 0.026) for the interaction between the direction of change in NT-proBNP and the quartiles of baseline NT-proBNP levels. In the lowest quartile of baseline NT-proBNP (Q1, NT-proBNP ≤ 480), patients with decongestion accompanied by an episode of AKI had significantly worse renal outcomes (Table 4). Meanwhile, among patients with higher NT-proBNP levels at baseline (from Q2 to Q4), a decreased change in NT-proBNP levels did not significantly affect renal outcomes.


TABLE 4    Odds ratios for 90-day renal non-recovery associated with decreased change in NT-proBNP within quartiles of baseline NT-proBNP levels.
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4. Discussion

Chronic heart failure is a common disease in the elderly, with the prognosis worsening with age (12). Chronic and acute renal insufficiency are highly prevalent in patients with CHF and associated with poor outcomes (13). According to previous studies (14, 15), the prevalence of heart failure with preserved ejection fraction (HFpEF) or mildly reduced ejection fraction (HFmrEF) increases sharply with age. Therefore, elderly patients with a history of HFmrEF or HFpEF (LVEF > 40) were included in this study.

Elderly patients are often frail and have multiple comorbidities (such as hypertension and coronary heart disease), which could contribute to the decline in heart and renal function, leading to the deterioration of systemic functions and worse outcomes (16). Elderly patients with HFmrEF or HFpEF had more comorbidities and died more often from non-cardiovascular causes, compared to those with heart failure with reduced ejection fraction (HFrEF) (15, 17). Infection, malignant tumors and lower systolic pressure were significantly associated with 90-day mortality in patients with AKI in CHF according to this study.

Elderly patients have the highest prevalence of HF, and a positive correlation between natriuretic peptides and age has been found (18). Natriuretic peptides are released from the heart, in response to wall stretch induced by volume or pressure overload. BNP and NT-proBNP correlate with markers of cardiac dysfunction and volume overload and are clinically used as valuable diagnostic and prognostic markers of HF (19). Due to the longer half-life of NT-proBNP compared to that of BNP (120 vs. 22 min), NT-proBNP is more stable in reflecting changes in hemodynamics. Natriuretic peptides are predictors of all-cause mortality in patients with HF, as previously reported (20). NT-proBNP-guided decongestive treatment has been suggested in patients with CHF (21). According to our study, both high levels of baseline NT-proBNP and an increased change in NT-proBNP at follow-up were associated with a higher risk of all-cause mortality. A decreased change in NT-proBNP, accompanying the episode of AKI was considered protective for survival in elderly patients with CHF.

Cardiorenal syndrome is a common clinical condition in the elderly. Cardiorenal syndrome occurs when dysfunction of either the heart or kidneys progresses to the other organ, leading to both cardiac and renal failure. Patients with CHF can develop AKI during follow-up (13). Pre-renal AKI is prevalent in patients with HF due to decreased renal perfusion from any cause, such as HF or depletion of effective circulating volume (6). Natriuretic peptides are important biomarkers of cardiorenal syndrome and play essential roles in its progression (22). Elevated NT-proBNP/BNP ratios were found to predict worsening renal function in patients with acute HF (23). Many mechanisms have been proposed to explain the decline in renal function in patients with HF, including low cardiac output and renal congestion due to volume overload (24). Elevated NT-proBNP was a significant independent predictor for the accelerated progression of renal dysfunction to end-stage kidney disease, after adjustment for other variables was made (25). In our study, an increased change in NT-proBNP, rather than a high baseline level of NT-proBNP, was found to be associated with more severe AKI. Thus, continuous monitoring of NT-proBNP is recommended in patients with CHF.

The role of kidney dysfunction in mortality has been frequently observed in patients with HF, especially acute decompensated HF. Improving renal function was previously reported to be paradoxically associated with worse outcomes in acute HF, but outcomes may differ based on the response to decongestion (decrease in NT-proBNP) (4). The relationship of kidney dysfunction with mortality in acute HF was not independent on the congestion status and differed by BNP trajectory. Worsening renal function accompanied by decongestion is not associated with worse outcomes, whereas patients with worsening renal function and residual congestion have a particularly poor prognosis (26, 27). However, few studies have examined the interesting relationship between changes in NT-proBNP and kidney dysfunction in patients with CHF. In this study, 41.5% of elderly patients died within 90 days of AKI onset. The more severe stages of AKI were shown to predict mortality and renal outcomes in elderly patients with CHF–independent of NT-proBNP levels. The decline of renal function should be avoided in patients with CHF.

In this study, 18% of survivors did not fully recover from AKI. Compared with non-elderly patients, impaired recovery of kidney function after AKI is more common in elderly patients (28). Non-recovery from AKI in elderly patients leaves this population at a higher risk of long-term morbidity and mortality (29). Therefore, avoiding AKI episodes and facilitating prompt prophylactic strategies in the elderly is vital to improve prognosis. A decreased change in NT-proBNP during AKI was shown to be a risk factor for the non-recovery of renal function–an effect that was most obvious in patients with low baseline NT-proBNP levels. In addition to HF, volume depletion (as indicated by decreased serum NT-proBNP levels) is another important cause of pre-renal AKI in the elderly. Fluid removal has been observed to increase the risk of worsening renal function in patients with acute HF (30). Elderly patients are more prone to dehydration, owing to impaired renal concentrating ability, diuretic use, and restricted ability to access fluids (6). According to our study, a decrease in NT-proBNP was found to prevent severe AKI in patients with CHF. However, a decrease in NT-proBNP and the use of loop diuretics predicted a higher risk of non-recovery of renal function in patients with AKI in CHF–especially in patients with low baseline NT-proBNP levels. Thus, excessive fluid removal may result in the non-recovery of the kidneys. Continuous monitoring of NT-proBNP is recommended in elderly patients with CHF. Avoiding excessive changes in NT-proBNP may be protective for the survival and renal injury prognosis.

There were several limitations of our study. This was a retrospective study in a single center that was restricted to a former member of the armed forces. Identified or unidentified confounders may have influenced the result. We lacked adequate data on the history of CHF (detailed echocardiogram indicators and vascular calcification) and the etiology of HF was difficult to precisely determine. We also lacked detailed data at AKI onset. In addition to BNP and extremity edema, lung congestion, liver congestion, and other indicators of volume and congestion status were unavailable and not included in our analyses. The causes of AKI and mortality in elderly patients with CHF are diverse and may have influenced the result. Subgroup analysis based on different causes is further required.

In conclusion, a decreased change in NT-proBNP was associated with a lower risk of more severe AKI in elderly patients with CHF. Elevated levels of baseline NT-proBNP and increased change in NT-proBNP accompanying the episode of AKI predicted a higher 90-day mortality in elderly patients with a CHF history. However, an excessive decrease in NT-proBNP is a risk factor for the non-recovery of renal function following AKI–especially in elderly CHF patients with low baseline NT-proBNP levels. Continuous monitoring of NT-proBNP is recommended in elderly patients with CHF and avoiding excessive changes in NT-proBNP may be protective for survival and renal injury prognosis.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Chinese People’s Liberation Army General Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

JH and XZ contributed to the data analysis and drafting the manuscript. ZW contributed to the data collection and data analysis. YL, YZ, JZ, XW, HC, GY, and QM contributed to the data collection of the study. QC and QA contributed to the design of the study and data analysis. All authors reviewed the manuscript.



Funding

This work was supported by the grant from the Special Scientific Research Project of Military Healthcare (No. 21BJZ17).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1104787/full#supplementary-material



References

1. Abete P, Testa G, Della-Morte D, Gargiulo G, Galizia G, de Santis D, et al. Treatment for chronic heart failure in the elderly: current practice and problems. Heart Fail Rev. (2012) 18:529–51. doi: 10.1007/s10741-012-9363-6

2. Sato M, Sakata Y, Sato K, Nochioka K, Miura M, Abe R, et al. Clinical characteristics and prognostic factors in elderly patients with chronic heart failure -A report from the CHART-2 study. Int J Cardiol Heart Vasc. (2020) 27:100497. doi: 10.1016/j.ijcha.2020.100497

3. Poortvliet R, de Craen A, Gussekloo J, de Ruijter W. Increase in N-terminal pro-brain natriuretic peptide levels, renal function and cardiac disease in the oldest old. Age Ageing. (2015) 44:841–7. doi: 10.1093/ageing/afv091

4. Wettersten N, Horiuchi Y, Veldhuisen DJ, Ix JH, Mueller C, Filippatos G, et al. Decongestion discriminates risk for one-year mortality in patients with improving renal function in acute heart failure. Eur J Heart Fail. (2021) 23:1122–30. doi: 10.1002/ejhf.2179

5. Gigante A, Liberatori M, Gasperini ML, Sardo L, Di Mario F, Dorelli B, et al. Prevalence and clinical features of patients with the cardiorenal syndrome admitted to an internal medicine ward. Cardiorenal Med. (2014) 4:88–94. doi: 10.1159/000362566

6. Rosner MH. Acute kidney injury in the elderly. Clin Geriatr Med. (2013) 29:565–78. doi: 10.1016/j.cger.2013.05.001

7. Bihorac A, Yavas S, Subbiah S, Hobson CE, Schold JD, Gabrielli A, et al. Long-term risk of mortality and acute kidney injury during hospitalization after major surgery. Ann Surg. (2009) 249:851–8. doi: 10.1097/SLA.0b013e3181a40a0b

8. Forni LG, Darmon M, Ostermann M, Oudemans-van Straaten HM, Pettila V, Prowle JR, et al. Renal recovery after acute kidney injury. Intensive Care Med. (2017) 43:855–66. doi: 10.1007/s00134-017-4809-x

9. Jungbauer CG, Birner C, Jung B, Buchner S, Lubnow M, von Bary C, et al. Kidney injury molecule-1 and N-acetyl-β-D-glucosaminidase in chronic heart failure: possible biomarkers of cardiorenal syndrome. Eur J Heart Fail. (2011) 13:1104–10. doi: 10.1093/eurjhf/hfr102

10. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, et al. 2021 ESC guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J. (2021) 42:3599–726.

11. Global Outcomes [KDIGO] Acute Kidney Injury Work Group. KDIGO clinical practice guideline for acute kidney injury. Kidney Inter Suppl. (2012) 2:19–36.

12. Lainščak M, Milinković I, Polovina M, Crespo-Leiro M, Lund L, Anker S, et al. Sex- and age-related differences in the management and outcomes of chronic heart failure: an analysis of patients from the ESC HFA EORP heart failure long-term registry. Eur J Heart Fail. (2020) 22:92–102. doi: 10.1002/ejhf.1947

13. Ruocco G, Palazzuoli A, Ter Maaten J. The role of the kidney in acute and chronic heart failure. Heart Fail Rev. (2019) 25:107–18. doi: 10.1007/s10741-019-09870-6

14. Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart failure with preserved ejection fraction. Nat Rev Cardiol. (2017) 14:591–602. doi: 10.1038/nrcardio.2017.65

15. Tromp J, Shen L, Jhund P, Anand I, Carson P, Desai A, et al. Age-related characteristics and outcomes of patients with heart failure with preserved ejection fraction. J Am Coll Cardiol. (2019) 74:601–12.

16. Silveira Santos C, Romani R, Benvenutti R, Ribas Zahdi J, Riella M, Mazza do Nascimento M. Acute kidney injury in elderly population: a prospective observational study. Nephron. (2018) 138:104–12.

17. Savarese G, Stolfo D, Sinagra G, Lund LH. Heart failure with mid-range or mildly reduced ejection fraction. Nat Rev Cardiol. (2021) 19:100–16.

18. Alehagen U, Goetze JP, Dahlstrom U. Reference intervals and decision limits for B-type natriuretic peptide (BNP) and its precursor (Nt-proBNP) in the elderly. Clin Chim Acta. (2007) 382:8–14. doi: 10.1016/j.cca.2007.03.005

19. Nalcacioglu H, Ozkaya O, Kafali HC, Tekcan D, Avci B, Baysal K. Is N-terminal pro-brain natriuretic peptide a reliable marker for body fluid status in children with chronic kidney disease? Arch Med Sci. (2020) 16:802–10. doi: 10.5114/aoms.2019.85460

20. Jensen J, Ma LP, Bjurman C, Hammarsten O, Fu ML. Prognostic values of NTpro BNP/BNP ratio in comparison with NTpro BNP or BNP alone in elderly patients with chronic heart failure in a 2-year follow up. Int J Cardiol. (2012) 155:1–5. doi: 10.1016/j.ijcard.2011.01.083

21. Bajaj NS, Patel N, Prabhu SD, Arora G, Wang TJ, Arora P. Effect of NT-proBNP–guided therapy on all-cause mortality in chronic heart failure with reduced ejection fraction. J Am Coll Cardiol. (2018) 71:951–2. doi: 10.1016/j.jacc.2017.11.070

22. Okamoto R, Ali Y, Hashizume R, Suzuki N, Ito M. BNP as a major player in the heart-kidney connection. Int J Mol Sci. (2019) 20:3581. doi: 10.3390/ijms20143581

23. Takahama H, Nishikimi T, Takashio S, Hayashi T, Nagai-Okatani C, Asada T, et al. Change in the NT-proBNP/Mature BNP Molar ratio precedes worsening renal function in patients with acute heart failure: a novel predictor candidate for cardiorenal syndrome. J Am Heart Assoc. (2019) 8:e011468. doi: 10.1161/JAHA.118.011468

24. McCallum W, Tighiouart H, Testani JM, Griffin M, Konstam MA, Udelson JE, et al. Association of volume overload with kidney function outcomes among patients with heart failure with reduced ejection fraction. Kidney Int Rep. (2020) 5:1661–9.

25. Spanaus KS, Kronenberg F, Ritz E, Schlapbach R, Fliser D, Hersberger M, et al. B-type natriuretic peptide concentrations predict the progression of nondiabetic chronic kidney disease: the mild-to-moderate kidney disease study. Clin Chem. (2007) 53:1264–72. doi: 10.1373/clinchem.2006.083170

26. Wettersten N, Horiuchi Y, Veldhuisen DJ, Mueller C, Filippatos G, Nowak R, et al. B-type natriuretic peptide trend predicts clinical significance of worsening renal function in acute heart failure. Eur J Heart Fail. (2019) 21:1553–60.

27. McCallum W, Tighiouart H, Testani JM, Griffin M, Konstam MA, Udelson JE, et al. Acute kidney function declines in the context of decongestion in acute decompensated heart failure. JACC Heart Fail. (2020) 8:537–47.

28. Schmitt R, Coca S, Kanbay M, Tinetti ME, Cantley LG, Parikh CR. Recovery of kidney function after acute kidney injury in the elderly: a systematic review and meta-analysis. Am J Kidney Dis. (2008) 52:262–71.

29. XLuo X, Jiang L, Du B, Wen Y, Wang M, Xi X, et al. A comparison of different diagnostic criteria of acute kidney injury in critically ill patients. Crit Care. (2014) 18:R144.

30. Aronson D, Abassi Z, Allon E, Burger AJ. Fluid loss, venous congestion, and worsening renal function in acute decompensated heart failure. Eur J Heart Fail. (2013) 15:637–43.



OPS/images/fcvm-10-1104787-t001.jpg
Non-survivors (n = 482)

Survivors (n = 678)

Age (years), median (IQR) 91 (87,95) 90 (87,94) 0.044
Male, n (%) 432 (89.6) 595 (87.8) 0.350
Baseline eGFR, (mL/min/1.73 m?), median 67.2 (44.5,82.6) 70.1 (48.3,83.0) 0.196
(IQR)

NT-proBNP paseline (pg/mL), median (IQR) 2122 (790,5830) 907 (361,2512) <0.001
NT-proBNP yaki (pg/mL), median (IQR) 4460 (1731,12173) 1570 (526,4488) <0.001
Ratio of NT-proBNP yaxi/ 1.80 (1.02,3.75) 1.23 (0.88,2.56) <0.001
NT-proBNP ,ipaseline> median (IQR)

AKI stages <0.001
Stage 1 AKL, 1 (%) 221 (45.9) 525 (77.4) -
Stage 2 AKL, 1 (%) 124 (25.7) 121 (17.8) -
Stage 3 AKIL, n (%) 137 (28.4) 32(4.7) -
LVEF, n (%) <0.001
40% < LVEF < 50% 163 (33.8%) 90 (13.3%) -
EF > 50% 319 (66.2%) 588 (86.7%) -
Medications, n (%)

ACEI or ARB 67 (13.9%) 231 (34.1%) <0.001
Beta-blockers 72 (14.9%) 122 (18.0%) 0.169
Aldosterone antagonist 125 (25.9%) 195 (28.8%) 0.288
Loop diuretics 195 (40.5%) 161 (23.7%) <0.001
Comorbidities, n (%)

Hypertension 350 (72.6) 544 (80.2) 0.003
Diabetes mellitus 244 (50.6) 379 (55.9) 0.083
Hyperlipidemia 190 (39.4) 325 (47.9) 0.004
Coronary heart disease 388 (80.5) 581 (85.7) 0.020
Prior myocardial infarction 165 (34.2) 165 (24.3) <0.001
Atrial fibrillation 159 (33.0) 179 (26.4) 0.015
COPD 192 (39.8) 231 (34.1) 0.044
Malignant tumor 229 (52.4) 208 (47.6) <0.001
Information at AKI

Proteinuria, n (%) 288 (59.8) 357 (52.7) 0.017
Extremity edema, 1 (%) 214 (44.4) 204 (30.1) <0.001
Infection® 275'(57.1) 235 (34.7) <0.001
Fasting glucose (mmol/L), median (IQR) 8.54(6.37,11.61) 6.9 (5.56,9.40) <0.001
Potassium (mmol/L), median (IQR) 4.40 (3.91,4.90) 427 (3.90,4.70) 0.002
Calcium (mmol/L), median (IQR) 2.20 (2.04,2.37) 224 (2.132.37) <0.001
Phosphorus (mmol/L), median (IQR) 1.20 (0.90,1.51) 1.10 (0.90,1.30) <0.001
Systolic blood pressure (mmHg), median 111 (100,124) 123 (109,136) <0.001
(IQR)

Diastolic blood pressure (mmHg), median 57 (50,66) 62 (55,70) <0.001
(IQR)

Hemoglobin (g/dL), median (IQR) 95 (82,110) 109 (95,122) <0.001
cTnI (jLg/L), median (IQR) 0.108 (0.04,0.44) 0.04 (0.01,0.11) <0.001

Infection including: respiratory tract infection, gastrointestinal infection, urinary tract infection, skin and soft tissue infection, and fever of unknown origin.
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Unadjusted Unadjusted P Adjusted HR Adjusted P | HR (95% Cl) in | Adjusted P

HR (95% Cl) value (95% Cl) in value? model 2° valueP
model 12
More severe AKI 2.02 (1.62, 2.52) <0.001 2.12 (1.70, 2.66) <0.001 1.52(1.20—1.93) 0.001
In NT-proBNP 4 paseline 1.37 (1.28, 1.46) <0.001 1.46 (1.36, 1.56) <0.001 1.27 (1.17,1.38) <0.001

Change in NT-proBNP

Ratio of NT-proBNP 4 ax1 to 1.008 (1.00,1.02) 0.075 1.01 (1.01,1.02) 0.001 1.01 (1.00,1.02) 0.007
NT-proBNP 4 baseline

Decreased change in 0.55 (0.44,0.70) <0.001 0.49 (0.38,0.61) <0.001 0.62 (0.48—0.79) <0.001
NT-proBNP¢

*Mortality model 1: In NT-proBNP at baseline, change in NT-proBNP, severe AKI.

®Mortality model 2: In NT-proBNP at baseline, change in NT-proBNP, severe AKI, LVEE, Loop diuretics, ACEI/ARB, hypertension, hyperlipidemia, coronary heart disease, prior myocardial
infarction, atrial fibrillation, COPD, malignant tumor, edema, infection, glucose, potassium, calcium, phosphorus, hemoglobin, cTnl, systolic blood pressure and diastolic blood pressure.

“Ratio of NT-proBNP 4iax1/NT-proBNP 4 paseline < 1 compared to ratio of NT-proBNP 4 axt/NT-proBNP 4 paseline = 1.
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Unadjusted Unadjusted P | Adjusted® OR = Adjusted® | Adjusted® OR | Adjusted®

OR (95% ClI) value (95% ClI) in P value (95% ClI) in P value
model 12 model 2°

More severe AKI 1.88 (1.04, 3.43) 0.038 2.12 (1.15, 3.90) 0.016 2.11 (1.09, 4.10) 0.026
In NT-proBNP 4 paseline 1.04 (0.89, 1.21) 0.610 1.03 (0.88, 1.20) 0.714 1.01 (0.84,1.21) 0.921
Change in NT-proBNP
Ratio of NT-proBNP g to 0.90 (0.83, 0.98) 0.010 0.89 (0.81, 0.97) 0.006 0.90 (0.83, 0.98) 0.014
NT'prOBNP at baseline
Decreased change in 1.55 (1.03,2.33) 0.034 1.63 (1.07,2.48) 0.022 1.59 (1.02, 2.48) 0.041
NT-proBNP¢

*Mortality model 1: INNT-proBNP at baseline, change in NT-proBNP, severe AKI
bMorta.lity model 2: INNT-proBNP at baseline, change in NT-proBNP, severe AKI, baseline eGFR, loop diuretics, atrial fibrillation, malignant tumor, proteinuria, glucose, calcium and hemoglobin.
“Ratio of NT-proBNP 4iax1/NT-proBNP 4 paseline < 1 compared to ratio of NT-proBNP 4 axr/NT-proBNP 4t paseline = 1.
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Unadjusted Adjusted?

OR (95% ClI) P value P value for OR (95% ClI) P value P value for
interaction interaction
NT-proBNPgtpaseline
Overall 1.55 (1.03—2.33) 0.034 0.002 1.66 (1.08, 2.56) 0.022 0.026
Q1 < 480 4.72(2.23,9.99) <0.001 3.94(1.67,9.28) <0.002
Q2 (480—1,295) 1.06 (0.46, 2.44) 0.889 1.07 (0.44, 2.58) 0.887
Q3 (1,295—3,729) 1.21 (0.55, 2.67) 0.634 1.21(0.53,2.78) 0.657
Q4 > 3729 0.64 (0.24, 1.74) 0.383 0.83(0.29, 2.40) 0.725

*With adjustment for more severe AKI, baseline eGFR, loop diuretics, proteinuria, and fasting glucose.
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