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ABSTRACT

Background. Cardiorenal syndrome highlights the bidirectional relationship between kidney and heart dysfunction.
N-terminal pro-B-type natriuretic peptide (NT-proBNP), which is the gold standard biomarker in heart failure (HF), may
be an important biomarker for chronic kidney disease (CKD) progression. However, NT-proBNP is negatively related with
estimated glomerular filtration rate (eGFR). In this study, we investigated the association of NT-proBNP, eGFR, and
progression of kidney disease in CKD patients without HF.

Methods. This multicentric retrospective cohort study recruited 23 860 CKD patients without HF, who had at least one
NT-proBNP record from China Renal Data System database. Linear regression model evaluated the relationship between
eGFR and NT-proBNP. Cox regression analysis assessed the association between NT-proBNP and CKD progression.
Sensitivity analysis examined the robustness of the main findings.

Results. This study involved 23860 CKD patients without HF, distributed across different CKD stages: 10526 in stages
G1-2, 4665 in G3a, 3702 in G3b, 2704 in G4, and 2263 in G5. NT-proBNP was negatively correlated with eGFR, particularly in
stages 4-5 CKD. A 15-unit decrease in eGFR was associated with increases in log (NT-proBNP) levels by 1.04-fold,
1.27-fold, 1.29-fold, 1.80-fold, and 3.50-fold for stages 1-2, 33, 3b, 4, and 5, respectively. After excluding patients who
developed CKD progression within 1 year, the Cox regression analysis revealed that the relationship between NT-proBNP
and CKD progression was not significant in stages 4 and 5. However, for stages 1-3, each standard deviation increase in
log (NT-proBNP) was associated with a 26%, 36%, and 28% higher risk of CKD progression, with P interaction <.001. The
hazard ratios were 1.26 (95% confidence intervals (CI), 1.18 to 1.35), 1.36 (95% CI, 1.22 to 1.51), and 1.28 (95% CI, 1.14 to
1.43) for stages 1-2, stage 3a, and stage 3b, respectively.
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Conclusions. Despite its strong inverse association with eGFR, NT-proBNP was positively associated with the risk of
progression of kidney disease in CKD patients with stages 1-3 without HF. Future studies should investigate the
effectiveness of NT-proBNP as a predictive biomarker for the progression of kidney disease across diverse racial groups

and healthcare settings.

Keywords: chronic kidney disease, estimated glomerular filtration rate, heart failure, N-terminal pro-B-type natriuretic

peptide, progression of kidney disease

KEY LEARNING POINTS

What was known:

This study adds:

correlation between the NT-proBNP and eGFR.

tion.

Potential impact:

more pronounced in advanced CKD patients.

for those with no history of heart failure.

e Previous studies have demonstrated that cardiac dysfunction is linked with the decline in kidney function.
e However, there is currently limited research on whether NT-proBNP, a biomarker reflecting cardiac stress and volume over-
load, is associated with the risk of progression of kidney disease in CKD patients without heart failure.

e Compared with individuals with better kidney function, CKD patients with poorer kidney function have a stronger negative
e In patients with stages 1-3 CKD without HF, NT-proBNP was independently positively associated with the risk of CKD pro-

gression, regardless of age, gender, history of hypertension, or any use of antihypertensive drugs.
e In patients with stages 4-5 CKD without HF, elevated NT-proBNP level strongly related with impaired baseline kidney func-

e In CKD patients without HF, plasma NT-proBNP level increases with the worsening of kidney function, and this increase is
e Routine NT-proBNP measurements may be useful to evaluate the risk of CKD progression for stages 1-3 CKD patients, even

e Future studies should investigate the effectiveness of regular monitoring of NT-proBNP to assess the risk of CKD progression
in patients with CKD across diverse racial groups and healthcare settings.

INTRODUCTION

Chronic kidney disease (CKD) is characterized by persistent
reduced glomerular filtration rate or markers of kidney damage
such as elevated proteinuria, abnormal urine sediment, or
radiographic findings [1]. CKD patients face a heightened risk of
progressing to end-stage kidney disease (ESKD) and heart failure
(HF) [2, 3]. Additionally, the concept of cardiorenal syndrome
highlights the bidirectional relationship between kidney and
heart, where each can exacerbate the development of the other
[4-9].

N-terminal pro-B-type natriuretic peptide (NT-proBNP),
which is the gold standard biomarker in the diagnosis and
prognosis of HF, is released by cardiac muscle cells in response
to pressure and volume overload [10, 19]. In CKD patients, the
ability of the kidneys to effectively remove NT-proBNP from
the bloodstream is diminished, leading to an accumulation of
NT-proBNP in the plasma [11]. Furthermore, Bige Ozkan et al.
identified an inverse relationship between kidney function and
NT-proBNP, highlighting variations in this correlation among
CKD patients without cardiovascular disease across different
eGFR categories [12].

Previous studies have reported an association between
elevated NT-proBNP levels and poor long-term renal outcomes
in community populations aged 45-64 years [13], as well as in
patients with diabetes mellitus [14-16], stable ischemic heart
disease [17], and those with restricted estimated glomerular fil-
tration rate (eGFR) levels ranging from 20 to 70 ml/min [18, 19] re-
cruited from cohort studies or clinical trials. However, most par-
ticipants in these studies were not of Asian descent [13, 18, 19],

and many of the studies were limited by small sample sizes [15-
17], or included individuals with preexisting HF [13, 14]. The as-
sociation between NT-proBNP and progression of kidney disease
in CKD patients without HF in different eGFR spectrums remains
uncertain. A large and multicentric cohort study is needed.

Therefore, we aimed to investigate the association of NT-
proBNP, eGFR, and progression of kidney disease in different
eGFR spectrums of CKD patients without HF recruited from
China Renal Data System (CRDS).

MATERIALS AND METHODS
Data source

A multicentric retrospective cohort study was conducted based
on the CRDS, including 23860 CKD patients from 24 clinical
centers, covering the period from January 2000 to August 2023.
The CRDS contains data gathered from inpatients and out-
patients, encompassing details such as patient demographics,
vital signs, medication prescriptions, medical diagnoses, labo-
ratory tests, surgical procedures, and other findings acquired
as part of standard clinical care. The data collected from all
collaborating centers underwent consolidation and refinement
at the National Clinical Research Center for Kidney Disease in
Guangzhou, China. Previous research has validated the accuracy
and comprehensiveness of this database [20-22].

Our study adhered to the Declaration of Helsinki, with ap-
proval number 2021-BC0037 granted by CRDS through the Chi-
nese Office of Human Genetic Resources for Data Preservation
and the Ministry of Science and Technology of China.



Study population

We included CKD patients, both outpatients and inpatients, aged
>18 years, without a history of heart failure, and with at least
one NT-proBNP record in the database. CKD was identified us-
ing the International Classification of Diseases, 10th Revision
(ICD-10) code N18, or based on an eGFR <60 ml/min/1.73 m?, uri-
nary albumin-to-creatinine ratio (UACR) >30 mg/g, sustained for
a minimum of 90 days. HF was defined by ICD-10 code of I50 or
cardiac systolic dysfunction reported by echocardiographic as-
sessment.

Exclusion criteria included: (i) pregnancy at the index date;
(ii) patients lacking serum creatinine (Scr) measurement within
3 months before the index date; (iii) patients who underwent re-
nal replacement therapy (including maintenance dialysis or kid-
ney transplantation) prior to the index date; (iv) patients diag-
nosed with malignant tumors, underwent emergency treatment
(including electric defibrillation, cardiopulmonary resuscitation,
mechanical ventilation, intra-aortic balloon pump, and inten-
sive care unit hospitalization), and surgical operation within
3 months before the index date; and (v) patients who were
followed up for <30 days, or lacked Scr measurements during
follow-up.

Participants were categorized according to eGFR levels (G1-
2, eGFR > 60; G3a, 45 < eGFR < 60; G3b, 30 < eGFR < 45; G4,
15 < eGFR < 30; G5, eGFR <15 ml/min/1.73 m?), in accordance
with the Kidney Disease Improving Global Outcomes (KDIGO)
clinical practice guideline [1].

Exposure and outcome

Blood specimens were collected from patients during their hos-
pitalization or outpatient visit. NT-proBNP levels were measured
using either electrochemiluminescence immunoassay, chemilu-
minescence assay, or immunofluorescence assay method.

The index date was defined as the date of the earliest NT-
proBNP record in the database. Consequently, we organized the
data by the date of the initial NT-proBNP measurement, desig-
nated the earliest date as the index date, and eliminated dupli-
cate records. The endpoint event was progression of kidney dis-
ease, encompassing a composite of either a 50% increase in Scr
or a 40% decrease in eGFR from baseline, initiation of mainte-
nance hemodialysis/peritoneal dialysis, or undergoing a kidney
transplant. The follow-up period commenced on the index date
and extended until the incidence of the defined outcome, the
date of the final record in CRDS, or loss to follow-up (1 August
2023), whichever occurred first.

Covariates

Demographic characteristics, medical history, medication usage,
and laboratory variables were extracted from the CRDS, with de-
mographic information and medical history collected prior to
the index date. Medication information was gathered from a 1-
year observational period prior to the index date and categorized
according to the Anatomical Therapeutic Chemical classifica-
tion system, as stipulated in a previous study [20]. Demographic
characteristics, such as blood pressure, weight, and height, were
obtained from the medical records at each clinical center. Body
mass index (BMI) was calculated as the ratio of weight (kg) to
height (m) squared.

Hypertension (HTN) was defined by ICD-10 code I10. Dia-
betes mellitus (DM) was determined by the ICD-10 code E11
or any use of antidiabetic medications. Cardiovascular disease
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(CVD) included previously diagnosed acute coronary syndrome
(myocardial infarction or unstable angina), stable angina, and
stroke before the index date. Additional comorbidities, including
peripheral vascular disease (PVD), arrhythmia, hyperuricemia,
chronic obstructive pulmonary disease (COPD), pulmonary heart
disease (PHD), valvular heart disease (VHD) (including mitral
valve, tricuspid valve, pulmonary artery valve, or aortic valve
disease) and cardiomyopathy (including dilated cardiomyopa-
thy, hypertrophic cardiomyopathy, and amyloidosis), were con-
firmed using ICD-10 codes. Cardiac systolic or diastolic dysfunc-
tion were determined by echocardiography assessment before
the index date [20].

Laboratory parameters were gathered within the 3 months
preceding the index date. Proteinuria was determined by a pos-
itive urine protein test. UACR was assessed using a morning
urine sample. Charlson Comorbidity Index (CCI) was calculated
by summing the scores assigned to various comorbidities [23].
The eGFR was computed using the CKD Epidemiology Collabo-
ration equation based on Scr measurement [24].

Statistical analysis

All analyses were performed using R v.4.1.1 (R Foundation for
Statistical Computing, Vienna, Austria), a significance level of
P < .05 (two-sided) was considered statistically significant. We
assumed the missing data happened randomly and dealt with
it by multiple imputations. Analysis of variance compared nor-
mally distributed continuous variables, Kruskal-Wallis tested
non-normally distributed continuous variables, and the chi-
square test examined categorical variable distribution across
NT-proBNP quantiles.

NT-proBNP was loge-transformed due to its skewed nature.
Linear regression model was conducted to evaluate the rela-
tionship between eGFR and NT-proBNP. The B coefficients and
their 95% confidence intervals (CIs) were calculated after ad-
justing for reported confounders which may affect NT-proBNP,
including age, gender, systolic blood pressure, diastolic blood
pressure, BMI, HTN, DM, CVD, COPD/PHD, arrhythmia, PVD,
VHD, cardiomyopathy, cardiac diastolic dysfunction, white blood
cell (WBC), proteinuria, low-density lipoprotein (LDL), glycated
hemoglobin (HbAlc), hemoglobin (Hb), uric acid (UA), albumin
(Alb), and CCI.

Cox proportional hazards regression model was used to in-
vestigate the association between NT-proBNP and progression
of kidney disease stratified by CKD stages. Hazard ratios (HR)
with a 95% CI were estimated after adjusting for age, gender,
BMI, systolic blood pressure, diastolic blood pressure, HTN, DM,
CVD, COPD/PHD, arrhythmia, PVD, VHD, cardiomyopathy, car-
diac diastolic dysfunction, use of renin-angiotensin system in-
hibitor (RASI), B-blockers, diuretics, calcium channel blockers
(CCB), statins, insulin, metformin, sulfonylureas, sodium glucose
co-transporter 2 inhibitor (SGLT2i), and dipeptidyl peptidase-4
inhibitor (DPP4i), LDL, CCI, UA, Alb, Hb, HbAlc, WBC, eGFR, pro-
teinuria. The effect modification of eGFR on the relationship be-
tween NT-proBNP and a decline in kidney function was also de-
termined, with interactions considered significant at P < .05.

We conducted a series of sensitivity analyses to assess the
robustness of our main findings. First, we excluded participants
who had endpoint events within 1 year to reduce bias related
to unclear causality. Second, a competing risk model was used
to address potential bias from all-cause mortality by calculat-
ing a sub-distribution HR, where death was treated as a com-
peting endpoint. Third, we excluded individuals with CVD, VHD,
cardiomyopathy, and/or cardiac diastolic dysfunction to remove
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Inpatients and outpatients with chronic kidney disease (CKD)
who was recorded in 1 of the 24 medical centers (n=466,539)

Excluded n=378,518

— —————® 1. aged<l8 years old (n=5,865)

2. lack of NT-proBNP measurements (n=302,673)
3. previous heart failure (n=69.980)

N=88.021

Excluded n=64,161

1. lack of serum creatinine measurements at the index date (n=37,850)
2. pregnancy (n=516)
3. renal replacement therapy before the index date (n=6774)
______ »f 4. malignant tumor, undergone emergency treatment and surgical operation (n=6,998)
5. lack of serum creatine measurements during follow-up,
or follow up duration less than 1 month (n=12,023)
Eligible CKD 1-5 for analysis
(N=23.860)
A 4
Gl-2 G3a G3b G4 G5
(n=10526) (n=4665) (n=3702) (n=2704) (n=2263)

Figure 1: Flow chart of study population. Emergency treatment included electric defibrillation, cardiopulmonary resuscitation, mechanical ventilation, intra-aortic
balloon pump and intensive care unit hospitalization. Participants were grouped based on the levels of eGFR (G1-2, eGFR > 60; G3a, 45 < eGFR < 60; G3b, 30 < eGFR < 45;
G4, 15 < eGFR < 30; G5, eGFR < 15 ml/min/1.73 m?), according to the KDIGO clinical practice guideline.

potential confounders. Fourth, to reduce the bias from single
measurement, we calculated the association between the aver-
age level of NT-proBNP and CKD progression in population who
had at least two measurements of NT-proBNP during the 1-year
follow-up period. Finally, we calculated the E value to mitigate
potential bias arising from unmeasured confounders.

Non-linear associations of NT-proBNP and progression of
kidney disease were examined using restricted cubic spline
(RCS) analysis with four knots (5th, 35th, 65th, 95th percentiles of
NT-proBNP) across eGFR categories. If non-linearity was identi-
fied, threshold effect analysis and a two-segment Cox regression
model using the “segmented” package were applied to calculate
the inflection points.

Additional analysis

Additional analyses were conducted to investigate the associ-
ation between NT-proBNP and progression of kidney disease
stratified by age (>75 vs. <75), gender, history of hypertension,
or use of RASi, B-blocker, diuretics and CCB.

RESULTS
Population characteristics

As illustrated in Fig. 1, this study included 23860 CKD patients,
with varying stages: 10526 in stages G1-2, 4665 in G3a, 3702
in G3b, 2704 in G4, and 2263 in G5. Among all participants,
13392 (56%) were male, and 11612 (48.6%) were diagnosed with

proteinuria. The median age was 66 (53, 77) years, with median
eGFR was 55 (35, 82) ml/min/1.73 m?, median UACR was 466 (66,
1955) mg/g and median level of NT-proBNP was 316 (100, 1331)
pg/ml (Supplemental Table S1). Participants with higher levels
of NT-proBNP were older and had lower eGFR, and higher UACR
values (Table 1).

The relationship between the levels of NT-proBNP and
eGFR

As shown in Table 2, the level of NT-proBNP showed a progres-
sive increase from stage 1-2 to stage 5, with the median of 149
(61, 523), 355 (123, 1276), 541 (189, 2068), 900 (279, 3290), and 1860
(564, 6596) pg/ml in G1-2, G3a, G3b, G4, and G5, respectively.

After multivariable adjustment, NT-proBNP was indepen-
dently negatively correlated with eGFR, which was more pro-
nounced in patients with advanced kidney disease. Each de-
crease of 15 ml/min/1.73 m2in eGFR was associated with a 1.04-,
1.27-,1.29-,1.80-, and 3.50-fold higher level of log (NT-proBNP) in
CKD patients with stages 1-2, 3a, 3b, 4, and 5, respectively.

The predictive role of NT-proBNP for progression of
kidney disease

During a median follow-up duration of 33.5 (13.1, 67.1) months,
a total of 5810 cases of progression of kidney disease were
observed.
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Table 1: Baseline characteristics of participants by quantiles of NT-proBNP level among CKD patients with stages 1-5.

NT-proBNP level

Quantile 1 Quantile 2 Quantile 3 Quantile 4
Characteristics (n = 5965) (n = 5965) (n = 5965) (n = 5965) SMD P value
Demographics
Age, years 56 (44, 68) 67 (54, 77) 71 (58, 80) 71 (58, 80) 0.40 <.001
Male, % 3595 (60) 3242 (54) 3304 (55) 3249 (54) 0.08 <.001
BMI, median (IQR), kg/m? 23.9(21.6,26.5)  23.4(20.9,26.0)  23.1(20.7,25.6)  22.6(20.1,25.2) 0.19 <.001
SBP, median (IQR), mmHg 130 (118, 142) 134 (120, 150) 137 (121, 153) 138 (120, 156) 0.23 <.001
DBP, median (IQR), mmHg 80 (72, 88) 79.0 (70, 87) 79.0 (70, 87) 80.0 (70, 90) 0.07 <.001
Comorbidities, (%)
Hypertension 3040 (51.0) 3532 (59.2) 3708 (62.1) 3512 (58.9) 0.12 <.001
Diabetes mellitus 1777 (29.8) 1899 (31.8) 1813 (30.4) 1752 (29.4) 0.03 .02
Cardiovascular disease 1533 (25.7) 1970 (33.0) 2000 (33.5) 1879 (31.5) 0.09 <.001
PVD 799 (13.4) 857 (14.3) 779 (13.1) 634 (10.6) 0.06 <.001
Arrhythmia 284 (4.8) 468 (7.8) 629 (10.5) 927 (15.5) 0.20 <.001
Hyperuricemia 1465 (24.6) 1478 (24.8) 1450 (24.3) 1362 (22.8) 0.06 .02
COPD/PHD 677 (11.3) 818 (13.7) 786 (13.2) 755 (12.7) 0.04 <.001
VHD 79 (1.3) 136 (2.3) 281 (4.7) 653 (10.9) 0.23 <.001
Cardiomyopathy 9(0.2) 30 (0.5) 70 (1.2) 284 (4.8) 0.17 <.001
Cardiac diastolic dysfunction 604 (10.1) 780 (13.1) 695 (11.7) 483 (8.1) 0.10 <.001
Medication, (%)
Insulin 879 (14.7) 997 (16.7) 990 (16.6) 956 (16.0) 0.03 01
Metformin 566 (9.5) 497 (8.3) 343 (5.8) 257 (4.3) 0.12 <.001
Sulfonylureas 332 (5.6) 328 (5.5) 284 (4.8) 235 (3.9) 0.04 <.001
SGLT?2 inhibitor 17 (0.3) 14 (0.2) 18 (0.3) 11(0.2) 0.01 57
DPP4 inhibitor 142 (2.4) 124 (2.1) 111 (1.9) 79 (1.3) 0.04 <.001
CCB 1367 (22.9) 1722 (28.9) 1821 (30.5) 1824 (30.6) 0.09 <.001
RAASI 1599 (26.8) 1694 (28.4) 1593 (26.7) 1501 (25.2) 0.04 .002
p-blocker 741 (12.4) 995 (16.7) 1171 (19.6) 1440 (24.1) 0.17 <.001
Diuretic 839 (14.1) 1217 (20.4) 1623 (27.2) 2476 (41.5) 0.35 <.001
Statin 1634 (27.4) 1889 (31.7) 1776 (29.8) 1731 (29.0) 0.05 <.001
Laboratory parameters, median (IQR)
NT-proBNP, pg/ml 51(28,72) 173 (128, 233) 600 (428, 876) 3609 (2139, 7741) 1.96 <.001
eGFR, ml/min/1.73 m?2 79 (57, 107) 60 (42, 85) 49 (30, 69) 37 (17, 57) 0.68 <.001
UACR, mg/g 198 (30, 878) 531 (67, 2067) 798 (108, 2693) 1367 (270, 3490) 0.28 <.001
Proteinuria, % 2636 (44.2) 2657 (44.5) 3023 (50.7) 3282 (55.0) 0.16 <.001
Bun, mmol/l 5.6 (4.5,7.2) 6.7 (5.1,9.2) 8.0 (5.7, 12.0) 10.3 (6.8, 16.7) 0.58 <.001
Hemoglobin, g/1 132.0 (119.0, 121.0 (106.0, 112.0 (94.0, 127.0) 104.0 (84.0, 123.0) 0.62 <.001

145.0) 134.0)

Alb, g/l 39.5(35.5,42.8)  37.2(32.3,40.6)  35.4(30.4,39.2)  34.0(29.2,38.0) 0.38 <.001
UA, pmol/1 380 (308, 466) 388 (310, 479) 405 (321, 502) 450 (352, 556) 0.27 <.001
HbA1c, % 6.0 (5.5,7.3) 6.1(5.6,7.5) 6.1(5.6,7.3) 6.1(5.5,7.1) 0.06 <.001
HDL-G, mmol/l 1.09 (0.89,1.34)  1.09 (0.87,1.37)  1.05(0.83,1.31)  1.02 (0.80, 1.29) 0.14 <.001
LDL-C, mmol/l 2.84(2.17,3.59)  2.72(2.05,3.60)  2.54(1.90,3.38)  2.39 (1.77,3.21) 0.19 <.001
TG, mmol/l 1.59(1.09,2.43)  1.49(1.03,2.22)  1.37(0.97,2.00)  1.24(0.89, 1.80) 0.21 <.001
TC, mmol/l 4.71(3.93,5.73)  4.63(3.75,5.76)  4.34(3.52,5.45)  4.12 (3.27,5.17) 0.22 <.001
Serum sodium, mmol/1 140 (138, 142) 140 (137, 142) 140 (137, 142) 139 (136, 142) 0.14 <.001
Serum potassium, mmol/1 4.0(3.7,4.3) 4.0(3.7,4.4) 4.1(3.7,4.5) 4.1(3.7,4.6) 0.09 <.001
WBC, x10°1 7.1(5.7,8.8) 7.1(5.7,9.1) 7.4(5.7,9.8) 7.4 (5.7,10.0) 0.09 <.001
CCI, median (IQR) 4(3,6) 5(3,6) 5 (4, 6) 5 (4, 6) 0.20 <.001

Note: Continuous variables were presented as mean (SD) or median (25th percentile to 75th percentile). Categorical variables were expressed as number (percentage).
The percentages of comorbidities and medication history were be retained one decimal place to better visualize the distribution differences between groups. Abbre-
viations: IQR, interquartile range; SMD, standardized mean difference; SBP, systolic blood pressure; DBP, diastolic blood pressure; Bun, blood urea nitrogen; HbAlc,
glycated hemoglobin; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride.

Cox proportional hazards regression model revealed that NT-
proBNP was positively associated with a heightened risk of pro-
gression of kidney disease among CKD patients with stages 1-5
(HR, 1.37; 95% CI, 1.32, 1.42), with a stronger association among
CKD stages 3a and 3b (3a: HR of 1.42 with 95% CI of 1.31 to 1.54;
3b: HR of 1.43 with 95% CI of 1.31 to 1.55; P for interaction <.001).

We did several sensitivity analyses to examine the stability
of the main results. The E value, ranging from 2.21 to 2.81 in

different CKD stages, suggested that unmeasured confounders
would need an HR of at least 2.21 to change the current conclu-
sion. As shown in Supplemental Tables S2-S7, when applying
the competing risk model, excluding individuals with a history
of specific conditions, such as cardiovascular disease, cardiomy-
opathy, VHD, and cardiac diastolic dysfunction, and exploring
the association between the mean level of NT-proBNP during the
1-year follow-up period and CKD progression, the main findings
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Table 2: Distributions of NT-proBNP and the correlation between eGFR and log (NT-proBNP) in CKD patients across eGFR category.

G1-2 G3a

G3b G4 G5

Distributions of NT-proBNP in CKD patients across eGFR category

NT-proBNP (pg/ml) 149 (61, 523)

355 (123, 1276)

541 (189, 2068) 900 (279, 3290) 1860 (564, 6596)

The correlation between each 15-ml/min/1.73 m? lower eGFR and log (NT-proBNP) in CKD patients across eGFR category.

B coefficients (SE)
exp (B coefficients) (95% CI)
P values

0.040 (0.007)
1.04 (1.03, 1.06)
<.001 001

0.239 (0.073)
1.27 (1.10, 1.46)

0.252 (0.084) 0.586 (0.092)
1.29 (1.09, 1.52) 1.80 (1.50, 2.16)
001 <.001

1.254 (0.160)
3.50 (2.56, 4.80)
<.001

Distributions of NT-proBNP were described by median and interquartile range values; g coefficients were calculated from linear regression model after adjusting for
confounders as described in methods; exp (8 coefficients) was calculated as exponentiated (8 coefficients).

Table 3: Association of log (NT-proBNP) and progression of kidney disease among stage 1-5 CKD patients across eGFR category.

Total population

Excluding participants who developed CKD
progression within 1 year

No. of Per SD HR No. of Per SD HR
Group events/participants (95% CI) events/participants (95% CI)
G1-2 2115/10 526 1.26 (1.20, 1.33) 1197/9608 1.26 (1.18, 1.35)
G3a 845/4665 1.42 (1.31, 1.54) 479/4299 1.36 (1.22, 1.51)
G3b 801/3702 1.43 (1.31, 1.55) 458/3377 1.28 (1.14, 1.43)
G4 900/2704 1.21(1.12, 1.31) 439/2243 1.09 (0.97, 1.23)
G5 1149/2263 1.09 (1.02, 1.17) 318/1432 1.06 (0.93, 1.21)

HRs were estimated after adjusting for age, sex, BMI, systolic blood pressure, diastolic blood pressure, hypertension, DM, chronic obstructive pulmonary disease/PHD, ar-
rhythmia, PVD, cardiovascular disease, VHD, cardiomyopathy, cardiac diastolic dysfunction, eGFR, proteinuria, LDL, CCI, UA, glycated hemoglobin, albumin, hemoglobin,
WBC, use of renin-angiotensin system inhibitor, g-blockers, diuretics, CCB, statins, insulin, metformin, sulfonylureas, sodium glucose co-transporter 2 inhibitor and

dipeptidyl peptidase-4 inhibitor.

remained consistent. However, when excluding participants
who developed the progression of kidney disease within 1 year,
the association between NT-proBNP and CKD progression was
insignificant in stages 4 and 5 CKD patients [HR (95% CI): stage
4,1.09 (0.97, 1.23), P = .16; stage 5, 1.06 (0.93, 1.21), P = .36]. As
shown in Table 3, each standard deviation (SD) increase in log
(NT-proBNP) was linked to a 26%, 36%, and 28% higher risk of
kidney disease progression in CKD stages 1-2, 3a, and 3b, respec-
tively [HR (95% CI): stage 1-2, 1.26 (1.18, 1.35); stage 3a, 1.36 (1.22,
1.51); stage 3b, 1.28 (1.14, 1.43)].

The RCS analysis revealed a non-linear relationship between
NT-proBNP and progression of kidney disease in stages 1-4 CKD
patients, except for stage 5 CKD patients (G1-4: Ppon-jinear < -001;
GS5: Ppon-linear = -47). Additionally, among stages 1-4 CKD patients,
a reversed L-shaped relationship was observed between NT-
proBNP and CKD progression (Fig. 2). Utilizing a two-segment
Cox regression model, inflection points were identified at 250,
750, 653, and 526 pg/mL for G1-2, G3a, G3b, and G4, respectively.
Below these inflection points, increased NT-proBNP was signifi-
cantly associated with a higher risk of declining kidney function.
However, above the inflection points, a less significant correla-
tion between NT-proBNP and CKD progression risk was observed
(Supplemental Table S8).

Additional analysis

This study found a significant association between higher NT-
proBNP levels and an increased risk of CKD progression in pa-
tients with stages 1-3 CKD, even after adjusting for confound-
ing factors and accounting for reverse causation. Subsequently,
we performed additional analyses in stages 1-3 CKD patients
to explore the association of NT-proBNP and CKD progression

stratified by age, gender, history of hypertension, or any use
of RASI, B-blocker, diuretics or CCB subgroups. As shown in
Supplementary Figure S1-S3, elevated NT-proBNP levels were as-
sociated with an increased risk of progression of kidney disease
in stage 1-3 CKD patients across various subgroups. This associ-
ation was particularly stronger in CKD 3a and 3b patients aged
>75, as well as in male patients with CKD 3b.

DISCUSSION

This large sample, multicentric cohort study has provided sev-
eral novel insights. First, in CKD patients without HF, the neg-
ative correlation between NT-proBNP and eGFR was more pro-
nounced in advanced CKD. Second, the plasma level of NT-
proBNP could predict the risk of CKD progression in stages 1-3
CKD without HF, regardless of age, gender, hypertension, or any
use of antihypertensive drugs. However, this correlation was in-
significant among patients with CKD stages 4-5 after accounting
for reverse causation.

Our study demonstrated an inverse correlation between NT-
proBNP levels and kidney function in CKD patients, with a more
pronounced effect observed in those with worsened renal im-
pairment. This finding aligns with existing studies. A study
involving 229 patients admitted to the cardiology department
reported a negative correlation between NT-proBNP and eGFR
(r = —0.579, P < .05) [25]. Furthermore, a more recent cross-
sectional analysis from the National Health and Nutrition Ex-
amination Survey included 11456 American adults without prior
CVD [19]. This analysis observed that the negative association
between NT-proBNP and eGFR was stronger in CKD patients with
worsening kidney function [12]. The reduced clearance rate of


https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae298#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae298#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae298#supplementary-data
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Figure 2: Association of NT-proBNP and progression of kidney disease in CKD patients across eGFR categories using RCS analyses with four knots. Adjusted for age,
gender, BMI, systolic blood pressure, diastolic blood pressure, hypertension, DM, cardiovascular disease, chronic obstructive pulmonary disease/PHD, arrhythmia, PVD,
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NT-proBNP in those with worsened renal impairment likely ex-
plains this negative relationship [26].

In response to stretch, cardiomyocytes secrete pro B-type
natriuretic peptide (BNP), which is promptly cleaved into BNP
and NT-proBNP [27]. NT-proBNP is a widely utilized biomarker
for diagnosing and managing HF. American Heart Association
(AHA) guidelines proposed regarding NT-proBNP as an indica-
tion of pre-HF [28]. NT-proBNP does not solely correlates to left
ventricular (LV) systolic function and volume expansion. Several
factors can affect its concentration, including LV hypertrophy,
cardiac diastolic dysfunction, cardiovascular disease, VHD, and
cardiomyopathy [28-30]. Despite all this, NT-proBNP has a well-
defined role in the risk stratification of cardiovascular disease
and adverse outcomes [11].

Oka T et al. linked BNP monitoring with the risk of acute kid-
ney injury among 2998 CKD patients before dialysis [31]. How-
ever, the study did not specifically clarify the relationship be-
tween NT-proBNP and long-term renal outcomes. Our study
provided further affirmation of the significance of NT-proBNP as
a prognostic biomarker for CKD progression. The association be-
tween increased level of NT-proBNP and decline in kidney func-
tion has been established in stages 1-4 CKD, observed in both
small and specific populations [13, 14, 17-19], which is consis-
tent with our findings. In CKD patients with mild to moderate
impaired kidney function, irrespective of diabetes history, indi-
viduals with elevated NT-proBNP levels are more likely to expe-
rience a reduction of eGFR by half or the need to initiate kidney
replacement therapy [18]. In the context of CKD with type 2 di-
abetes, a post hoc analysis confirmed the predictive value of NT-
proBNP for both renal and cardiac outcomes [32]. Furthermore,
NT-proBNP demonstrated strong prognostic significance for the
progression to ESKD in a cohort of 227 nondiabetic patients with
a concentration of Scr <531 umol/l [33]. These findings collec-
tively emphasize the potential importance of regularly measur-
ing NT-proBNP for monitoring progression of kidney disease in
CKD patients.

As a further point, our result underscores the robust predic-
tive role of NT-proBNP for the risk of progression of kidney dis-
ease in CKD 1-3 patients without symptomatic HF. Some mech-
anisms may be correlated with high NT-proBNP levels and the
progression of kidney disease. First, CKD is frequently accom-
panied by the long-term activation of the RAAS, leading to the
production of angiotensin II and aldosterone, which have vaso-
constrictive and sodium-retaining effects. This, in turn, prompts
the synthesis and release of NT-proBNP, which may serve as a
biomarker for CKD progression [34]. Second, patients with CKD
often have coexisting cardiovascular disease, which can exacer-
bate the decline in renal function. Additionally, myocardial in-
jury or disease increases the tension in the myocardium, which
can lead to elevated plasma NT-proBNP levels [34].

Ascher et al. recently explored the association between 1-
year changes in NT-proBNP levels and declines in kidney func-
tion among participants in the Systolic Blood Pressure Interven-
tion Trial [35]. This study demonstrated that reductions in NT-
proBNP during blood pressure treatment are independently as-
sociated with a lower risk of decline in kidney function, espe-
cially in individuals with eGFR of 20-59 ml/min/1.73 m?, which
is consistent with our findings. Our study addresses the data gap
concerning Chinese patients with stages 4-5 CKD and revealed
that in these stages, elevated NT-proBNP levels were correlated
with baseline impaired kidney function but were not associated
with CKD progression. Various reasons proposed to explain this.
First, a significant number of this population may experience
mortality before advancing to ESKD [36]. Besides, it has been

reported that eGFR decreases by 0.26 + 0.47 ml/min/1.73 m?
per month in CKD patients with stages 4-5 [37], and they
are more prone to requiring dialysis treatment. These factors
may introduce bias into the results. Second, as kidney func-
tion deteriorates, the correlation between NT-proBNP and eGFR
may strengthen [12]. This suggests that the effect of decreased
renal clearance on NT-proBNP could surpass the excessive
production of NT-proBNP in patients with advanced kidney dis-
ease. Last, multiple factors such as anemia and hypoalbumine-
mia might mask the role of NT-proBNP as a biomarker for
the decline in kidney function [38]. These considerations high-
light the complexity of the relationship between NT-proBNP
and CKD progression, especially in patients with advanced
CKD.

This study revealed that stage 3 CKD patients aged 75 years
and older, as well as male patients with stage 3b CKD, exhibited
a stronger correlation between NT-proBNP levels and CKD pro-
gression. These findings align with existing knowledge, as sup-
ported by the Heart Failure Association of the European Society
of Cardiology, which advocates for age-specific interpretations of
NT-proBNP [39]. These factors highlight the necessity for a nu-
anced and personalized interpretation of NT-proBNP levels, con-
sidering the unique characteristics and clinical context of each
patient.

Our study was the first to evaluate the non-linear correla-
tion between NT-proBNP and CKD progression, underscoring the
complexity of NT-proBNP dynamics and its potential clinical im-
plications. RCS and threshold effect analysis revealed a reversed
L-shaped relationship between NT-proBNP and risk of kidney
function progression, with inflection points observed in stage 1-
4 CKD patients. Once the plateau was reached, even if the value
of NT-proBNP increased, its association with the maximum risk
of CKD progression did not change any more. This observation
aligns with prior research, which demonstrated a reversed L-
shaped association of NT-proBNP with all-cause mortality un-
til reaching an inflection point at 3231.4 pg/mL among HF pa-
tients [40]. Additionally, our study findings offer evidence for
maintaining NT-proBNP levels as low as possible to mitigate the
progression of CKD. On reaching the inflection point, the corre-
lation between NT-proBNP and kidney function progression did
not change greatly even if the level of NT-proBNP increased. For
instance, the CKD progression risk in CKD patients with a NT-
proBNP level of 35000 pg/ml is equivalent to that of a NT-proBNP
level of 30 000 pg/ml. However, our study did not find a significant
non-linear relationship between NT-proBNP and progression of
kidney disease in CKD stage 5. The RCS model might not fully
characterize the complex relationships between NT-proBNP and
CKD progression in this stage.

Our findings carried several important clinical implications
and strengths. First, we firstly demonstrated that the associa-
tion of NT-proBNP, eGFR and progression of kidney disease in
CKD patients varied by baseline renal function. Thus, the NT-
proBNP should be interpreted carefully across different eGFR
levels. Second, our findings are the first to highlight the pre-
dictive role of NT-proBNP in assessing the decline in kidney
function in Chinese patients with stages 1-3 CKD. This find-
ing suggests that early screening for NT-proBNP in CKD pa-
tients could aid in the management of CKD, even in individu-
als with an eGFR of >30 ml/min/1.73 m? who had no history
of HF. Future research should investigate the relationship be-
tween longitudinal changes in NT-proBNP and kidney function
in populations with diverse racial backgrounds or healthcare
settings to assess the generalizability of the findings from this
study.



This study should be deciphered in the context of the fol-
lowing limitations. First, due to the retrospective nature, we
identified the endpoint outcome of kidney replacement ther-
apy using diagnostic codes and operative prescriptions from
collaborative medical centers. Thus, individuals undergoing
dialysis or kidney transplants at other hospitals were omitted.
Second, patients with impaired renal function may have a higher
probability of experiencing endpoint events, potentially intro-
ducing some bias to the results. Third, it is important to note
that only 22.5% of participants had a record of echocardiog-
raphy assessment in the CRDS dataset, which may have re-
sulted in the misclassification of some patients as not hav-
ing HF. Therefore, this study should be interpreted as focusing
on CKD patients without symptomatic HF, rather than those
with presymptomatic HF. A more accurate interpretation would
be possible if all included patients had undergone a complete
echocardiogram assessment. Furthermore, the small number of
patients with echocardiography assessments may lead to mis-
diagnosis of certain conditions, such as cardiac valve disor-
ders and myocardial disorders, and detailed information about
the severity of these diseases was unavailable in the database.
Fourth, the use of different methods for measuring NT-proBNP,
along with the unclear timing of these measurements, could
introduce bias, potentially influenced by the clinical reasons for
ordering the test. Last, in the present study, we were unable to
obtain the medication history of patients not recorded in the
CRDS. As a result, medication information for individuals pre-
scribed outside the collaborative hospital was not included in
our analysis.

In summary, we demonstrated that NT-proBNP may predict
CKD progression for stages 1-3 CKD patients without HF, while
for stage 4-5 CKD patients, NT-proBNP may be more related with
baseline kidney function. The association of NT-proBNP, eGFR,
and CKD progression varied in different CKD stages, highlighting
the importance of a prudent interpretation of the cardiorenal
biomarker NT-proBNP among CKD patients.

SUPPLEMENTARY DATA

Supplementary data are available at Clinical Kidney Journal online.

FUNDING

National Natural Science Foundation of China (Award Numbers
82470711, 82070709, and 82100723); President Foundation of
The Third Affiliated Hospital of Southern Medical University
(Award Numbers YQ2021006 and YQ202205); Guangdong Basic
and Applied Basic Research Foundation (Award Number
2022A1515012356); The National Key R&D Program of China
(Award Number: 2021YFC2500200 and 2021YFC2500204); The
Key Technologies R&D Program of Guangdong Province (Award
Number 2023B1111030004).

DATA AVAILABILITY STATEMENT

The CRDS datasets generated and analyzed in the present study
are available from the corresponding author on reasonable
request.

CONFLICT OF INTEREST STATEMENT

None declared.

NT-proBNP, eGFR and CKD progression | 9

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Kidney Disease: Improving Global Outcomes (KDIGO) CKD
Work Group. KDIGO Clinical Practice Guideline for the eval-
uation and management of chronic kidney disease. Kidney
Int Suppl 2013;3:1-150.

Nitsch D, Grams M, Sang Y et al. Associations of estimated
glomerular filtration rate and albuminuria with mortality
and renal failure by sex: a meta-analysis. BMJ 2013;346:f324.
https://doi.org/10.1136/bm);.f324

Mills KT, Xu Y, Zhang W et al. A systematic analysis of world-
wide population-based data on the global burden of chronic
kidney disease in 2010. Kidney Int 2015;88:950-7. https://doi.
0rg/10.1038/ki.2015.230

Deferrari G, Cipriani A, La Porta E. Renal dysfunc-
tion in cardiovascular diseases and its consequences.
J Nephrol 2021;34:137-53. https://doi.org/10.1007/s40620-
020-00842-w

Shastri S, Sarnak M]J. Cardiovascular disease and CKD: core
curriculum 2010. Am ] Kidney Dis 2010;56:399-417. https://
doi.org/10.1053/j.ajkd.2010.03.019

Akhter MW, Aronson D, Bitar F et al. Effect of elevated ad-
mission serum creatinine and its worsening on outcome
in hospitalized patients with decompensated heart fail-
ure. Am ] Cardiol 2004;94:957-60. https://doi.org/10.1016/j.
amjcard.2004.06.041

Damman K, Valente MA, Voors AA et al. Renal impair-
ment, worsening renal function, and outcome in patients
with heart failure: an updated meta-analysis. Eur Heart ]
2014;35:455-69. https://doi.org/10.1093/eurheartj/eht386
Elsayed EF, Tighiouart H, Griffith J et al. Cardiovascu-
lar disease and subsequent kidney disease. Arch Intern
Med 2007;167:1130-6. https://doi.org/10.1001/archinte.167.
11.1130

Ronco C, McCullough P, Anker SD et al. Cardio-renal syn-
dromes: report from the consensus conference of the
acute dialysis quality initiative. Eur Heart J 2010;31:703-11.
https://doi.org/10.1093/eurheartj/ehp507

Niizuma S, Iwanaga Y, Yahata T et al. Renocardiovascular
biomarkers: from the perspective of managing chronic kid-
ney disease and cardiovascular disease. Front Cardiovasc Med
2017;4:10. https://doi.org/10.3389/fcvm.2017.00010

Mueller C, McDonald K, de Boer RA et al. Heart Failure As-
sociation of the European Society of Cardiology practical
guidance on the use of natriuretic peptide concentrations.
Eur J Heart Fail 2019;21:715-31. https://doi.org/10.1002/ejhf.
1494

Ozkan B, Grams ME, Coresh ] et al. Associations of N-
terminal pro-B-type natriuretic peptide, estimated glomeru-
lar filtration rate, and mortality in US adults. Am Heart ]
2023;264:49-58. https://doi.org/10.1016/j.ahj.2023.05.014
Kim Y, Matsushita K, Sang Y et al. Association of high-
sensitivity cardiac troponin T and natriuretic peptide with
incident ESRD: the Atherosclerosis Risk in Communities
(ARIC) study. Am ] Kidney Dis 2015;65:550-8. https://doi.org/
10.1053/j.ajkd.2014.08.021

Desai AS, Toto R, Jarolim P et al. Association between cardiac
biomarkers and the development of ESRD in patients with
type 2 diabetes mellitus, anemia, and CKD. Am ] Kidney Dis
2011;58:717-28. https://doi.org/10.1053/j.ajkd.2011.05.020
Zhao Y, Zhao L, Wang Y et al. The association of plasma NT-
proBNP level and progression of diabetic kidney disease. Ren
Fail 2023;45:2158102. https://doi.org/10.1080/0886022x.2022.
2158102


https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae298#supplementary-data
https://doi.org/10.1136/bmj.f324
https://doi.org/10.1038/ki.2015.230
https://doi.org/10.1007/s40620-020-00842-w
https://doi.org/10.1053/j.ajkd.2010.03.019
https://doi.org/10.1016/j.amjcard.2004.06.041
https://doi.org/10.1093/eurheartj/eht386
https://doi.org/10.1001/archinte.167.11.1130
https://doi.org/10.1093/eurheartj/ehp507
https://doi.org/10.3389/fcvm.2017.00010
https://doi.org/10.1002/ejhf.1494
https://doi.org/10.1016/j.ahj.2023.05.014
https://doi.org/10.1053/j.ajkd.2014.08.021
https://doi.org/10.1053/j.ajkd.2011.05.020
https://doi.org/10.1080/0886022x.2022.2158102

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

10 | Y. Luetal

Jenks SJ, Conway BR, McLachlan S et al. Cardiovascular
disease biomarkers are associated with declining renal
function in type 2 diabetes. Diabetologia 2017;60:1400-8.
https://doi.org/10.1007/s00125-017-4297-0

park M, Vittinghoff E, Shlipak MG et al. Associations of N-
terminal pro-B-type natriuretic peptide with kidney func-
tion decline in persons without clinical heart failure in
the Heart and Soul Study. Am Heart J 2014;168:931-9.e2.
https://doi.org/10.1016/j.ahj.2014.09.008

Anderson AH, Xie D, Wang X et al. Novel risk factors for pro-
gression of diabetic and nondiabetic CKD: findings from the
chronic renal insufficiency cohort (CRIC) study. Am ] Kidney
Dis 2021;77:56-73.e1. https://doi.org/10.1053/j.ajkd.2020.07.
011

Bansal N, Zelnick L, Shlipak MG et al. Cardiac and stress
biomarkers and chronic kidney disease progression: the
CRIC study. Clin Chem 2019;65:1448-57. https://doi.org/10.
1373/clinchem.2019.305797

Zhou S, Su L, Xu R et al. Statin initiation and risk of incident
kidney disease in patients with diabetes. Canad Med Assoc ]
2023;195:E729-e738. https://doi.org/10.1503/cmaj.230093
Wu C, ZhangY, Nie S et al. Predicting in-hospital outcomes of
patients with acute kidney injury. Nat Commun 2023;14:3739.
https://doi.org/10.1038/s41467-023-39474-6

Xu X, Nie S, Xu H et al. Detecting neonatal AKI by serum cys-
tatin C.Jl Am Soc Nephrol 2023;34:1253-63. https://doi.org/10.
1681/asn.0000000000000125

Charlson ME, Pompei P, Ales KL; et al. A new method of
classifying prognostic comorbidity in longitudinal studies:
development and validation. ] Chronic Dis 1987;40:373-83.
https://doi.org/10.1016/0021-9681(87)90171-8

Levey AS, Stevens LA, Schmid CH et al. A new equation
to estimate glomerular filtration rate. Ann Intern Med
2009;150:604-12. https://doi.org/10.7326/0003-4819-150-9-
200905050-00006

Takase H, Dohi Y. Kidney function crucially affects B-type
natriuretic peptide (BNP), N-terminal proBNP and their re-
lationship. Eur ] Clin Invest 2014;44:303-8. https://doi.org/10.
1111/eci.12234

Colbert G, Jain N, de Lemos JA et al. Utility of traditional cir-
culating and imaging-based cardiac biomarkers in patients
with predialysis CKD. Clin ] Am Soc Nephrol 2015;10:515-29.
https://doi.org/10.2215/cjn.03600414

Hall C. NT-ProBNP: the mechanism behind the marker.J Card
Fail 2005;11:581-3. https://doi.org/10.1016/j.cardfail.2005.04.
019

Heidenreich PA, Bozkurt B, Aguilar D et al 2022
AHA/ACC/HFSA Guideline for the Management of Heart
Failure: a report of the American College of Cardiology/
American Heart Association Joint Committee on Clinical
Practice  Guidelines. Circulation 2022;145:e895-e1032.
https://doi.org/10.1161/cir.0000000000001063

Wan SH, Vogel MW;, Chen HH. Pre-clinical diastolic dysfunc-
tion.J Am Coll Cardiol 2014;63:407-16. https://doi.org/10.1016/
j.jacc.2013.10.063

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cuspidi C, Faggiano A, Mancia G et al. Echocardiographic
phenotypes of subclinical organ damage: clinical and
prognostic value in the general population. Findings
from the Pamela Study. High Blood Pressure Cardiovasc
Prev 2023;30:497-511. https://doi.org/10.1007/s40292-023-
00610-4

Oka T, Sakaguchi Y, Hattori K et al. Association of longi-
tudinal B-type natriuretic peptide monitoring with kidney
failure in patients with CKD: a cohort study. Am ] Kidney
Dis 2023;82:559-68. https://doi.org/10.1053/j.ajkd.2023.05.
003

Januzzi JL, Mohebi R, Liu Y et al. Cardiorenal biomarkers,
canagliflozin, and outcomes in diabetic kidney disease: the
CREDENCE trial. Circulation 2023;148:651-60. https://doi.org/
10.1161/circulationaha.123.065251

Spanaus KS, Kronenberg F, Ritz E et al. B-type natriuretic
peptide concentrations predict the progression of nondia-
betic chronic kidney disease: the Mild-to-Moderate Kidney
Disease Study. Clin Chem 2007;53:1264-72. https://doi.org/10.
1373/clinchem.2006.083170

Rangaswami ], Bhalla V, Blair JEA et al. Cardiorenal syn-
drome: classification, pathophysiology, diagnosis, and treat-
ment strategies: a scientific statement from the American
Heart Association. Circulation 2019;139:e840-78. https://doi.
0rg/10.1161/cir.0000000000000664

Ascher SB, Berry JD, Katz R et al. Changes in natriuretic
peptide levels and subsequent kidney function decline in
SPRINT. Am ] Kidney Dis 2024;83:615-623.e1. https://doi.org/
10.1053/j.ajkd.2023.09.018

Matsushita K, Ballew SH, Wang AY et al. Epidemiology and
risk of cardiovascular disease in populations with chronic
kidney disease. Nat Rev Nephrol 2022;18:696-707. https://doi.
0rg/10.1038/s41581-022-00616-6

Cianciaruso B, Pota A, Pisani A et al. Metabolic effects of
two low protein diets in chronic kidney disease stage 4-
5—a randomized controlled trial. Nephrol Dialysis Transplant
2008;23:636-44. https://doi.org/10.1093/ndt/gfm576

Patel N, Yagoob MM.; Aksentijevic D. Cardiac metabolic
remodelling in chronic kidney disease. Nat Rev Nephrol
2022;18:524-37. https://doi.org/10.1038/s41581-022-
00576-x

Dickstein K, Cohen-Solal A, Filippatos G et al. ESC guidelines
for the diagnosis and treatment of acute and chronic heart
failure 2008: the Task Force for the diagnosis and treatment
of acute and chronic heart failure 2008 of the European Soci-
ety of Cardiology. Developed in collaboration with the Heart
Failure Association of the ESC (HFA) and endorsed by the
European Society of Intensive Care Medicine (ESICM). Eur
] Heart Fail 2008;10:933-89. https://doi.org/10.1016/j.ejheart.
2008.08.005

Deng Y, Cheng SJ, Hua W et al. N-terminal Pro-B-type
natriuretic peptide in risk stratification of heart failure
patients with implantable cardioverter-defibrillator. Front
Cardiovasc Med 2022;9:823076. https://doi.org/10.3389/fcvm.
2022.823076

Received: 2.5.2024; Editorial decision: 16.9.2024

© The Author(s) 2024. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://doi.org/10.1007/s00125-017-4297-0
https://doi.org/10.1016/j.ahj.2014.09.008
https://doi.org/10.1053/j.ajkd.2020.07.011
https://doi.org/10.1373/clinchem.2019.305797
https://doi.org/10.1503/cmaj.230093
https://doi.org/10.1038/s41467-023-39474-6
https://doi.org/10.1681/asn.0000000000000125
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1111/eci.12234
https://doi.org/10.2215/cjn.03600414
https://doi.org/10.1016/j.cardfail.2005.04.019
https://doi.org/10.1161/cir.0000000000001063
https://doi.org/10.1016/j.jacc.2013.10.063
https://doi.org/10.1007/s40292-023-00610-4
https://doi.org/10.1053/j.ajkd.2023.05.003
https://doi.org/10.1161/circulationaha.123.065251
https://doi.org/10.1373/clinchem.2006.083170
https://doi.org/10.1161/cir.0000000000000664
https://doi.org/10.1053/j.ajkd.2023.09.018
https://doi.org/10.1038/s41581-022-00616-6
https://doi.org/10.1093/ndt/gfm576
https://doi.org/10.1038/s41581-022-00576-x
https://doi.org/10.1016/j.ejheart.2008.08.005
https://doi.org/10.3389/fcvm.2022.823076
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	INTRODUCTION
	MATERIALS AND METHODS
	Data source
	Study population
	Exposure and outcome
	Covariates
	Statistical analysis
	Additional analysis
	RESULTS
	Population characteristics
	The relationship between the levels of NT-proBNP and eGFR
	The predictive role of NT-proBNP for progression of kidney disease
	Additional analysis
	DISCUSSION
	SUPPLEMENTARY DATA
	FUNDING
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST STATEMENT
	REFERENCES

