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Background: There is a close brain—kidney interaction following ischemic cerebrovascular disease. The new-onset kidney injury
after stroke leads to severe neurological deficits and poor functional outcomes. We aimed to validate the Nelson equation for predicting
the new-onset and long-term kidney function decline in patients with acute ischemic stroke (AIS) or transient ischemic attack (TIA).
Methods: A total of 3169 patients were enrolled in the Third China National Stroke Registry, whose baseline estimated glomerular
filtration rate (eGFR) > 60 mL/min/1.73 m® The outcome of interest was the incident eGFR< 60 mL/min/1.73 m? at 3 months. The
prediction equation of participants with or without diabetes was validated respectively. The receiver operating characteristic curve
(AUC) evaluated prediction performance. The Delong test compared the Nelson equation performance with the O’Seaghdha equation
and the Chien equation. Continuous net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were
determined to evaluate the incremental effect.

Results: During the 3-mo follow-up period, among 1151 patients with diabetes, there were 31 cases (2.7%) of reduced eGFR.
Meanwhile, among 2018 non-diabetic patients, there were 23 cases (1.1%) of reduced eGFR. The Nelson equation showed good
discrimination and was well-calibrated in patients with diabetes (AUC 0.82, Hosmer-Lemeshow test p = 0.67) or without diabetes
(AUC 0.82, Hosmer-Lemeshow test p = 0.09). The performance of the Nelson equation was superior to other equation, as increased
continuous NRI (diabetic, 0.64; non-diabetic, 1.13) and IDI (diabetic, 0.10; non-diabetic, 0.13) to the Chien equation.

Conclusion: The Nelson equation reliably predicted the risks of the new-onset and long-term kidney function decline in patients with
AIS or TIA, which could help clinicians screen high-risk patients and improve clinical care.
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Introduction
Accumulating evidence from clinical and basic studies indicated a tight interaction between the brain and the kidney.'
Kidney disease is an independent risk factor for the incidence of stroke and has adverse effects on stroke recurrence and
disability.> In addition, recent research demonstrated that the new-onset kidney injury after stroke leads to severe
neurological deficits and poor functional outcomes.'*> Given the potential for kidney disease prevention and manage-
ment, the identification of stroke patients at an increased risk of declining kidney function serves to inform targeted risk
factor modification and improve stroke prognosis.®

Novel risk equations have been introduced to anticipate the likelihood of kidney disease onset, including the Nelson
equation, formulated using community cohort data and exhibited satisfactory performance in the subsequent validation
cohort analysis.”® Efficient prediction equations have the potential to enable clinicians to promptly identify high-risk
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patients, thereby facilitating the timely implementation of targeted management and treatment strategies. Despite the
availability of various prediction equations for kidney dysfunction, including the Nelson equation, their applicability in
stroke patients remains unvalidated. The potential impact of brain-kidney interaction on prediction accuracy remains
uncertain.

The present study aimed to assess the validity of the Nelson equation in predicting the incidence of new-onset and
long-term kidney function decline in patients with acute ischemic stroke (AIS) or transient ischemic attack (TIA).

Methods

Study Population

The validation cohorts were obtained from the Third China National Stroke Registry (CNSR-III), a nationwide pro-
spective registry that enrolled patients with AIS or TIA within 7 days of symptom onset. The design and methodology of
the CNSR-III have been previously delineated.'® The CNSR-III aimed to investigate the pathogenesis and prognostic
factors of ischemic cerebrovascular disease by collecting and analyzing the etiology classification, imaging and biology
markers. The registry was conducted at 201 hospitals in China between August 2015 and March 2018. All participants or
their legal proxies provided written informed consent. The protocol was approved by the ethics committee at each study
center. In the validation cohorts, individuals with a baseline eGFR greater than 60 mL/min/1.73m? were considered
eligible for participation.

Baseline Data Collection

Trained research coordinators collected baseline data through face-to-face interviews or medical records, including age,
sex, body mass index (BMI, the weight in kilograms divided by height in meters, kg/m?), systolic blood pressure (SBP)
at admission, smoking status, medical history (ischemic stroke, intracranial hemorrhage (ICH), TIA, coronary heart
disease, heart failure, atrial fibrillation or flutter, hypertension, diabetes mellitus (DM), and hypercholesterolemia),
medication history (antidiabetic agents, antihypertensive agents, and lipid-lowering agents), stroke types (AIS or TIA),
and the National Institutes of Health Stroke Scale (NIHSS) score. The etiological classification was performed according
to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria."’

DM was defined as a self-reported history of physician-diagnosed diabetes, the use of antidiabetic agents, or
hemoglobin Alc (HbAlc) >6.5% (48 mmol/mol).'? The diagnosis of hypertension was based on blood pressure >
140/90 mmHg, the use of antihypertensive medications, or self-reported hypertension.'® Cardiovascular disease (CVD)
included ischemic stroke, ICH, TIA, coronary heart disease, and heart failure.’

Sample Collection and Measurement

Blood and urine specimens were obtained from the participants at admission and during the 3-month follow-up period,
then transported through a cold chain to the core laboratory in Beijing Tiantan Hospital. Centralized testing was
performed to determine HbAlc, urine creatinine, and urine albumin levels. The estimated glomerular filtration rate
(eGFR) was calculated by the Chronic Kidney Disease Epidemiology Collaboration equations (CKD-EPI) with the

adjusted coefficient of 1.1 for the Asian population.'* '

Outcomes
The outcome of interest was incident eGFR of less than 60 mL/min/1.73m? at 3 months.

Prediction Equation

The Nelson equation was developed to predict the 5-year risk of chronic kidney failure (CKD) from 34 multinational
cohorts, including more than 5 million individuals. Given the effect of diabetes status on kidney function, the equations
were calculated separately for participants with or without diabetes.” The Nelson equation included age, sex, race, BMI,
baseline eGFR, history of CVD and hypertension, smoking status, and urinary albumin/creatinine ratio (ACR). For
patients with diabetes, the equation also included diabetes medication and HbAlc levels.
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In this study, we compared the performance of the Nelson equation with that of the O’Seaghdha equation and
the Chien equation. The O’Seaghdha equation was based on Framingham Heart Study to predict 10-year CKD risk,
and consisted of age, diabetes status, baseline eGFR, history of hypertension, and ACR.” The Chien equation was
constructed to estimate CKD risk at 4 years from the National Taiwan University Hospital cohort, including
diabetes status, BMI, SBP, and history of stroke.® The specific formulas of all three prediction equations are shown
in Table S1.

Statistical Analysis

Continuous variables were presented as medians with interquartile ranges or mean + standard deviation and categorical
variables as percentages. The characteristics of different groups were compared by Wilcoxon rank-sum test for the
continuous variables and y2 square statistics for the categorical variables. The discriminatory power of the risk prediction
equation was assessed by the area under the receiver-operator curve (AUC) and 95% confidence intervals (CIs). The
calibration was evaluated by Pearson correlation coefficient and Hosmer-Lemeshow test. The Delong test was used to
compare the AUCs of different equations. Moreover, continuous net reclassification improvement (NRI) and integrated
discrimination improvement (IDI) were determined to evaluate the incremental effect. Statistical significance was
determined as p < 0.05, 2-sided. All statistical analyses were performed with SAS 9.4 (SAS Institute Inc., Cary,
NC, USA).

Data Availability
Anonymized data are available to other researchers on request for replicating procedures or reproducing the results by
directly contacting the corresponding author and their institutions.

Results

Study Participants and Characteristics

A total of 15,166 patients with AIS or TIA were enrolled in the CNSR-III. Upon exclusion of patients with incomplete
data on eGFR on admission or at 3 months, HbAlc level at admission, ACR at admission, death at 3 months, or baseline
eGFR less than 60 mL/min/1.73m?, a total of 3169 patients were included in the analysis, among which 1151 (36.3%)
patients with diabetes and 2018 (63.7%) patients without diabetes (Figure 1). Compared with excluded patients, the
eligible patients were younger, less severe at admission, had a lower proportion of stroke, higher BMI, SBP and eGFR,
lower HbAlc level and ACR at baseline, more likely to be smokers and have a history of diabetes, less likely to have
a history of atrial fibrillation (Table S2).

Table 1 shows the demographic and clinical characteristics of enrolled participants. Patients with diabetes
were more likely to be female and suffer from ischemic stroke, coronary heart disease, hypertension, and
hypercholesterolemia, less likely to be smokers and suffer from TIA and atrial fibrillation, had a higher
proportion of large-artery atherosclerosis in TOAST classification, had higher BMI, eGFR, HbAlc level and
ACR at baseline (Table 1).

Among the patients who survived at 3 months, there were 31 incident cases (2.7%) of reduced eGFR observed
in patients with diabetes, while 23 incident cases of reduced eGFR (1.1%) were reported in patients without
diabetes (p = 0.001).

Prediction Performance

The prediction performance of each equation for the new-onset and long-term kidney function decline was assessed and
compared by receiver operating characteristic (ROC) curve analysis (Table 2, Figure 2). For patients with diabetes, the
AUC of the Nelson equation (0.82, 95% CI 0.72-0.93) was similar to the O’Seaghdha equation (0.82, 95% CI 0.75-0.89,
p for comparison = 0.94) and the Chien equation (0.76, 95% CI 0.67-0.85, p for comparison = 0.28). For the patients
without diabetes, the Nelson equation displayed a relatively higher prediction ability manifested as the maximum AUC
(0.82, 95% CI 0.69-0.95). In comparison, the O’Seaghdha equation yielded an AUC of 0.78 (95% CI 0.68-0.88, p for
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[ CNSR-IIT:15166 }

Death at 3 months: 218

Missing date of eGFR on admission:4278
Missing date of eGFR at 3 months:4920
Missing date of HbA 1c on admission: 2145
Missing date of ACR on admission: 301

[ Patients with completed data: 3304 ]
4’[ Exclude patients with baseline eGFR <60 mL/min/1.73m?: 135 ]
[ Included: 3169 ]
v v
[ With diabetes: 1151 ] [ Without diabetes:2018 ]

Figure | Flow chart of study population.
Abbreviations: ACR, urinary albumin/creatinine ratio; eGFR, estimated glomerular filtration rate; HbAlc, hemoglobin Al.

comparison = 0.07), while the Chien equation exhibited a lower AUC of 0.68 (95% CI 0.57-0.79, p for comparison =

0.0006). Additionally, the cut-off value, sensitivity, and specificity for each equation were calculated, respectively (details
shown in Table 2).

Table | Baseline Characteristics of the Patients with or Without Diabetes

Characteristic Total With Diabetes | Without Diabetes | p-value
(N=3169) (n=1151) (n=2018)

Age, y, meanzSD, y 61.7£11.0 62.1£10.2 61.4%11.5 0.08

Women, n (%) 989 (31.2) 393 (34.1) 596 (29.5) 0.007

BMI, meanSD, kg/m? 24.8+3.4 25.243.3 24.6+3.4 <0.001

SBP, meanSD, mmHg I151.1+21.6 152.3+21.4 150.5+21.7 0.07

Medical history, n (%)

Ischemic stroke 663 (20.9) 262 (22.8) 401 (19.9) 0.05
ICH 64 (2.0) 20 (1.7) 44 (2.2) 0.39
TIA 93 (2.9) 25 (2.2) 68 (3.4) 0.05
Coronary heart disease 341 (10.8) 157 (13.6) 184 (9.1) <0.001
Congestive heart failure 80 (0.7) 6(0.5) 8(0.4) 0.61
Known atrial fibrillation or flutter 163 (5.1) 45 (3.9) 118 (5.9) 0.02
Hypertension 1973 (62.3) 792 (68.8) 1181 (58.5) <0.001
Hypercholesterolemia 252 (8.0) 124 (10.8) 128 (6.3) <0.001
Ever smoking, n (%) 1589 (50.1) 555 (48.2) 1034 (51.2) 0.10

Index event, n (%)

Stroke 2878 (90.8) 1054 (91.6) 1824 (90.4) 0.27
TIA 291 (9.2) 97 (8.4) 194 (9.6)
NIHSS score on admission, median (IQR) 3(1-6) 3(1-6) 3(1-6) 0.14
(Continued)
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Table | (Continued).

Characteristic Total With Diabetes | Without Diabetes | p-value
(N=3169) (n=1151) (n=2018)
Toast classification, n (%)
Large-artery atherosclerosis 762 (24.1) 319 (27.7) 443 (22.0) 0.002
Cardioembolism 164 (5.2) 49 (4.3) 115 (5.7)
Small-vessel occlusion 786 (24.8) 278 (24.2) 508 (25.2)
Other determined etiology 33 (1.0) 8 (0.7) 25 (1.2)
Undetermined etiology 1424 (44.9) 497 (43.2) 927 (45.9)
Concomitant medication, n (%)
Antidiabetic agents 630 (19.9) 630 (76.5) 0 (0) <0.001
Oral diabetes medication 436 (13.8) 436 (37.9) 0 (0) -
194 (6.1) 194 (16.9) 0 (0) -
Antihypertensive agents 1410 (44.5) 587 (51.0) 823 (40.8) <0.001
Lipid-lowing agents 387 (12.2) 146 (12.7) 241 (11.9) 0.54
Laboratory tests
eGFR, median (IQR), mL/min/1.73 m? 103.9 (93.4-112.8) | 104.9 (95.1-113.6) 103.3 (92.8-112.7) 0.01
eGFR 60-90 mL/min/1.73 m?, n (%) 626 (19.8) 209 (18.2) 417 (20.7) 0.09
eGFR 290 mL/min/1.73 m? n (%) 2543 (80.3) 942 (81.8) 1601 (79.3)
HbAlc, median (IQR), % 5.9 (5.4-6.9) 7.5 (6.7-9.0) 5.6 (5.2-5.9) <0.001
ACR, median (IQR), mg/mmol 0.7 (0.3-2.7) 1.3 (0.4-5.2) 0.6 (0.2-1.7) <0.001

Table 2 Prediction Performance of the Nelson Equation, the O’Seaghdha Equation and

the Chien Equation

AUC (95% CI) | Cut-Off Value | Sensitivity,% | Specificity,%

With Diabetes

Chien 0.76 (0.67-0.85) 0.897 81.0% 65.0%

O’Seaghdha 0.82 (0.75-0.89) 0.381 81.0% 82.1%

Nelson 0.82 (0.72-0.93) 0.994 77.4% 88.0%
Without Diabetes

Chien 0.68 (0.57-0.79) 0.787 65.2% 67.1%

O’Seaghdha 0.78 (0.68-0.88) 0.237 78.3% 76.7%

Nelson 0.82 (0.69-0.95) 0.997 73.9% 92.5%

Abbreviations: AUC, area under the receiver operating characteristic curve; Cl, confidence interval.

Calibration Ability
Calibration analysis showed a high correlation between the predicted and observed probability of the new-onset and long-term
kidney function decline, for the Nelson equation (diabetic r = 0.33, p < 0.0001; non-diabetic r = 0.36, p < 0.0001), the
O’Seaghdha equation (diabetic r=0.22, p <0.0001; non-diabetic r=0.14, p <0.0001) and the Chien equation (diabeticr=0.15,
p < 0.0001; non-diabetic r = 0.07, p = 0.002).

The Hosmer-Lemeshow test was not significant with the Nelson equation in diabetic (p = 0.67) and in non-diabetic
(p = 0.09), the O’Seaghdha equation in non-diabetic (p = 0.85), and the Chien equation in diabetic (p = 0.32) and in
non-diabetic (p = 0.16), except for the O’Seaghdha equation in diabetic (p = 0.0003).

Abbreviations: ACR, urine albumin-creatinine ratio; BMI, body mass index; eGFR, estimated glomerular filtration rate; HbAIc, hemoglobin
Alc; ICH, intracranial hemorrhage; IQR, interquartile ranges; NIHSS, National Institute of Health Stroke Scale; SBP, systolic blood pressure; SD,
standard deviation; TIA, transient ischemic attack; TOAST, Trial of Org 10172 in Acute Stroke Treatment.

Clinical Interventions in Aging 2023:18

https:

Dove:

905


https://www.dovepress.com
https://www.dovepress.com

Zhou et al Dove

A. with diabetes B. without diabetes
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1-specificity 1-specificity

Figure 2 Receiver operating characteristic (ROC) curve analysis comparing the Nelson equation with other equations in patients with (A) or without (B) diabetes.
Abbreviation: AUC, area under the receiver operating characteristic curve.

Incremental Effect

In patients with diabetes, although the AUC of the Nelson equation was not significantly increased (p = 0.28), the
continuous NRI (0.64, 95% CI 0.31-0.96, p = 0.0004) and IDI (0.10, 95% CI 0.05-0.15, p < 0.0001) in comparision with
the Chien equation was statistically significant. Meanwhile, in patients without diabetes, the Nelson equation exhibited
the significant enhancement (p = 0.0006), as the continuous NRI (1.13, 95% CI 0.75-1.50, p < 0.0001) and IDI (0.13,
95% CI 0.07-0.18, p < 0.0001) to the Chien equation (Table 3).

Discussion
In this study, we found that a few patients had a new-onset and long-term kidney function decline after AIS or TIA. It is
the first study to report the external validation of the kidney dysfunction prediction equations in patients with acute

ischemic cerebrovascular disease. The Nelson equation demonstrated high discrimination and variable calibration in

Table 3 Incremental Ability of Various Equation on the Prediction of the New-Onset and Long-Term Kidney
Function Decline

AAUC Continuous NRI IDI
Estimate (95% CI) | p-value | Estimate (95% Cl) | p-value | Estimate (95% CIl) | p-value

With Diabetes

Chien - - - - - -

O’Seaghdha 0.06 (—0.02-0.15) 0.15 0.61 (0.29-0.94) 0.0007 0.03 (0.02-0.05) <0.0001

Nelson 0.07 (-0.05-0.19) 0.28 0.64 (0.31-0.96) 0.0004 0.10 (0.05-0.15) <0.0001
Without Diabetes

Chien - - - - - -

O’Seaghdha 0.04 (0.03-0.17) 0.004 0.90 (0.54-1.26) <0.0001 0.02 (0.01-0.02) <0.0001

Nelson 0.14 (0.06-0.22) 0.0006 1.13 (0.75-1.50) <0.0001 0.13 (0.07-0.18) <0.0001

Abbreviations: AUC, area under the receiver operating characteristic curve; Cl, confidence interval; IDI, integrated discrimination improvement;
NRI, net reclassification improvement.
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predicting the risk of the new-onset and long-term kidney function decline after AIS or TIA, and has an improvement in
other prediction models.

Previous studies clarified that 29.7% of patients were diagnosed with CKD among 3-mo survivors after AIS or TIA,
whose eGFR was less than 60 mL/min/1.73m? last 3 months, and 7.2% of patients recovered from the baseline kidney
dysfunction.'” In light of our study findings, which indicated that 1.7% of patients experienced a new-onset and long-
term decline in kidney function, the kidney injury and recovery processes after stroke were dynamic. Indeed, both pre-
existing and post-stroke kidney diseases exacerbate the pathological progression of stroke, limit access to essential
therapeutics, and adversely impact the recovery outcomes of stroke patients.”'®2° An accurate prediction tool to identify
patients at risk of kidney function decline would assist clinicians in implementing targeted preventative measures and
determining the appropriate frequency of kidney health monitoring.

Our study identified that the prediction efficiency of the Nelson equations in patients with stroke is equivalent to that
in the community population (diabetic, AUC, 0.82 vs 0.80; non-diabetic, AUC, 0.82 vs 0.85).” Furthermore, considering
the complex interplay between the brain and kidney, specific modifiable or preventable risk factors for kidney function
decline in stroke patients may exist that differ from those in the community cohort. Namely, recent literature has
demonstrated that some biomarkers, including proteinuria and urinary liver-type fatty-acid binding protein, could predict
kidney function decline after stroke independently.?'** Intensive blood pressure lowering increases the possibility of
kidney function decline.”® Drugs play a double-edged role in kidney injury after stroke, as mannitol exacerbates the
damage and edaravone prevents the function.**** Surprisingly, there was no significant correlation between acute kidney
injury and computed tomography angiography, intravascular therapy and intravenous thrombolysis.*®*® Further inves-
tigations on the association between kidney dysfunction and risk factors are warranted to diminish the prevalence of
kidney function decline, aid in selecting suitable therapeutic interventions, and circumvent the inadvertent dismissal of
critical treatments stemming from preconceptions.

Some pathological mechanisms might partly mediate the brain-kidney interaction following stroke. Inflammation
and immune responses controlled by the spleen play a central role in kidney dysfunction after stroke, including
C-reactive protein, interleukin-6, reactive oxygen species and matrix metalloproteinase-9.2°>* The central autonomic
network might influence kidney injury through the sympathetic nervous system, hypothalamic-pituitary-adrenal axis
and renin-angiotensin-aldosterone system.**>° Besides, miRs and extracellular vesicles, such as microparticles and
exosomes, are likely mediators of kidney dysfunction after stroke.>’ > More depth research on the brain-kidney cross-
talk might promote the discovery of new therapeutic targets, further improving the clinical prognosis and reducing
complications.

Our study has some limitations. First, our study only included baseline and 3-month eGFR. Given the constraints of
our study design, we were unable to ascertain the precise timing of initial eGFR decline or determine the duration of
kidney function decline. Second, given the missing data in our cohort, there may be selection bias in the included
population. Third, none of the three prediction equations included imaging features and other biomarkers that might be

associated with impaired renal function, such as uric acid and cerebral microbleeds.?**°

Conclusions

The present study indicated that the Nelson equation is of high predictive value for the new-onset and long-term kidney
function decline in patients with AIS or TIA, which could help clinicians screen high-risk patients, determine the
frequency of kidney health monitoring, facilitate efforts to take targeted management and treatment in time, and improve
stroke prognosis.
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