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Abstract
Background  Patients with chronic kidney disease (CKD) have a high prevalence of cerebrovascular disease and 
cognitive impairment. The objective was to analyse whether plasma concentrations of neurofilament light chain (NfL), 
glial fibrillary acidic protein (GFAP) and phosphorylated Tau231 (p-Tau231) are elevated in patients with CKD and to 
identify independent predictors of these biomarkers, with an emphasis on the role of measured glomerular filtration 
rate (mGFR).

Methods  In this cross-sectional cohort study, we included 110 patients with CKD stages 3 and 4 (estimated GFR 
15–59 ml/min/1.73 m2) without manifest cerebrovascular disease or dementia, and 55 healthy controls. Biomarkers of 
neurological disorders were measured with ultrasensitive single molecule array methods.

Results  Plasma concentrations (median [IQR]) of NfL (37.5 [22.1–47.5] vs. 13.4 [10.5–16.7] ng/L, p < 0.001), p-Tau231 
(25.7 [19.1–38.7] vs. 13.9 [10.5–16.3] ng/L, p < 0.001) and GFAP (190 [140–281] vs. 153 [116–211] ng/L, p < 0.001) were 
elevated in patients with CKD vs. controls. Measured GFR was negatively correlated with NfL (r = − 0.706, p < 0.001), 
p-Tau231 (r = − 0.561, p < 0.001), and GFAP (r = − 0.385, p < 0.001). In multivariable linear regression models, mGFR 
was an independent predictor of log-transformed plasma concentrations of NfL (standardized beta coefficient 
[β] = − 0.439, p < 0.001) and GFAP (β = − 0.321, p < 0.001).

Conclusion  Patients with CKD had elevated plasma concentrations of NfL, p-Tau231 and GFAP compared with 
controls, and these biomarkers were inversely correlated with mGFR. Measured GFR was a significant, independent 
predictor of plasma concentrations of NfL and GFAP in patients with CKD. The mechanisms underlying this association 
need further investigation. Plasma levels of NfL and GFAP should be interpreted cautiously in patients with marked 
reductions in GFR.
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Background
Patients with chronic kidney disease (CKD) have an 
increased risk of cerebrovascular disease and cognitive 
impairment [1, 2]. In addition to hypertension and cere-
brovascular diseases, accumulation of uremic metabo-
lites, anemia, and alterations in plasma concentrations 
of electrolytes and minerals may contribute to brain 
injury and cognitive dysfunctions [3–5]. Biomarkers of 
neurodegenerative diseases and brain injury can now be 
analysed in plasma and their concentrations have been 
shown to reflect levels in the cerebrospinal fluid (CSF) 
[6–8]. In patients with CKD, the interpretation of plasma 
concentrations of these biomarkers may be complicated 
if the kidneys contribute to their plasma clearance. Pre-
vious studies have found inverse correlations between 
estimated glomerular filtration rate (eGFR) and plasma 
concentrations of neurofilament light chain (NfL) [9, 10], 
tau [11, 12], and glial fibrillary acidic protein (GFAP) [13]. 
However, the mechanisms underlying these associations 
remain unclear.

In the present study we analysed plasma concentra-
tions of three commonly used biomarkers of neurologi-
cal disorders; NfL, tau phosphorylated at amino acid 
231 (p-Tau231) and GFAP, in a well characterized cohort 
of patients with CKD stages 3 and 4 (eGFR 15–59  ml/
min/1.73  m²) and examined their relationship to mea-
sured GFR (mGFR), urine albumin-to-creatinine ratio 
(U-ACR) and other abnormalities associated with severe 
CKD. As many confounding factors can influence plasma 
concentrations of creatinine and cystatin c, and thereby 
eGFR [14], it is essential to establish the relationship 
between plasma concentrations of neurological bio-
markers and mGFR. Elevated U-ACR is a hallmark of 
glomerular barrier injury and an independent cardiore-
nal risk factor in patients with CKD [15]. Neurofilament 
light chain is a component of the axonal cytoskeleton in 
myelinated axons and a biomarker of neuronal axonal 
injury that increases in patients with neurodegenerative 
diseases and acute brain injury [16, 17]. Elevated levels of 
tau proteins are a consequence of axonal injury [18] and 
high peripheral levels of phosphorylated tau are charac-
teristic for Alzheimer’s disease [19]. Glial fibrillary acidic 
protein is expressed by astrocytes [20], and a biomarker 
of astroglial activation [21].

The primary objective of this study was to investigate 
whether plasma levels of NfL, p-Tau231, and GFAP are 
elevated in patients with CKD stages 3 and 4, i.e. in a 
group of patients with marked reductions in GFR in 
which these biomarkers have not been comprehensively 
examined. Secondly, we aimed to identify independent 
predictors of plasma concentrations of these biomarkers 

with a particular focus on evaluating the role of mGFR. 
The secondary aim is important as patients with CKD 
stages 3 and 4 have multiple comorbidities and develop a 
range of cardiovascular and metabolic abnormalities that 
potentially could influence biomarkers of neurological 
disorders.

Methods
Subjects and protocol
This is a cross-sectional, observational, study on a cohort 
of adult (age ≥ 18 years) patients with CKD stages 3 and 
4 recruited from the Nephrology outpatient clinic at 
Sahlgrenska University Hospital, Gothenburg, Sweden, 
between February 2009 and December 2011. Newly 
referred patients, or those with a planned follow-up 
within one month, were invited to participate, and 122 
individuals were included. Patients needed to have an 
eGFR of 15–59 ml/min/1.73 m2 according to the Modi-
fication of Diet in Renal Disease (MDRD) formula for at 
least 3 months. Criteria for participation have been pub-
lished previously [22]. As the aim of the present study 
was to examine biomarkers of neurological disorders in 
patients without manifest cerebral disease, 12 individu-
als were excluded because of a history of cerebrovascu-
lar disease (5 cerebral infarction, 1 cerebral bleeding, 2 
subarachnoid bleeding and 4 transient ischemic attack). 
Patients were categorized as having atherosclerotic car-
diovascular disease (ASCVD) if they had coronary artery 
disease, a diagnosis of peripheral artery disease, or a 
history of peripheral artery revascularization. Healthy, 
adult, controls were recruited through an advertise-
ment in local newspapers, and 55 subjects with a similar 
age and gender distribution as patients with CKD, were 
included. Controls were not age-matched but there was 
no statistically significant difference between groups 
in age when all individuals were analysed (61.3 ± 11.7 
vs 63.8 ± 10.8  years, in patients with CKD [n = 122] and 
controls [n = 55], respectively, p = 0.08). However, follow-
ing exclusion of 12 patients with a history of cerebrovas-
cular disease from the CKD cohort, patients with CKD 
were slightly, but statistically significantly, younger than 
healthy controls (Table 1). None of the study subjects had 
a diagnosis of dementia, cognitive impairment, or any 
other disease affecting the central nervous system. The 
study protocol did not include brain imaging to rule out 
subclinical cerebrovascular disease, nor tests to assess 
cognitive function. Smokers were defined as current or 
previous smokers, and non-smokers as individuals who 
had never smoked.

At study entry a detailed medical history was gath-
ered, and the following analyses were performed: 
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anthropometric measurements, urine and blood bio-
chemistries, hemodynamic assessments, and plasma 
clearance of 51Cr-EDTA or iohexol to obtain mGFR. 
The Ethics Committee of the University of Gothen-
burg approved the study. The research was conducted in 
accordance with the Helsinki Declaration. All study sub-
jects gave informed written consent to participate.

Plasma analyses and measurement of GFR
Fasting blood samples were drawn in the morning from 
study subjects in a supine position and processed locally 
for routine analyses by standard laboratory methods as 
described [22]. For non-routine analyses, blood samples 
were immediately centrifuged at room temperature, 
and plasma aliquoted, and stored at − 70  °C until analy-
sis. Urine albumin-to-creatinine ratio was analysed on 
urine collected for 24 h. Plasma clearance of ⁵¹Cr-EDTA, 
or iohexol, was measured according to clinical routines. 
Plasma clearance of these filtration markers has shown 
excellent agreement and is considered the gold standard 

techniques for measuring GFR [23]. Estimated GFR was 
calculated from plasma concentrations of creatinine 
and cystatin C using the CKD-EPI creatinine equation 
2021 [24], and CKD-EPI cystatin C equation 2012 [25], 
respectively.

Analyses of biomarkers of neurological disorders
Analyses were performed at the Neurochemistry Labora-
tory, Sahlgrenska University Hospital, Mölndal, Sweden. 
P-Tau231 was measured on EDTA-plasma using in-house 
immunoassays on the Single molecule array (Simoa) 
HD–X analyser (Quanterix) while NfL and GFAP were 
analysed using commercial assays from Quanterix (Bill-
erica, MA, USA), following the instruction by the manu-
facturer, as earlier described [6, 26].

Hemodynamic measurements
Ambulatory blood pressure (ABP) recordings for 24  h 
(Spacelabs Healthcare, Model 90217) and carotid-femo-
ral pulse wave velocity (cfPWV) (SphygmoCor software 
version 8, AtCor Medical, Sydney, Australia) were mea-
sured as previously described [22].

Statistics
Statistical analyses were performed using the SPSS soft-
ware (IBM SPSS Statistics for Windows, Version 22.0. 
Armonk, NY, USA). Values are means ± standard devia-
tions (SD) or medians with interquartile range (IQR) for 
continuous data, and numbers with proportions (%) for 
categorical variables. Statistical significance was set at 
the level of p < 0.05. Correlations between continuous 
data were analysed by determining Spearman´s rho. The 
Mann-Whitney U-test was used for comparing differ-
ences between groups in continuous data. Differences in 
frequencies were analysed using Fisher´s exact test. Mul-
tivariable linear regression analyses were performed to 
determine predictors of plasma concentrations of neuro-
logical biomarkers. Standardized beta coefficients (β) are 
presented for continuous variables and unstandardized 
beta coefficients for categorical variables. Based on our 
objectives stated in the “Background”, mGFR, U-ACR, 
B-hemoglobin, serum troponin T (S-TnT), and diabetes, 
were included as independent variables. Blood hemoglo-
bin and S-TnT concentrations, reflecting renal anemia 
and subclinical coronary heart disease, showed statisti-
cally significant, linear relationships with neurological 
biomarkers in patients with CKD. Based on our bivariate 
correlation analyses, and results from previous studies 
[27, 28], age, BMI, gender and smoking status were also 
included as independent variables in regression models. 
Since the same independent variables were identified as 
probable predictors of the three different biomarkers, we 
used these variables in the three linear regression models. 
As plasma concentrations of NfL, p-Tau231 and GFAP 

Table 1  General characteristics
CKD 
(n = 110)

Healthy 
controls 
(n = 55)

P-
value

Age, years 61 ± 12 64 ± 11 0.038
Men (%) 75 (68) 31 (56) n.s.
Body weight, kg 83 ± 16 75 ± 14 0.002
BMI, kg/m2 27.0 ± 3.8 25.1 ± 3.3 0.001
Current or former smoker (%) 55 (50) 14 [26] 0.003
Hypertension (%) 96 (87) 0 <0.001
Diabetes (%) 31 (28) 0 <0.001
Atherosclerotic CV disease (%) 16 (15) 0 0.001
Ambulatory SBP, mmHg 124 ± 15 120 ± 12 n.s.
Ambulatory DBP, mmHg 73 ± 10 72 ± 7 n.s.
Carotid-femoral PWV, m/s 9.6 ± 2.7 8.7 ± 2.0 n.s.
mGFR, ml/min/1.73 m2 36 ± 15 85 ± 13 <0.001
S-creatinine, µmol/L 184 ± 72 76 ± 12 <0.001
S-cystatin c, mg/L 2.00 ± 0.66 0.92 ± 0.14 <0.001
U-ACR, mg/mmol 15 (3–73) 0 (0.0–0.4) <0.001
B-Hemoglobin, g/L 127 ± 14 136 ± 11 <0.001
S-hsCRP, mg/L 3.25 ± 4.04 1.44 ± 2.03 <0.001
P-ApoB/ApoA1 0.75 ± 0.28 0.66 ± 0.17 0.030
S-phosphate, mmol/L 1.11 ± 0.23 1.02 ± 0.15 n.s.
S-PTH, pmol/L 10.9 ± 8.1 5.4 ± 1.7 <0.001
S-FGF-23, ng/L 185 ± 165 69 ± 19 <0.001
S-TnT, ng/L 13.1 

(8.0–19.0)
5.7 (0.0–9.4) <0.001

S-NTpro-BNP, ng/L 151 (78–285) 55 (33–98) <0.001
Values are means ± SD or median (IQR). CKD, chronic kidney disease; BMI, body 
mass index; CV, cardiovascular; SBP, systolic blood pressure; DBP, diastolic blood 
pressure; mGFR, measured glomerular filtration rate, PWV, pulse-wave velocity; 
U-ACR, urine albumin-to-creatinine ratio; hsCRP, high-sensitivity c-reactive 
protein; PTH, parathyroid hormone; FGF-23, fibroblast growth-factor-23; S-TnT, 
serum troponin T; BNP, brain natriuretic peptide, and n.s., not significant. P-
values are for the Mann-Whitney U test and for Chi-square with Fisher’s exact 
test
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were skewed we used log-transformed values as depen-
dent variables in linear regression analyses. Approxima-
tion to a normal distribution of log-transformed data was 
confirmed by examining histogram and quantile-quantile 
plots. Linear relationships between continuous indepen-
dent variables, and logarithmic plasma concentrations of 
biomarkers, were confirmed by inspecting scatterplots. 
Independent variables were examined for collinearity, 
and normal distribution of residuals was confirmed by 
inspecting the histogram and p–p plot.

Results

General characteristics
Patients with CKD were slightly younger, had higher 
body weight and BMI, and were more frequently smok-
ers, compared to controls (Table 1). Twenty-eight percent 
of patients with CKD had diabetes (22 had type 2, and 9 
had type 1, diabetes) and 15% had established ASCVD. 
There was no statistically significant difference between 
groups in 24 h ABPs. The use of antihypertensive drugs 
in patients with CKD was for angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor block-
ers (ARBs) 86%, diuretics 55%, calcium channel blockers 
27%, beta-blockers 27%, and alpha-blockers 5%. Statins 
were used by 54% of patients with CKD and 34% were 

on antiplatelet therapy. The primary causes of CKD were 
glomerulonephritis (30%), diabetic kidney disease (23%), 
hypertension (11%), autosomal dominant polycystic kid-
ney disease (9%), renovascular disease (3%) and other 
causes (24%). Patients with CKD had elevated serum lev-
els of hsCRP, ApoB/ApoA1, PTH, FGF-23, TnT and NT-
proBNP, while B-hemoglobin was significantly reduced, 
compared with controls. These abnormalities were 
anticipated and reflected marked reductions in mGFR in 
patients with CKD. There were no statistically significant 
differences between groups in serum phosphate, calcium, 
ferritin, or transferrin saturation (data not shown).

Plasma concentrations of biomarkers of neurological 
disorders
Plasma concentrations (median [IQR]) of NfL (37.5 
[22.1–47.5] vs. 13.4 [10.5–16.7] ng/L, p < 0.001), p-Tau231 
(25.7 [19.1–38.7] vs. 13.9 [10.5–16.3] ng/L, p < 0.001) and 
GFAP (190 [140–281] vs. 153 [116–211] ng/L, p < 0.001) 
were elevated in patients with CKD compared with con-
trols. Log-transformed plasma concentrations of neuro-
logical biomarkers are shown in Fig. 1.

Biomarkers of neurological disorders in patients with CKD
Spearman’s correlation coefficients between clinical vari-
ables and biomarkers are shown in Table 2. Measured 

Fig. 1  Plasma concentrations of biomarkers of neurological disorders. Box plots with individual data points showing log-transformed plasma concentra-
tions of neurofilament light chain (NfL, A), phosphorylated Tau231 (p-Tau231, B) and glial fibrillary acidic protein (GFAP, C) in patients with chronic kidney 
disease (CKD, n = 110) and healthy controls (n = 55)
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GFR, and eGFR based on creatinine or cystatin C (data 
not shown), all showed statistically significant, negative, 
correlations to plasma levels of NfL, p-Tau231 and GFAP 

(Fig. 2). Age displayed a statistically significant, positive, 
correlation to plasma concentrations of NfL and GFAP, 
but was not significantly correlated to p-Tau231. Plasma 
concentrations of neurological biomarkers also showed 
statistically significant correlations to each other. Neither 
hsCRP, nor plasma albumin, showed statistically signifi-
cant correlations to any of the neurological biomarkers.

Patients with CKD and diabetes had significantly ele-
vated plasma concentrations of NfL (44.8 [36.4–58.6] 
vs. 32.4 [20.1–43.1] ng/L, p < 0.001) and p-Tau231 (31.7 
[24.0–46.6] vs. 23.4 [18.6–32.5] ng/L, p = 0.018), but 
not of GFAP (207 [151–315] vs. 187 [130–257] ng/L, 
p = 0.10), compared with patients without diabetes. There 
were no statistically significant differences in plasma 
levels of neurological biomarkers between males and 
females, or between patients with or without ASCVD or 
a smoking history.

Predictors of biomarkers of neurological disorders 
in patients with CKD
Multivariable linear regression analyses including age, 
BMI, mGFR, U-ACR, B-hemoglobin, S-TnT, gender, 
diabetes, and smoking as independent variables were 

Table 2  Spearman’s correlation coefficient between clinical 
variables and plasma concentrations of neurological biomarkers 
in patients with chronic kidney disease

P-NfL, ng/L P-p-
Tau231, 
ng/L

P-GFAP, 
ng/L

Age, years 0.357*** −0.01 0.554***
BMI, kg/m2 −0.051 −0.072 −0.137
B-Hemoglobin, g/L −0.304** −0.458*** −0.202*
mGFR, ml/min/1.73 m2 −0.706*** −0.561*** −0.385***
eGFRcreatinine, ml/min/1.73 m2 −0.656*** −0.511*** −0.322**
U-ACR, mg/mmol 0.238* 0.229* −0.031
Carotid-femoral PWV, m/s 0.354*** 0.136 0.395***
S-TnT, ng/L 0.613*** 0.412*** 0.395***
P-NfL, ng/L – 0.553*** 0.642***
P-p-Tau231, ng/L 0.533*** – 0.284**
BMI, body mass index; mGFR, measured glomerular filtration rate; eGFRcreatinine, 
estimated GFR based on plasma-creatinine; U-ACR, urine albumin-to-creatinine 
ratio; PWV, pulse-wave velocity; S-TnT, serum troponin T; NfL, neurofilament 
light chain; p-Tau231, phosphorylated Tau231; and GFAP, Glial fibrillary acidic 
protein. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. N = 110

Fig. 2  Correlations between mGFR and log-transformed plasma concentrations of biomarkers of neurological disorders in patients with CKD. Correlations 
between measured glomerular filtration rate (mGFR) and log-transformed plasma concentrations of neurofilament light chain (NfL, A), phosphorylated 
Tau231 (p-Tau231, B) and glial fibrillary acidic protein (GFAP, C) in patients with chronic kidney disease (CKD, n = 110). Linear regression lines are depicted
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performed to predict log-transformed plasma concen-
trations of NfL, p-Tau231 and GFAP. Variance inflation 
factors did not exceed 2.0 for any independent variable, 
in any of the regression models, indicating minimal 
collinearity.

Independent, significant, predictors of log-transformed 
plasma NfL were mGFR, age and S-TnT (Table  3). The 
model had an R2 of 0.622 with an adjusted R2 of 0.587.

Independent, significant, predictors of log-transformed 
plasma p-Tau231 were S-TnT, B-hemoglobin and age 
(Table  3). Notably, increased age was associated with 
reduced plasma concentrations of p-Tau231. The model 
had an R2 of 0.497 with an adjusted R2 of 0.45.

Independent, significant, predictors of log-transformed 
plasma GFAP were age, mGFR, BMI, and smoking status 
with lower plasma concentrations of GFAP in patients 
with a smoking history (Table 3). The model had an R2 of 
0.555, with an adjusted R2 of 0.514.

Biomarkers of neurological disorders in all study subjects 
(CKD + controls)
As we observed statistically significant correlations 
between mGFR and plasma concentrations of NfL and 
GFAP also in healthy controls (see Supplemental Table 
1), we performed correlation and regression analyses 
that included all study subjects by pooling patients with 
CKD and healthy controls (n = 165). Spearman’s correla-
tion coefficients between clinical variables and neurologi-
cal biomarkers are shown in Table 4. Measured GFR, as 
well as eGFR based on creatinine or cystatin C (data not 
shown), all showed statistically significant, negative, cor-
relations with plasma levels of NfL, p-Tau231 and GFAP.

Smokers had significantly elevated plasma concentra-
tions of NfL compared with non-smokers (31.7 [17.8–
43.9] vs. 22.9 [13.2–40.7] ng/L, p = 0.027) and plasma 
p-Tau231 levels were higher in males vs. females (26.8 
[15.5–32.0] vs. 21.5 [12.8–24.9] ng/L, p = 0.019).

Predictors of biomarkers of neurological disorders in all 
study subjects (CKD + controls)
Multivariable linear regression analyses to predict log-
transformed plasma concentrations of NfL, p-Tau231 and 
GFAP were performed using the same nine independent 
variables that were applied when the CKD-group was 
analysed separately (see above). Variance inflation factors 
did not exceed 2.0 for any independent variable, in any 
regression models, indicating minimal collinearity.

Independent, significant, predictors of log-transformed 
plasma NfL were mGFR, age, S-TnT, BMI, U-ACR and 
diabetes (Table  5). Elevated BMI was associated with 
reduced plasma NfL concentrations. The regression 
model had an R2 of 0.774, with an adjusted R2 of 0.760.

Independent, significant, predictors of log-transformed 
plasma p-Tau231 were S-TnT, mGFR, B-hemoglobin, and 
age (Table 5). Increased age was associated with reduced 
plasma concentrations of p-Tau231. The model had an R2 
of 0.631, with an adjusted R2 of 0.609.

Independent, significant, predictors of log-transformed 
plasma GFAP were age, mGFR, BMI and smoking his-
tory (Table 5). Both increased BMI and smoking history 
were associated with reduced plasma concentrations of 
GFAP. The model had an R2 of 0.507, with an adjusted R2 
of 0.478.

Table 3  Beta coefficients from multivariable linear regression 
analyses in patients with chronic kidney disease

log p-NfL 
(ng/L)

log p–p-
Tau231 
(ng/L)

log 
p-GFAP 
(ng/L)

Age, years 0.264** −0.233** 0.616***
BMI, kg/m2 −0.079 0.030 −0.189*
mGFR, ml/min/1.73 m2 −0.439*** −0.108 −0.321***
U-ACR, g/mol 0.145 0.017 0.015
B-Hemoglobin, g/L −0.105 −0.310** −0.032
S-TnT, ng/L 0.244** 0.548*** −0.013
Male gender −0.032 −0.001 −0.045
Smoking −0.010 0.001 −0.078**
Diabetes 0.058 0.023 0.012
Dependent variables are log-transformed plasma concentrations of 
neurological biomarkers. Standardized beta coefficients are presented for 
continuous variables and unstandardized beta coefficients for categorical 
variables. BMI, body mass index; mGFR, measured glomerular filtration rate; 
eGFRcreatinine, estimated GFR based on plasma-creatinine; U-ACR, urine albumin-
to-creatinine ratio; S-TnT, serum troponin T; NfL, neurofilament light chain; 
p-Tau231, phosphorylated Tau231; and GFAP, Glial fibrillary acidic protein. * 
denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. N = 110

Table 4  Spearman’s correlation coefficient between clinical 
variables and plasma concentrations of neurological biomarkers 
in all study subjects (CKD + controls)

P-NfL, ng/L P-p-
Tau231, 
ng/L

P-GFAP, 
ng/L

Age, years 0.180* −0.132 0.433***
BMI, kg/m2 0.069 0.098 −0.102
B-Hemoglobin, g/L −0.390*** −0.442*** −0.260**
mGFR, ml/min/1.73 m2 −0.846*** −0.735*** −0.449***
eGFRcreatinine, ml/min/1.73 m2 −0.822*** −0.730*** −0.402***
U-ACR, mg/mmol 0.588*** 0.587*** 0.186*
Carotid-femoral PWV, m/s 0.323*** 0.147 0.376***
S-TnT, ng/L 0.640*** 0.539*** 0.378***
P-NfL, ng/L – 0.714*** 0.605***
P-p-Tau231, ng/L 0.714*** – 0.336***
BMI, body mass index; mGFR, measured glomerular filtration rate; eGFRcreatinine, 
estimated GFR based on plasma-creatinine; U-ACR, urine albumin-to-creatinine 
ratio; PWV, pulse-wave velocity; S-TnT, serum troponin T; NfL, neurofilament 
light chain; p-Tau231, phosphorylated Tau231; and GFAP, Glial fibrillary acidic 
protein. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. N = 165



Page 7 of 10Axelsson et al. BMC Nephrology          (2025) 26:231 

Discussion
The main finding of the present study was that patients 
with CKD stages 3 and 4, without a diagnosis of cere-
brovascular disease or dementia, had elevated plasma 
concentrations of NfL, p-Tau231 and GFAP compared 
with controls with normal mGFR. In addition, mGFR 
was inversely correlated to plasma levels of neurological 
biomarkers, and independently predicted plasma con-
centrations of NfL and GFAP in patients with CKD using 
multivariable regression models. In the pooled cohort, 
including both patients with CKD and healthy controls, 
mGFR also independently predicted plasma concentra-
tions of p-Tau231. Furthermore, we found an indepen-
dent, positive association between S-TnT and plasma 
concentrations of NfL and p-Tau231.

The mechanisms underlying the inverse correlation 
between mGFR and plasma concentrations of neurologi-
cal biomarkers remain to be determined. In theory, these 
associations could be explained either by reduced renal 
elimination of the biomarkers or by increased release 
from the nervous system due to injury. Renal elimina-
tion of plasma proteins occurs through glomerular fil-
tration which is a highly size-selective process. Hence, 
the concentration of albumin (molecular weight of 
approximately 69 kDa) in primary urine is estimated to 
be approximately 0.01% of that in plasma, and urinary 
albumin excretion is normally < 30  mg per day [29, 30]. 
Molecular weights of NfL (68 kDa), p-Tau231 (48–67 
kDa) and GFAP (55 kDa) are close to that of albumin 
indicating that renal elimination of these proteins is 
low and should only have a minor influence on plasma 
concentrations. However, we cannot rule out the pos-
sibility that the immunoassays used in the present study 
may have detected smaller peptide fragments of the 

biomarkers that could be cleared from plasma through 
glomerular filtration. This possibility needs to be investi-
gated further. In accord with our results, previous studies 
have shown that eGFR predicts plasma concentrations of 
NfL independently of age [9, 31]. We confirm and extend 
these findings by demonstrating that this association was 
highly significant also with mGFR analysed using state-
of-the-art methodology with exogenous filtration mark-
ers. In addition, the β coefficient for mGFR was much 
higher than that for age in the regression model predict-
ing plasma NfL concentrations in patients with CKD, 
suggesting that mGFR was a stronger predictor than age 
in this cohort.

The association between U-ACR and plasma NfL has 
been less investigated. Elevated U-ACR is a hallmark 
of glomerular diseases but may also reflect generalized 
endothelial dysfunction, for instance in patients with 
diabetes or hypertension [15]. In the pooled cohort we 
found an independent, positive association between 
U-ACR and plasma concentrations of NfL. Similarly, dia-
betes was independently associated with elevated plasma 
levels of NfL. Notably, these associations were indepen-
dent of mGFR and might reflect a connection between 
generalized endothelial dysfunction and elevated plasma 
NfL. Interestingly, plasma NfL predicted incident stroke 
in a cohort of patients with type 2 diabetes from the 
ACCORD (Action to Control Cardiovascular Risk in 
Diabetes) trial, and in this study, CKD was strongly 
associated with increased NfL concentrations [31]. It 
is well established that CKD is associated with acceler-
ated vascular disease and that cardiovascular disease is 
the major cause of death in this population [32]. Several 
studies have shown that S-TnT is increased in clinically 
stable patients with CKD and associated with increased 
cardiovascular risk [33] and subclinical myocardial dys-
functions [34]. Interestingly, we found an independent, 
positive association between S-TnT and concentrations 
of both NfL and p-Tau231 in patients with CKD in the 
present study. We speculate that CKD, through multiple 
mechanisms, causes microvascular abnormalities that in 
parallel may lead to subclinical injuries in the brain and 
myocardium.

In a subgroup of a large population-based cohort of 
70-year-old individuals, Dittrich et al. [10] found that 
CKD (eGFR < 60  ml/min/1.73  m2) was associated with 
elevated plasma NfL but not with increased NfL concen-
trations in the CSF. Similarly, Pichet Binette et al. [35] 
investigated the association between plasma creatinine 
levels and neurological biomarkers measured in plasma 
and CSF of two large Swedish cohorts with older par-
ticipants. Increased plasma creatinine was associated 
with elevated plasma concentrations of NfL and GFAP, 
and to a lesser extent with phosphorylated tau, resem-
bling findings in the present study. However, adjustment 

Table 5  Beta coefficients from multivariable linear regression 
analyses in all study subjects (CKD + controls)

log p-NfL 
(ng/L)

log p-p-
Tau231 
(ng/L)

log 
p-GFAP 
(ng/L)

Age, years 0.196*** −0.214*** 0.494***
BMI, kg/m2 −0.119** −0.005 −0.180**
mGFR, ml/min/1.73 m2 −0.658*** −0.357*** −0.446***
U-ACR, g/mol 0.112* −0.005 −0.003
B-Hemoglobin, g/L −0.034 −0.240*** −0.060
S-TnT, ng/L 0.172** 0.380*** 0.043
Male gender −0.014 0.044 −0.054
Smoking −0.004 0.013 −0.053*
Diabetes 0.074* 0.041 0.021
Dependent variables are log-transformed plasma concentrations of 
neurological biomarkers. Standardized beta coefficients are presented for 
continuous variables and unstandardized beta coefficients for categorical 
variables. BMI, body mass index; mGFR, measured glomerular filtration rate; 
eGFRcreatinine, estimated GFR based on plasma-creatinine; U-ACR, urine albumin-
to-creatinine ratio; S-TnT, serum troponin T; NfL, neurofilament light chain; 
p-Tau231, phosphorylated Tau231; and GFAP, Glial fibrillary acidic protein. * 
denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001. N = 165
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for plasma creatinine had only minor effects in mod-
els predicting either corresponding biomarker levels in 
the CSF, or future development of dementia. In a large 
population-based cohort study with 17-years of follow-
up, Stocker et al. [12] found that plasma concentrations 
of NfL and p-tau181 were elevated in individuals with 
CKD but not associated with an increased dementia risk. 
Taken together, these findings suggest that reduced GFR 
mainly influences plasma concentrations of the above-
mentioned biomarkers by reducing their plasma clear-
ance and is likely a confounding factor when assessing 
CNS pathology.

Our study has obvious strengths and limitations. 
Importantly, we present data on mGFR and can conclude 
that results were like those derived from eGFR. This 
is important as several confounding factors can affect 
plasma concentrations of creatinine and cystatin C and 
hence eGFR [14]. In addition, we present data on U-ACR 
which enabled us to investigate the separate influence of 
albuminuria and mGFR on plasma levels of neurologi-
cal biomarkers. Furthermore, in contrast to most previ-
ous studies, we included patients with a low eGFR down 
to 15  ml/min/1.73  m2. As for limitations, our cohort 
was relatively small, and we did not collect CSF samples 
which prevented us from relating biomarker concentra-
tions in plasma to those in the CSF. In addition, study 
participants did not undergo per protocol brain imaging 
or cognitive function tests. We can therefore not rule out 
subclinical brain injuries in our study subjects. Moreover, 
we were unable to examine associations between plasma 
biomarker concentrations and cognitive function.

Conclusion
Patients with CKD stages 3 and 4, without cerebrovascu-
lar disease, had elevated plasma concentrations of NfL, 
p-Tau231 and GFAP compared with healthy controls, and 
mGFR was inversely correlated to plasma levels of these 
biomarkers. In addition, mGFR was an independent 
predictor of plasma concentrations of NfL and GFAP in 
patients with CKD. The mechanisms underlying these 
associations need to be investigated further. Our results 
suggest that plasma concentrations of NfL, and GFAP 
should be interpreted cautiously in patients with marked 
reduction in GFR.
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mGFR	� Measured glomerular filtration rate
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U-ACR	� Urine albumin-to-creatinine ratio
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Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​1​2​​8​8​2​-​​0​2​5​-​0​​4​1​3​0​-​2.

Supplementary Material 1

Acknowledgements
The technical assistance rendered by Lotta Sundström and Inger Olander is 
acknowledged.

Author contributions
GG, AS, MA and TA designed the study. MKS and GG collected the data 
and sample material. HZ, KB, NJA and BA were responsible for method and 
analyses. GG, TA and AS analyzed and interpreted the data. TA and GG drafted 
the manuscript. All authors have reviewed and edited the manuscript, and all 
authors have approved the final version of the manuscript.

Funding
Open access funding provided by University of Gothenburg.
TA has grants from the John and Brit Wennerström’s Research Foundation. 
GG has grants from John and Brit Wennerström’s Research Foundation, and 
from the Swedish state under the ALF agreement (ALFGBG-965890). HZ is a 
Wallenberg Scholar and a Distinguished Professor at the Swedish Research 
Council supported by grants from the Swedish Research Council (#2023-
00356; #2022-01018 and #2019-02397), the European Union’s Horizon Europe 
research and innovation programme under grant agreement No 101053962, 
Swedish State Support for Clinical Research (#ALFGBG-71320), the Alzheimer 
Drug Discovery Foundation (ADDF), USA (#201809-2016862), the AD Strategic 
Fund and the Alzheimer’s Association (#ADSF-21-831376-C, #ADSF-21-
831381-C, #ADSF-21-831377-C, and #ADSF-24-1284328-C), the European 
Partnership on Metrology, co-financed from the European Union’s Horizon 
Europe Research and Innovation Programme and by the Participating States 
(NEuroBioStand, #22HLT07), the Bluefield Project, Cure Alzheimer’s Fund, 
the Olav Thon Foundation, the Erling-Persson Family Foundation, Familjen 
Rönströms Stiftelse, Stiftelsen för Gamla Tjänarinnor, Hjärnfonden, Sweden 
(#FO2022-0270), the European Union’s Horizon 2020 research and innovation 
programme under the Marie Skłodowska-Curie grant agreement No 860197 
(MIRIADE), the European Union Joint Programme – Neurodegenerative 
Disease Research (JPND2021-00694), the National Institute for Health and 
Care Research University College London Hospitals Biomedical Research 
Centre, and the UK Dementia Research Institute at UCL (UKDRI-1003). KB is 
supported by the Swedish Research Council (#2017-00915 and #2022-00732), 
the Swedish Alzheimer Foundation (#AF-930351, #AF-939721, #AF-968270, 
and #AF-994551), Hjärnfonden, Sweden (#FO2017-0243 and #ALZ2022-0006), 
the Swedish state under the agreement between the Swedish government 
and the County Councils, the ALF-agreement (#ALFGBG-715986 and 
#ALFGBG-965240), the European Union Joint Program for Neurodegenerative 
Disorders (JPND2019-466-236), the Alzheimer’s Association 2021 Zenith 
Award (ZEN-21-848495), the Alzheimer’s Association 2022–2025 Grant 
(SG-23-1038904 QC), La Fondation Recherche Alzheimer (FRA), Paris, France, 
the Kirsten and Freddy Johansen Foundation, Copenhagen, Denmark, and 
Familjen Rönströms Stiftelse, Stockholm, Sweden.

Data availability
The data used and analyzed in this study are available from the corresponding 
author on reasonable request.

https://doi.org/10.1186/s12882-025-04130-2
https://doi.org/10.1186/s12882-025-04130-2


Page 9 of 10Axelsson et al. BMC Nephrology          (2025) 26:231 

Declarations

Ethics approval and consent to participate
The Ethics Committee of the University of Gothenburg approved the study 
(620-07, 2020-05523), and the research was conducted in accordance with 
the Helsinki Declaration. All study subjects gave informed written consent to 
participate.

Consent for publication
Not applicable

Competing interests
TA, BA and AS declare no conflict of interest. MKS and NJA declare no conflict 
of interest related to this manuscript. GG has given lectures and/or served at 
scientific advisory boards for Boehringer Ingelheim, AstraZeneca, Bayer, Novo 
Nordisk, Vifor Pharma, GSK, Sanofi and Otsuka on topics not related to the 
content of this manuscript. HZ has served at scientific advisory boards and/
or as a consultant for Abbvie, Acumen, Alector, Alzinova, ALZPath, Amylyx, 
Annexon, Apellis, Artery Therapeutics, AZTherapies, Cognito Therapeutics, 
CogRx, Denali, Eisai, LabCorp, Merry Life, Nervgen, Novo Nordisk, Optoceutics, 
Passage Bio, Pinteon Therapeutics, Prothena, Red Abbey Labs, reMYND, Roche, 
Samumed, Siemens Healthineers, Triplet Therapeutics, and Wave, has given 
lectures in symposia sponsored by Alzecure, Biogen, Cellectricon, Fujirebio, 
Lilly, Novo Nordisk, and Roche, and is a co-founder of Brain Biomarker 
Solutions in Gothenburg AB (BBS), which is a part of the GU Ventures 
Incubator Program (outside submitted work). KB has served as a consultant 
and at advisory boards for Abbvie, AC Immune, ALZPath, AriBio, Beckman-
Coulter, BioArctic, Biogen, Eisai, Lilly, Moleac Pte. Ltd, Neurimmune, Novartis, 
Ono Pharma, Prothena, Quanterix, Roche Diagnostics, Sanofi and Siemens 
Healthineers; has served at data monitoring committees for Julius Clinical and 
Novartis; has given lectures, produced educational materials and participated 
in educational programs for AC Immune, Biogen, Celdara Medical, Eisai 
and Roche Diagnostics; and is a co-founder of Brain Biomarker Solutions in 
Gothenburg AB (BBS), which is a part of the GU Ventures Incubator Program, 
outside the work presented in this paper. MA has received compensation for 
lectures and/or advisory boards from Biogen, Gazyme and Novartis.

Author details
1Department of Molecular and Clinical Medicine/Nephrology, Institute 
of Medicine, The Sahlgrenska Academy at the University of Gothenburg, 
Gothenburg, Sweden
2Department of Psychiatry and Neurochemistry, Institute of Neuroscience 
and Physiology, The Sahlgrenska Academy at the University of 
Gothenburg, Mölndal, Sweden
3Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital, 
Mölndal, Sweden
4Department of Neurodegenerative Diseases, UCL Institute of Neurology, 
Queen Square, London, UK
5UK Dementia Research Institute at UCL, London, UK
6Hong Kong Center for Neurodegenerative Diseases, Clear Water Bay, 
Hong Kong, China
7Wisconsin Alzheimer’s Disease Research Center, University of Wisconsin 
School of Medicine and Public Health, University of Wisconsin-Madison, 
Madison, WI, USA
8Paris Brain Institute, ICM, Pitié-Salpêtrière Hospital, Sorbonne University, 
Paris, France
9Neurodegenerative Disorder Research Center, Division of Life Sciences 
and Medicine, and Department of Neurology, Institute on Aging and 
Brain Disorders, University of Science and Technology of China and First 
Affiliated Hospital of USTC, Hefei, P.R. China
10Department of Clinical Neuroscience, Institute of Neuroscience and 
Physiology, The Sahlgrenska Academy at the University of Gothenburg, 
Gothenburg, Sweden
11Department of Medical Sciences, Renal Medicine, Uppsala University, 
Uppsala, Sweden
12Uppsala Clinical Research Centre, Uppsala, Sweden

Received: 7 December 2024 / Accepted: 16 April 2025

References
1.	 Muntner P, Judd SE, McClellan W, Meschia JF, Warnock DG, Howard 

VJ.Incidence of stroke symptoms among adults with chronic kidney disease: 
results from the reasons for geographic and racial differences in stroke 
(REGARDS) study. Nephrol Dial Transplant. 2012;27(1):166–73.

2.	 Kurella Tamura M, Wadley V, Yaffe K, McClure LA, Howard G, Go R, et al. 
Kidney function and cognitive impairment in US adults: the reasons for 
geographic and racial differences in stroke (REGARDS) study. Am J Kidney Dis 
2008;52:227–34.

3.	 Verhaaren BF, Vernooij MW, Dehghan A, Vrooman HA, de Boer R, Hofman A, 
et al. The relation of uric acid to brain atrophy and cognition: the rotterdam 
scan study. Neuroepidemiology 2013;41:29–34.

4.	 Pulignano G, Del Sindaco D, Di Lenarda A, Tinti MD, Tarantini L, Cioffi G, et al. 
Chronic renal dysfunction and anaemia are associated with cognitive impair-
ment in older patients with heart failure. J Cardiovasc Med (Hagerstown) 
2014;15:481–90.

5.	 Xu R, Pi HC, Xiong ZY, Liao JL, Hao L, Liu GL, et al. Hyponatremia and cognitive 
impairment in patients treated with peritoneal dialysis. Clin J Am Soc Nephrol 
2015;10:1806–13.

6.	 Ashton NJ, Pascoal TA, Karikari TK, Benedet AL, Lantero-Rodriguez J, Brink-
malm G, et al. Plasma p-tau231: a new biomarker for incipient Alzheimer’s 
disease pathology. Acta Neuropathol 2021;141:709–24.

7.	 Gisslen M, Price RW, Andreasson U, Norgren N, Nilsson S, Hagberg L, et al. 
Plasma concentration of the neurofilament light protein (NFL) is a biomarker 
of CNS injury in HIV infection: a cross-sectional study. EBioMedicine. 
2016;3:135–40.

8.	 Abdelhak A, Huss A, Kassubek J, Tumani H, Otto M.Serum GFAP as a bio-
marker for disease severity in multiple sclerosis. Sci Rep. 2018;8(1):14798.

9.	 Akamine S, Marutani N, Kanayama D, Gotoh S, Maruyama R, Yanagida K, et 
al. Renal function is associated with blood neurofilament light chain level in 
older adults. Sci Rep 2020;10:20350.

10.	 Dittrich A, Ashton NJ, Zetterberg H, Blennow K, Zettergren A, Simren J, et al. 
Association of chronic kidney disease with plasma NfL and other biomarkers 
of neurodegeneration: the H70 birth cohort study in Gothenburg. Neurology 
2023;101:e277–e88.

11.	 Janelidze S, Barthelemy NR, He Y, Bateman RJ, Hansson O.Mitigating the 
associations of kidney dysfunction with blood biomarkers of Alzheimer 
disease by using phosphorylated tau to total tau ratios. JAMA Neurol. 
2023;80(5):516–22.

12.	 Stocker H, Beyer L, Trares K, Perna L, Rujescu D, Holleczek B, et al. Associa-
tion of kidney function with development of Alzheimer disease and other 
dementias and dementia-related blood biomarkers. JAMA Network Open. 
2023;6(1).

13.	 Rebelos E, Rissanen E, Bucci M, Jaaskelainen O, Honka MJ, Nummenmaa L, 
et al. Circulating neurofilament is linked with morbid obesity, renal function, 
and brain density. Sci Rep 2022;12:7841.

14.	 Inker LA, Titan S.Measurement and estimation of GFR for use in clinical prac-
tice: core curriculum 2021. Am J Kidney Dis. 2021;78(5):736–49.

15.	 Grams ME, Coresh J, Matsushita K, Ballew SH, Sang Y, et al. Estimated 
glomerular filtration rate, albuminuria, and adverse outcomes: an individual-
participant data meta-analysis. JAMA. 2023;330(13):1266–77. Writing Group 
for the CKDPC.

16.	 Ahn JW, Hwang J, Lee M, Kim JH, Cho HJ, Lee HW, et al. Serum neurofilament 
light chain levels are correlated with the infarct volume in patients with acute 
ischemic stroke. Medicine (Baltimore). 2022;101(39).

17.	 Shahim P, Gren M, Liman V, Andreasson U, Norgren N, Tegner Y, et al. Serum 
neurofilament light protein predicts clinical outcome in traumatic brain 
injury. Sci Rep. 2016;6:36791.

18.	 Hesse C, Rosengren L, Andreasen N, Davidsson P, Vanderstichele H, Vanmech-
elen E, et al. Transient increase in total tau but not phospho-tau in human 
cerebrospinal fluid after acute stroke. Neurosci Lett 2001;297:187–90.

19.	 Janelidze S, Mattsson N, Palmqvist S, Smith R, Beach TG, Serrano GE, et al. 
Plasma P-tau181 in Alzheimer’s disease: relationship to other biomarkers, 
differential diagnosis, neuropathology and longitudinal progression to 
Alzheimer’s dementia. Nat Med 2020;26:379–86.

20.	 Eng LF, Vanderhaeghen JJ, Bignami A, Gerstl B.An acidic protein isolated from 
fibrous astrocytes. Brain Res. 1971;28(2):351–54.

21.	 Saraste M, Bezukladova S, Matilainen M, Sucksdorff M, Kuhle J, Leppert D, et 
al. Increased serum glial fibrillary acidic protein associates with microstruc-
tural white matter damage in multiple sclerosis: GFAP and DTI. Mult Scler 
Relat Disord. 2021;50:102810.



Page 10 of 10Axelsson et al. BMC Nephrology          (2025) 26:231 

22.	 Kashioulis P, Guron CW, Svensson MK, Hammarsten O, Saeed A, Guron 
G.Patients with moderate chronic kidney disease without heart disease have 
reduced coronary flow velocity reserve. ESC Heart Fail. 2020;7(5):2797–806.

23.	 Delanaye P, Ebert N, Melsom T, Gaspari F, Mariat C, Cavalier E, et al. Iohexol 
plasma clearance for measuring glomerular filtration rate in clinical practice 
and research: a review. Part 1: how to measure glomerular filtration rate with 
iohexol? Clin Kidney J 2016;9:682–99.

24.	 Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, et al. New 
creatinine- and cystatin C-based equations to estimate GFR without race. N 
Engl J Med 2021;385:1737–49.

25.	 Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al. 
Estimating glomerular filtration rate from serum creatinine and cystatin C. N 
Engl J Med 2012;367:20–29.

26.	 Kanberg N, Ashton NJ, Andersson LM, Yilmaz A, Lindh M, Nilsson S, et al. 
Neurochemical evidence of astrocytic and neuronal injury commonly found 
in COVID-19. Neurology 2020;95:e1754–e9.

27.	 Zheng HT, Wu Z, Mielke MM, Murray AM, Ryan J.Plasma biomarkers of 
Alzheimer’s disease and neurodegeneration according to sociodemo-
graphic characteristics and chronic health conditions. J Prev Alzheimers Dis. 
2024;11(5):1189–97.

28.	 Simren J, Andreasson U, Gobom J, Suarez Calvet M, Borroni B, Gillberg C, et al. 
Establishment of reference values for plasma neurofilament light based on 
healthy individuals aged 5–90 years. Brain Commun. 2022;4(4):fcac174.

29.	 Norden AG, Lapsley M, Lee PJ, Pusey CD, Scheinman SJ, Tam FW, et al. 
Glomerular protein sieving and implications for renal failure in Fanconi 
syndrome. Kidney Int 2001;60:1885–92.

30.	 Haraldsson B, Nystrom J, Deen WM.Properties of the glomerular barrier and 
mechanisms of proteinuria. Physiol Rev. 2008;88(2):451–87.

31.	 Korley FK, Goldstick J, Mastali M, Van Eyk JE, Barsan W, Meurer WJ, et al. Serum 
NfL (neurofilament light chain) levels and incident stroke in adults with 
diabetes mellitus. Stroke 2019;50:1669–75.

32.	 Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, Heerspink HJ, 
Mann JF, et al. Chronic kidney disease and cardiovascular risk: epidemiology, 
mechanisms, and prevention. Lancet. 2013;382(9889).

33.	 Michos ED, Wilson LM, Yeh HC, Berger Z, Suarez-Cuervo C, Stacy SR, et al. 
Prognostic value of cardiac troponin in patients with chronic kidney disease 
without suspected acute coronary syndrome: a systematic review and meta-
analysis. Ann Intern Med 2014;161:491–501.

34.	 Stein NR, Zelnick LR, Anderson AH, Christenson RH, deFilippi CR, Deo R, et al. 
Associations between cardiac biomarkers and cardiac structure and function 
in CKD. Kidney Int Rep 2020;5:1052–60.

35.	 Pichet Binette A, Janelidze S, Cullen N, Dage JL, Bateman RJ, Zetterberg H, et 
al. Confounding factors of Alzheimer’s disease plasma biomarkers and their 
impact on clinical performance. Alzheimers Dement 2023;19:1403–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Plasma concentrations of neurofilament light, p-Tau231 and glial fibrillary acidic protein are elevated in patients with chronic kidney disease and correlate with measured glomerular filtration rate
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Subjects and protocol
	﻿Plasma analyses and measurement of GFR
	﻿Analyses of biomarkers of neurological disorders
	﻿Hemodynamic measurements
	﻿Statistics

	﻿Results
	﻿General characteristics
	﻿Plasma concentrations of biomarkers of neurological disorders
	﻿Biomarkers of neurological disorders in patients with CKD

	﻿Predictors of biomarkers of neurological disorders in patients with CKD
	﻿Biomarkers of neurological disorders in all study subjects (CKD + controls)
	﻿Predictors of biomarkers of neurological disorders in all study subjects (CKD + controls)

	﻿Discussion
	﻿Conclusion
	﻿References


