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Abstract

Rationale & Objective: Chronic kidney disease (CKD) is a risk factor for cognitive decline,
but evidence is limited on its etiology and morphological manifestation in the brain. We evaluated
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the association of estimated glomerular filtration rate (eGFR) and urinary albumin-creatinine ratio
(UACR) with structural brain abnormalities visible on magnetic resonance imaging (MRI). We
also assessed whether this association was altered when different filtration markers were used to
estimate GFR.

Study Design: Cross-sectional study nested in a cohort study.

Setting & Participants: 1,527 participants in the Atherosclerosis Risk in Communities (ARIC)
Study.

Predictors: Log(UACR) and eGFR based on cystatin C, creatinine, cystatin C and creatinine in
combination, or B,-microglobulin (B2M).

Outcomes: Brain volume reduction, infarcts, microhemorrhages, white matter lesions.

Analytical Approach: Multivariable linear and logistic regression models fit separately for each
predictor based on a 1-1QR difference in the predictor value.

Results: Each 1-1QR lower eGFR was associated with reduced cortex volume (regression
coefficient: —0.07 [95% CI, —0.12 to —0.02]), greater white matter hyperintensity volume
(logarithmically transformed; regression coefficient: 0.07 [95% CI, 0.01-0.15]), and lower white
matter fractional anisotropy (regression coefficient: —0.08 [95% CI, —0.17 to —0.01]). The results
were similar when eGFR was estimated with different equations based on cystatin C, creatinine,
a combination of cystatin C and creatinine, or B2M. Higher log(UACR) was similarly associated
with these outcomes as well as brain infarcts and microhemorrhages (odds ratios per 1-IQR-fold
greater UACR of 1.31 [95% ClI, 1.13-1.52] and 1.30 [95% CI, 1.12-1.51], respectively). The
degree to which brain volume was lower in regions usually susceptible to Alzheimer disease and
LATE (limbic-predominant age-related TDP-43 [Tar DNA binding protein 43] encephalopathy)
was similar to that seen in the rest of the cortex.

Limitations: No inference about longitudinal effects due to cross-sectional design.

Conclusions: We found eGFR and UACR are associated with structural brain damage across
different domains of etiology, and eGFR- and UACR-related brain atrophy is not selective for
regions typically affected by Alzheimer disease and LATE. Hence, Alzheimer disease or LATE
may not be leading contributors to neurodegeneration associated with CKD.

Dementia and cognitive decline constitute a growing public health issue, causing lower
quality of life, loss of independence, increased caregiver burden, and premature death.! In
addition to the heavy personal toll, estimated health care costs amount to over $150 billion
annually in the United States, a financial strain similar to heart disease or cancer.2 Therefore,
it is vital to identify high-risk patients and understand the underlying disease mechanisms

to facilitate prevention and treatment strategies.3Dementia, both vascular and age-related, as
well as cognitive decline are often accompanied or preceded by brain pathologies visible on
magnetic resonance imaging (MRI).4- Certain brain regions including the entorhinal cortex,
fusiform gyri, inferior temporal lobe, middle temporal lobe, and hippocampus are usually
susceptible to neurodegenerative disease, including typical amnestic Alzheimer disease
(AD) and, in later age, limbic-predominant age-related TDP-43 (Tar DNA binding protein
43) encephalopathy (LATE).”8 White matter hyperintensities (WMH) and lacunar infarcts
are signs of small vessel disease, which is known to contribute to vascular dementia.®10
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Cerebral microhemorrhages have been shown to be more frequent in study participants with
vascular dementia, cerebral amyloid angiopathy, and AD, depending on the hemorrhages’
location.11:12 An impaired microstructural integrity of white matter is a sign of subclinical
brain damage and can be measured using diffusion tensor imaging (DTI). It is also a
predictor for the development of brain atrophy and cognitive decline later in life.13-15

Patients with chronic kidney disease (CKD) are also at a higher risk of cognitive decline, and
more advanced stages of CKD are associated with more severe cognitive impairment,16-18
Previous studies have reported an association of kidney function measures with brain
atrophy, cerebrovascular pathologies, and white matter abnormalities, but characterized the
brain damage as primarily driven by vascular causes and its nature as being functional
rather than structural.19-21 An evaluation of the effects of CKD on structural outcomes,
including brain MRI pathologies in regions usually susceptible to neurodegenerative disease
(eg, AD and LATE), has not been performed. In addition, most previous studies based

their glomerular filtration rate (GFR) estimates on creatinine, which can be influenced by
non-GFR determinants of creatinine such as unusual muscle mass, protein-rich diet, or
intake of supplements containing creatine.22-25

In this study, we investigated the cross-sectional relationship of estimated GFR (eGFR) and
urinary albumin-creatinine ratio (UACR) with structural brain abnormalities visible on MRI
in the Atherosclerosis Risk in Communities (ARIC) Study cohort. We examined whether
the association of these kidney function measures with brain MRI abnormalities differs for
pathologies that are usually associated with AD and LATE compared with those typically
related to vascular dementia. We also assessed whether the association between eGFR and
brain MRI changes is different depending on which markers (cystatin C, creatinine, or
Bo-microglobulin [B2M])26-28 are used for the estimation of GFR.

Study Population

In 1987-1989, the ARIC cohort study recruited 15,792 participants between 45 and 64
years old from 4 US communities (Washington County, MD; Forsyth County, NC; Jackson,
MS; and Minneapolis, MN).2? Participants with evidence of cognitive impairment and a
stratified random sample of the remaining participants were invited for a brain MRI scan

at study visit 5 (2011-2013) as part of the ARIC Neurocognitive Study (NCS).10:30 For

our cross-sectional analysis, we included all White or African American participants with
complete data for brain MRI, eGFR, UACR, and covariates, resulting in 1,527 participants
(Fig S1). This study was approved by the institutional review boards at all study sites (Johns
Hopkins University, Wake Forest University, University of Mississippi Medical Center, and
University of Minnesota), and all participants gave written, informed consent.

Exposures: Measures of Kidney Function

As exposures, we studied eGFR and UACR at ARIC visit 5. Creatinine was measured
in plasma specimens using a modified kinetic Jaffé method, calibrated to the Cleveland
Clinic laboratory measurements and standardized to an isotope-dilution mass spectrometry—
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traceable method.31:32 Cystatin C and B2M were also measured in plasma using a
particle-enhanced immunonephelometric assay (Siemens Healthcare Diagnostics) followed
by calibration and standardization.33 In the primary analysis, GFR was estimated using the
CKD Epidemiology Collaboration (CKD-EPI) equation based on cystatin C.27 This was
motivated by concerns that eGFR based on creatinine may be influenced by non-GFR
determinants of creatinine. In a sensitivity analysis, associations with eGFR based on
creatinine, a combination of creatinine and cystatin C, or B2M were also tested.26-28 For use
of creatinine and the creatinine—cystatin C combination, the 2021 CKD-EPI equations were
used.28 Urine albumin was measured in spot urine samples via a nephelometric method with
either the BN-100 (Dade Behring) or the Beckman Nephelometer (Beckman Coulter).

Outcomes: Brain Imaging

Covariates

Structural brain images were obtained using 3-T MRI scanners (Siemens Verio [Maryland
study center], Siemens Skyra [North Carolina and Mississippi study centers], or Siemens
Trio [Minnesota study center] following identical protocols.34 The scans included sagittal
T1-weighted magnetization—prepared rapid gradient-echo (MPRAGE) imaging, axial T2
fluid attenuation inversion recovery (FLAIR), and axial DTI pulse sequences. Brain volumes
were estimated based on T1-weighted scans. Data processing was done at the ARIC MRI
Reading Center at the Mayo Clinic (Rochester, MN).

Volumes of regions of interest (ROIs) were estimated using the FreeSurfer system
(Laboratory for Computational Neuroimaging). Specifically, we evaluated the volume of
the whole brain, total cortical region, as well as a meta-ROI, which includes the entorhinal
cortex, fusiform gyri, inferior temporal lobe, middle temporal lobe, hippocampus, and
amygdala. This meta-ROI is typically susceptible to neurodegenerative disease, including
typical amnestic AD and LATE.” In our analysis, it is referred to as “temporal lobe
meta-ROI.” WMH volume was measured using a semiautomated segmentation algorithm on
T2-weighted FLAIR images.3®

Brain microhemorrhages and infarcts were identified by a trained imaging technician

and confirmed by a radiologist. Depending on the location, microhemorrhages were

further classified as lobar (lobar or cortical gray matter) or subcortical (subcortical or
periventricular) microhemorrhages; infarcts were further classified as lacunar or cortical
infarcts. Fractional anisotropy (FA) is a measurement for the directional constraint of water
diffusion with a unitless range from 0 to 1. Mean diffusivity (MD) is a scalar measure of
how quickly water molecules diffuse (10~ mm?/s). Lower levels of FA and higher levels of
MD are a sign of impaired white matter microstructural integrity.14

The covariates used for adjustment in statistical models were chosen as known dementia risk
factors based on previous studies.38 Age, sex, race, education (less than high school, high
school graduate or general equivalency diploma, beyond high school), and smoking status
(current smoker, former smoker, never smoker) were self-reported. Additional covariates
were apolipoprotein E (APOE) e4 genotype (presence of 0, 1, or 2 alleles; genotyping

was performed using the TagMan assay [Applied Biosystems]), body mass index (in kg/

Am J Kidney Dis. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scheppach et al.

Page 5

m?2), serum low-density lipoprotein cholesterol (in mmol/L, measured using an enzymatic
method), hypertension (systolic blood pressure > 140 mm Hg, diastolic blood pressure > 90
mm Hg, or use of antihypertensive medication), diabetes (fasting glucose level > 126 mg/dL
with serum glucose assessed by the hexokinase method, self-report of physician-diagnosed
diabetes, or use of diabetes medication), prevalent heart failure, and prior history of stroke.
Information about sex, race, date of birth, self-reported education, and APOE genotype was
obtained at ARIC visit 1. For all other covariates, the measurements were taken at ARIC
visit 5.

Statistical Analysis

This is a cross-sectional analysis with eGFR and UACR as exposures and different brain
pathologies visible on MRI as outcomes. eGFR was modeled either as a continuous or as

a categorical exposure variable using standard categories of eGFR: <30, 30-<60, 60-<90
(reference category), and =90 mL/min/1.73 mL/min/1.73 m2. Albuminuria was modeled as
continuous UACR.

To account for skewness in the distribution, the exposure variable UACR and the outcome
variable WMH were log-transformed. Logistic regression was used for binary outcomes to
calculate odds ratios (ORs) with 95% CI per 1-1QR difference in the respective predictor, or
to calculate ORs comparing predictor categories to the reference category. Linear regression
was used for continuous outcomes to calculate regression coefficients with 95% CI per 1-
IQR difference in the respective predictor or comparing predictor categories to the reference
category.

Owing to the variability in the distributions and units of the continuous outcome variables,
and in order to facilitate the comparison of their regression results, the continuous

outcome variables were standardized before regression to have a mean of 0 and SD of

1. Models analyzing log(UACR) as a predictor were adjusted for the covariates age, sex,
race, education, APOE e4, smoking, body mass index, low-density lipoprotein cholesterol
level, hypertension, diabetes, heart failure, stroke, and cystatin C—based eGFR. For brain
volume measurements and WMH volume, models were further adjusted for total intracranial
volume.

All statistical models were weighted to account for potential bias introduced by the stratified
random sampling approach used to select participants for a brain MRI scan. We applied
inverse probability weighting, using weights inversely proportional to the sampling weights.
Potential interactions between exposures and race were evaluated by running separate
models including interaction terms for cystatin C-based eGFR and race, as well as UACR
and race.

In a sensitivity analysis, we evaluated the association of structural brain abnormalities
visible on MRI with eGFR calculated using creatinine alone, a combination of creatinine
and cystatin C, or B2M. P < 0.05 was considered statistically significant, and tests for
significance were 2-tailed. All statistical analyses were performed using Stata Version 15.1
(StataCorp LLC).
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Participant Characteristics

Association

Association

Among the 1,527 participants in our analysis, the mean age was 76.4 + 5.3 (SD) years,

879 participants (57.6%) were women, and 417 (27.3%) were African American. Among all
participants, 391 (25.6%) had 1 and 40 (2.6%) had 2 APOE &4 risk alleles. In the assessment
of cognitive status at the study visit, 926 (60.6%) of the participants had no cognitive
impairment, 525 (34.4%) had mild cognitive impairment, and 76 (5.0%) had dementia.
Lower eGFR was associated with a higher prevalence of hypertension, diabetes, heart
failure, and previous stroke. Participants with an eGFR < 30 mL/min/1.73 m? also showed
higher levels of albuminuria compared with the rest of the study cohort (Table 1). In the
study population, the mean brain volume was 1,016.0 + 108.7 cm?, and cortex volume was
399.1 + 43.0 cm3. Brain MRI scans showed infarcts in 398 (26.1%) and microhemorrhages
in 371 (24.3%) participants (Table 2).

of Kidney Function Measures With Brain Atrophy

Lower cystatin C-based eGFR was associated with lower brain cortex volume, with a
regression coefficient of —0.07 (95% CI, —0.12 to —0.02) per 1-IQR lower eGFR (equivalent
to 26.10 mL/min/1.73 m2). The association of decreased eGFR with brain atrophy in
temporal lobe meta-ROIs, which identify regions of the cortex usually susceptible to
neurodegenerative disease, including AD and LATE, had a regression coefficient of —0.05
(95% ClI, —0.11 to 0.01) per 1-1QR lower eGFR. This effect size, though not statistically
significant, was similar in direction and magnitude to that of the cortex areas excluding
these ROIs (regression coefficient per 1-IQR lower eGFR, —0.07 [95% CI, —0.12 to —0.03])
(Table 2). When assessing cortex volume according to standard eGFR categories, lower
eGFR was also associated with brain cortex atrophy but was only statistically significant
for participants with eGFR < 30 mL/min/1.73 m? (regression coefficient: —0.21 [95% Cl,
-0.36 to —0.06]) compared with the reference group with an eGFR of 60-<90 mL/min/1.73
m?2. The effect size was again similar in direction and magnitude for atrophy in temporal
lobe meta-ROIs (regression coefficient: —0.16 [95% CI, —0.35 to 0.02]; not statistically
significant) compared with the remaining cortical regions (regression coefficient: —0.22
[95% CI, —0.37 to —0.07]) (Table 3).

Higher levels of albuminuria were similarly related to lower brain volume, both in temporal
lobe meta-ROIs and cortex areas excluding temporal lobe meta-ROls; for log(UACR), the
regression coefficients per 1-IQR-fold (equivalent to 1.26-fold) greater value were similar to
the regression coefficients per 1-IQR lower eGFR (Table 2).

of Kidney Function Measures With Macrovascular Damage

Associations of albuminuria with macrovascular damage were expressed in adjusted OR
(AOR) per 1-1QR-fold greater log(UACR). Participants with higher levels of albuminuria
were more likely to have prevalent macrovascular brain damage, such as brain infarcts
(AOR, 1.31[95% CI, 1.13-1.52]). This could also be observed for the 2 subtypes of brain
infarcts evaluated in this study: cortical infarcts (AOR, 1.27 [95% CI, 1.05-1.53]) and
lacunar infarcts (AOR, 1.18 [95% CI, 1.00-1.39]). In addition, there was an association
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between higher levels of albuminuria and increased odds of brain microhemorrhages in
general (AOR, 1.30 [95% CI, 1.12-1.51]) and subcortical microhemorrhages in particular
(AOR, 1.32 [95% CI, 1.13-1.54]). For lobar microhemorrhages, the effect estimate was
similar in direction and magnitude but not statistically significant (Table 2).

Although the effect estimates were not statistically significant, participants with lower eGFR
had nominally greater odds of prevalent brain infarcts of any kind and lacunar infarcts (but
not cortical infarcts) as well as microhemorrhages of any kind and lobar microhemorrhages
(but not subcortical microhemorrhages) (Table 2).

of Kidney Function Measures With Microvascular Abnormalities

Reduced eGFR and greater albuminuria showed similar associations with microvascular
white matter pathologies in conventional MRI and DTI (associations are expressed as
regression coefficients per 1-IQR lower eGFR or per 1-IQR-fold greater UACR). The
volume of WMH, which is a sign of brain small vessel disease, was higher in patients

with lower eGFR (regression coefficient, 0.07 [95% CI, 0.01-0.15]) and higher log(UACR)
(regression coefficient, 0.09 [95% CI, 0.03-0.15]). Impaired microstructural integrity of
white matter indicates subclinical brain damage and is reflected in lower levels of FA

and higher levels of MD in DT measurements. Lower white matter FA was associated

with lower levels of eGFR (regression coefficient, —0.08 [95% CI, —-0.17 to —0.01]) and
higher levels of log(UACR) (regression coefficient, —0.09 [95% CI, —0.16 to —0.02]). White
matter MD was increased for both lower eGFR and higher log(UACR), but only statistically
significant for log(UACR) (regression coefficient, 0.11 [95% CI, 0.05 to 0.17]) (Table 2).

In the analysis of standard eGFR categories, white matter FA was also lower in participants
with eGFR < 30 mL/min/1.73 m? than in those in the reference group (regression
coefficient, —0.30 [95% CI, —0.59 to —0.01]) (Table 3).

Sensitivity Analyses

To compare kidney function measurements based on different biomarkers, we repeated

the analysis for continuous eGFR, but instead of using a cystatin C-based eGFR, we

used GFR estimated with creatinine, a combination of creatinine and cystatin C, or B2M.
The regression results for these other GFR estimates and their associations with brain
volume, infarcts, microhemorrhages, and white matter lesions were similar in direction and
magnitude to eGFR based on cystatin C, as was used in the main analysis (Table 2; Table
S1).

In the analysis of interaction between kidney function measures and race, the interaction
terms of cystatin C—based eGFR or log(UACR) with race were not statistically significant
(Table S2).

Discussion

This study of 1,527 community-based participants shows that kidney function measures are
significantly associated with markers of neurodegeneration and small vessel disease visible
on brain MRI. These associations were robust against adjusting for known vascular risk
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factors. Lower levels of eGFR and higher levels of UACR were associated with a reduction
of cortical brain volume, and this association was as strong for cortical regions susceptible
to AD and LATE as in the rest of the cortex. Both lower eGFR and higher UACR were
also associated with greater WMH volume, a sign of small vessel disease in the brain,

and impaired white matter microstructural integrity visible on DTI measurements, such

as reduced white matter FA. Beyond that, the participants with higher levels of UACR

had greater odds of ischemic brain damage, such as lacunar and cortical infarcts and

of subcortical microhemorrhages. Increased UACR was also associated with higher MD,
another sign of microstructural white matter damage. The effect sizes were generally similar
in direction and magnitude when GFR estimation was based on cystatin C, creatinine, a
combination of creatinine and cystatin C, or B2M.

The relationship between albuminuria and structural brain pathologies is supported by
previous studies, which have found associations with reduced brain volume, increased
WMH volume, and microstructural white matter damages in patients with CKD, diabetes, or
other cardiovascular risk factors.20:37-42 QOur study adds an analysis of a large, biracial
population-based sample, finding a significant correlation of UACR with white matter
lesions, microhemorrhages, and infarcts. This contributes further evidence to previous
studies linking albuminuria to cerebral small vessel disease.2043 An association of UACR
with brain atrophy was visible in the cortex but was not selective for regions typically
affected by AD and LATE. Therefore, etiologies other than AD or LATE, such as vascular
damage, are likely to play a leading role as pathomechanisms for cognitive decline in
patients with albuminuria.

Compared with albuminuria, the evidence linking eGFR to MRI markers of
neurodegeneration is less clear. Some studies reported that albuminuria but not eGFR was
associated with WMH and brain atrophy affecting both grey and white matter.3841 Others
found marginal associations of eGFR with brain volume and white matter lesions, which
were statistically significant at first but did not persist after adjusting for other factors.** Yet
most previous studies reported significant associations of eGFR with brain atrophy,#0:45.46
microvascular damage,2%-21 and impaired white matter microstructural integrity,3%40 which
is consistent with our findings.

Mixed results of previous studies regarding the association of eGFR and brain pathologies
visible on MRI may be explained by small sample sizes in some analyses and different
study populations regarding age, nationality, severity of cognitive impairment, etiology

of CKD, duration of CKD, as well as variation in severity of CKD in the cohort. It is
noteworthy that all but one of these studies used GFR estimations based on serum creatinine,
which can potentially be influenced by muscle mass, meat-based diet, or creatine dietary
supplements.22-25 Older people are more likely to have less than average muscle mass due
to chronic illness, leading to low creatinine values and potential overestimation of GFR,
which may blur associations with adverse outcomes. By contrast, markers such as cystatin C
or B2M may be less affected by such non-GFR determinants of creatinine.28:47

For our main analysis, we therefore used eGFR based on cystatin C and performed
a sensitivity analysis comparing the results with estimations based on creatinine, a
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combination of creatinine and cystatin C, and B2M. Comparability was ensured by
standardizing all changes of eGFR to their respective IQRs. However, the associations
between eGFR and morphological brain abnormalities for cystatin C—based GFR estimates
were similar in direction and magnitude compared with the estimates based on other
biomarkers. We therefore conclude that the association between eGFR and MRI signs of
neurodegeneration in our cohort is not influenced by the way GFR is estimated.

Compared to previous studies, our analysis adds a more detailed breakdown of affected
brain regions. The effect size for the association of lower eGFR and reduced brain

volume was similar in direction and magnitude for brain regions usually susceptible to

AD and LATE and other regions of the cortex. The generalized atrophy pattern, which we
observed in association with both eGFR and UACR, was not selective for regions typically
affected by AD and LATE. This suggests that AD and LATE may not be leading factors

in the development of brain pathologies related to CKD but may coexist with vascular
etiologies of reduced brain volume. Our analysis shows statistically significant associations
of decreased kidney function with brain atrophy, microvascular brain damage, and impaired
white matter integrity. Hence, CKD appears to be related to various domains of macro-

and microstructural brain damage suggestive of a multifactorial pathomechanism in the
development of neurodegeneration and brain small vascular disease.

The strengths of our study include a large population-based sample with both White

and African American participants, enhancing the generalizability of the results, as well
as use of variety of filtration markers for estimating GFR and comprehensive brain
imaging techniques covering different areas of morphological brain damage. However, this
study also has limitations. The cross-sectional study design does not allow for inference
about longitudinal effects. Although a one-time measurement of brain volume relative to
intracranial volume has been used in the previous literature to measure brain atrophy, the
rate of brain atrophy over time cannot be assessed.#® Conducting MRI scans on only a
part of the ARIC cohort at study visit 5 (all participants with cognitive impairment plus a
stratified random sample of the remaining participants) may introduce potential selection
bias. This was addressed by using inverse probability weighting. B2M can be measured
by different methods, such as immunoassay, nephelometry, or turbidimetry; due to a lack
of standardization, there is discordance between these methods.*® However, we would not
expect this to affect our analysis because all measurements were performed with the same
immunonephelometric assay followed by calibration and standardization.33

A principal objective of ARIC-NCS is to characterize the morphological manifestation
of dementia and cognitive decline. This study builds upon previous reports, which

linked kidney function measures to dementia and cognitive decline,16-18 and confirms
the association of UACR and eGFR with structural brain damage while also providing
new information about its etiology as well as its localization in the brain. Future studies
need to collect longitudinal data and confirm predictors as risk factors to increase clinical
applicability.

Am J Kidney Dis. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scheppach et al.

Page 10

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

Support:

We thank the staff and participants of the ARIC Study for their important contributions.

The ARIC Study is carried out as a collaborative study supported by National Heart, Lung, and Blood

Institute contracts (HHSN2682017000011, HHSN2682017000021, HHSN2682017000031, HHSN2682017000041,
and HHSN2682017000051). Neurocognitive data were collected with support by grants U01 2U01HL096812,
2U01HL096814, 2U01HL096899, 2U01HL 096902, and 2U01HL096917 from the National Institutes of Health
(National Heart, Lung, and Blood Institute, with support from the National Institute of Neurological Disorders
and Stroke, National Institute on Aging, and National Institute on Deafness and Other Communication Disorders)
and with previous brain MRI examinations funded by R01-HL70825 from the National Heart, Lung, and Blood
Institute. Dr Grams is supported by K24HL 155861 and RO1DK124399. Dr Scheppach was funded by a research
fellowship from the German Research Foundation (Deutsche Forschungsgemeinschaft, Projekt SCHE 2116/1-1).
The funding sources had no role in the study design and conduct of the study, collection, management, analysis,
reporting, and interpretation of the data, preparation, review, or approval of the manuscript, and decision to submit
the manuscript for publication.

Financial Disclosure:

Dr Scheppach has received a research fellowship from the German Research Foundation (Deutsche
Forschungsgemeinschaft, Projekt SCHE 2116/1-1). Dr Wu has received consulting fees from Analysis Group

Inc, which was not relevant to the presented study. Dr Gottesman has previously received funding (through her
institution) from NIH/NHLBI, NIH/ NIA, and NIH/NINDS for ARIC grant support, and has previously served as
associate editor for the journal Neurology. Dr Mosley has received support from NIH grants. Dr Grams has received
support from NKF and NIH grants. Dr Coresh has received support from NKF and NIH grants and has served as an
advisor to Healthy.io. The remaining authors declare that they have no relevant financial interests.

References

1. Fiest KM, Jette N, Roberts JI, et al. The prevalence and incidence of dementia: a systematic review
and meta-analysis. Can J Neurol Sci. 2016;43(suppl 1):S3-s50. doi:10.1017/cjn.2016.18

2. Hurd MD, Martorell P, Langa KM. Monetary costs of dementia in the United States. N Engl J Med.
2013;369(5):489-490. doi:10.1056/NEIJMc1305541

3. Fratiglioni L, Qiu C. Prevention of cognitive decline in ageing: dementia as the target, delayed onset
as the goal. Lancet Neurol. 2011;10(9):778-779. d0i:10.1016/s1474-4422(11)70145-4 [PubMed:
21775212]

4. Hase Y, Horsburgh K, Ihara M, Kalaria RN. White matter degeneration in vascular and other
ageing-related dementias. J Neurochem. 2018;144(5):617-633. doi:10.1111/jnc.14271 [PubMed:
29210074]

5. Wu A, Sharrett AR, Gottesman RF, et al. Association of brain magnetic resonance imaging
signs with cognitive outcomes in persons with nonimpaired cognition and mild cognitive
impairment. JAMA Netw Open. 2019;2(5):193359. doi:10.1001/jamanetworkopen.2019.3359
[PubMed: 31074810]

6. Mosley TH Jr, Knopman DS, Catellier DJ, et al. Cerebral MRI findings and cognitive
functioning: the Atherosclerosis Risk in Communities study. Neurology. 2005;64(12):2056—2062.
d0i:10.1212/01.wnl.0000165985.97397.88 [PubMed: 15985571]

7. Schwarz CG, Gunter JL, Wiste HJ, et al. A large-scale comparison of cortical thickness and
volume methods for measuring Alzheimer’s disease severity. Neuroimage Clin. 2016;11:802-812.
doi:10.1016/j.nicl.2016.05.017 [PubMed: 28050342]

8. Nelson PT, Dickson DW, Trojanowski JQ, et al. Limbic-predominant age-related TDP-43
encephalopathy (LATE): consensus working group report. Brain. 2019;142(6):15031527.
doi:10.1093/brain/awz099

Am J Kidney Dis. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scheppach et al.

Page 11

9. Debette S, Beiser A, DeCarli C, et al. Association of MRI markers of vascular brain injury with

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

incident stroke, mild cognitive impairment, dementia, and mortality: the Framingham Offspring
Study. Stroke. 2010;41(4):600-606. doi:10.1161/strokeaha.109.570044 [PubMed: 20167919]

10.

Knopman DS, Griswold ME, Lirette ST, et al. Vascular imaging abnormalities and cognition:
mediation by cortical volume in nondemented individuals: atherosclerosis risk in communities-
neurocognitive study. Stroke. 2015;46(2):433-440. doi:10.1161/strokeaha.114.007847 [PubMed:
25563642]

Romero JR, Beiser A, Himali JJ, Shoamanesh A, DeCarli C, Seshadri S. Cerebral microbleeds
and risk of incident dementia: the Framingham Heart Study. Neurobiol Aging. 2017;54:94-99.
doi:10.1016/j.neurobiolaging. 2017.02.018 [PubMed: 28347929]

Graff-Radford J, Simino J, Kantarci K, et al. Neuroimaging correlates of cerebral microbleeds.
Stroke. 2017;48(11):29642972. doi:10.1161/strokeaha.117.018336

Ly M, Canu E, Xu G, et al. Midlife measurements of white matter microstructure predict
subsequent regional white matter atrophy in healthy adults. Hum Brain Mapp. 2014;35(5):2044—
2054. doi:10.1002/hbm.22311 [PubMed: 23861348]

Alexander AL, Lee JE, Lazar M, Field AS. Diffusion tensor imaging of the brain.
Neurotherapeutics. 2007;4(3):316-329. doi: 10.1016/j.nurt.2007.05.011 [PubMed: 17599699]
Vernooij MW, Tkram MA, VVrooman HA, et al. White matter microstructural integrity and cognitive
function in a general elderly population. Arch Gen Psychiatry. 2009;66(5):545-553. doi:10.1001/
archgenpsychiatry.2009.5 [PubMed: 19414714]

Elias MF, Elias PK, Seliger SL, Narsipur SS, Dore GA, Robbins MA. Chronic kidney
disease, creatinine and cognitive functioning. Nephrol Dial Transplant. 2009;24(8):2446-2452.
doi:10.1093/ndt/gfp107 [PubMed: 19297357]

Madan P, Kalra OP, Agarwal S, Tandon OP. Cognitive impairment in chronic kidney disease.
Nephrol Dial Transplant. 2007;22(2):440-444. doi:10.1093/ndt/gfI572 [PubMed: 17023495]

Scheppach JB, Coresh J, Wu A, et al. Albuminuria and estimated GFR as risk factors of dementia
in midlife and older age: findings from the ARIC Study. Am J Kidney Dis. 2020;76(6): 775-783.
doi:10.1053/j.ajkd.2020.03.015 [PubMed: 32428540]

Hartung EA, Erus G, Jawad AF, et al. Brain magnetic resonance imaging findings in children and
young adults with CKD. Am J Kidney Dis. 2018;72(3):349-359. doi:10.1053/j.ajkd.2017.11. 024
[PubMed: 29398180]

Vemuri P, Knopman DS, Jack CR Jr, et al. Association of kidney function biomarkers with

brain MRI findings: the BRINK Study. J Alzheimers Dis. 2017;55(3):1069-1082. doi:10.3233/
jad160834 [PubMed: 27767995]

Yao T, Song G, Li Y, Wang D. Chronic kidney disease correlates with MRI findings of

cerebral small vessel disease. Ren Fail. 2021;43(1):255-263. doi:10.1080/0886022x.2021.1873804
[PubMed: 33478332]

Stevens PE, Levin A. Evaluation and management of chronic kidney disease: synopsis of the
kidney disease: improving global outcomes 2012 clinical practice guideline. Ann Intern Med.
2013;158(11):825-830. doi:10.7326/0003-4819-15811-201306040-00007 [PubMed: 23732715]
Baxmann AC, Ahmed MS, Marques NC, et al. Influence of muscle mass and physical activity on
serum and urinary creatinine and serum cystatin C. Clin J Am Soc Nephrol. 2008;3(2):348-354.
doi:10.2215/cjn.02870707 [PubMed: 18235143]

Preiss DJ, Godber IM, Lamb EJ, Dalton RN, Gunn IR. The influence of a cooked-

meat meal on estimated glomerular filtration rate. Ann Clin Biochem. 2007;44:35-42.
doi:10.1258/000456307779595995 [PubMed: 17270090]

Gualano B, Ferreira DC, Sapienza MT, Seguro AC, Lancha AH Jr. Effect of short-term high-dose
creatine supplementation on measured GFR in a young man with a single kidney. Am J Kidney
Dis. 2010;55(3):e7—€9. doi:10.1053/jajkd.2009.10.053. [PubMed: 20060630]

Inker LA, Tighiouart H, Coresh J, et al. GFR estimation using beta-trace protein and p2-
microglobulin in CKD. Am J Kidney Dis. 2016;67(1):40-48. doi:10.1053/j.ajkd.2015.07.025
[PubMed: 26362696]

Karger AB, Inker LA, Coresh J, Levey AS, Eckfeldt JH. Novel filtration markers for GFR
estimation. EJIFCC. 2017;28(4): 277-288. [PubMed: 29333147]

Am J Kidney Dis. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scheppach et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 12

Inker LA, Eneanya ND, Coresh J, et al. New creatinine- and cystatin C—based equations to estimate
GFR without race. N Engl J Med. 2021;385(19):1737-1749. doi:10.1056/NEJM0a2102953
[PubMed: 34554658]

Investigators ARIC. The Atherosclerosis Risk in Communities (ARIC) Study: design and
objectives. Am J Epidemiol. 1989;129(4):687—-702. [PubMed: 2646917]

Knopman DS, Gottesman RF, Sharrett AR, et al. Mild cognitive impairment and dementia
prevalence: the Atherosclerosis Risk in Communities Neurocognitive Study (ARIC-NCS).
Alzheimers Dement (Amst). 2016;2:1-11. doi:10.1016/j.dadm.2015.12.002 [PubMed: 26949733]

Coresh J, Astor BC, McQuillan G, et al. Calibration and random variation of the serum creatinine
assay as critical elements of using equations to estimate glomerular filtration rate. Am J Kidney
Dis. 2002;39(5):920-929. doi:10.1053/ajkd.2002.32765 [PubMed: 11979335]

Levey AS, Coresh J, Greene T, et al. Using standardized serum creatinine values in the
modification of diet in renal disease study equation for estimating glomerular filtration rate. Ann
Intern Med. 2006;145(4):247-254. doi:10.7326/0003-4819145-4-200608150-00004 [PubMed:
16908915]

Parrinello CM, Grams ME, Couper D, et al. Recalibration of blood analytes over 25 years in

the atherosclerosis risk in communities study: impact of recalibration on chronic kidney disease
prevalence and incidence. Clin Chem. 2015;61(7): 938-947. doi:10.1373/clinchem.2015.238873
[PubMed: 25952043]

Schneider ALC, Selvin E, Sharrett AR, et al. Diabetes, prediabetes, and brain volumes

and subclinical cerebrovascular disease on MRI: the Atherosclerosis Risk in Communities
Neurocognitive Study (ARIC-NCS). Diabetes Care. 2017;40(11): 1514-1521. doi:10.2337/
dc17-1185 [PubMed: 28916531]

Jack CR Jr, O’Brien PC, Rettman DW, et al. FLAIR histogram segmentation for measurement
of leukoaraiosis volume. J Magn Reson Imaging. 2001;14(6):668-676. doi:10.1002/jmri.10011
[PubMed: 11747022]

Knopman DS, Mosley TH, Catellier DJ, Coker LH. Fourteen-year longitudinal study of vascular
risk factors, APOE genotype, and cognition: the ARIC MRI Study. Alzheimers Dement.
2009;5(3):207-214. d0i:10.1016/j.jalz.2009.01.027 [PubMed: 19362884]

Knopman DS, Mosley TH Jr, Bailey KR, Jack CR Jr, Schwartz GL, Turner ST. Associations of
microalbuminuria with brain atrophy and white matter hyperintensities in hypertensive sibships. J
Neurol Sci. 2008;271(1-2):53-60. doi:10.1016/j.jns.2008.03.009 [PubMed: 18442832]

Cho EB, Shin HY, Park SE, et al. Albuminuria, cerebrovascular disease and cortical atrophy:
among cognitively normal elderly individuals. Sci Rep. 2016;6:20692. doi:10.1038/srep20692
[PubMed: 26878913]

Sedaghat S, Cremers LG, de Groot M, et al. Kidney function and microstructural integrity of brain
white matter. Neurology. 2015;85(2):154-161. doi:10.1212/wnl.0000000000001741 [PubMed:
26085601]

Freedman BI, Sink KM, Hugenschmidt CE, et al. Associations of early kidney disease with

brain magnetic resonance imaging and cognitive function in African Americans with type

2 diabetes mellitus. Am J Kidney Dis. 2017;70(5):627-637. doi:10.1053/j.ajkd.2017.05.006
[PubMed: 28648301]

Weiner DE, Gaussoin SA, Nord J, et al. Cognitive function and kidney disease: baseline data from
the Systolic Blood Pressure Intervention Trial (SPRINT). Am J Kidney Dis. 2017;70(3):357-367.
doi:10.1053/j.ajkd.2017.04.021 [PubMed: 28606731]

Weiner DE, Bartolomei K, Scott T, et al. Albuminuria, cognitive functioning, and white

matter hyperintensities in homebound elders. Am J Kidney Dis. 2009;53(3):438-447. doi:10.1053/
j.ajkd.2008.08.022 [PubMed: 19070412]

Akoudad S, Sedaghat S, Hofman A, et al. Kidney function and cerebral small vessel disease in the
general population. Int J Stroke. 2015;10(4):603-608. doi:10.1111/ijs.12465 [PubMed: 25753173]

Murea M, Hsu FC, Cox AJ, et al. Structural and functional assessment of the brain in European
Americans with mild-to-moderate kidney disease: Diabetes Heart Study-MIND. Nephrol Dial
Transplant. 2015;30(8):1322-1329. doi:10.1093/ndt/gfv030 [PubMed: 25722384]

Am J Kidney Dis. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scheppach et al.

45.

46.

47.

48.

49.

Page 13

Ben Assayag E, Eldor R, Korczyn AD, et al. Type 2 diabetes mellitus and impaired renal function
are associated with brain alterations and poststroke cognitive decline. Stroke. 2017;48(9): 2368—
2374. doi:10.1161/strokeaha.117.017709 [PubMed: 28801477]

Miwa K, Tanaka M, Okazaki S, et al. Chronic kidney disease is associated with dementia
independent of cerebral small-vessel disease. Neurology. 2014;82(12):1051-1057. d0i:10.1212/
wnl.0000000000000251 [PubMed: 24553427]

Stevens LA, Coresh J, Schmid CH, et al. Estimating GFR using serum cystatin C alone and

in combination with serum creatinine: a pooled analysis of 3,418 individuals with CKD. Am J
Kidney Dis. 2008;51(3):395-406. doi:10.1053/j.ajkd.2007.11.018 [PubMed: 18295055]

Jokinen H, Lipsanen J, Schmidt R, et al. Brain atrophy accelerates cognitive decline in

cerebral small vessel disease: the LADIS study. Neurology. 2012;78(22):1785-1792. doi:10.1212/
WNL.0b013e3182583070 [PubMed: 22592361]

Fedele PL, Choy KW, Doery JC, Grigoriadis G, Shortt J, Lu ZX. Inter-laboratory discordance of
beta-2 microglobulin results: impact on the validity of the international staging system for multiple
myeloma. Br J Haematol. 2014;166(6):951-953. doi:10.1111/bjh.12922 [PubMed: 24779958]

Am J Kidney Dis. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Scheppach et al.

Page 14

PLAIN-LANGUAGE SUMMARY

Cognitive decline is a major public health issue and common in patients with

kidney disease. To better understand this condition, we measured kidney function and
albuminuria in 1,527 participants from the Atherosclerosis Risk in Communities Study.
The participants were also scanned for different types of brain damage using magnetic
resonance imaging. We found that low kidney function and albuminuria are associated
with various structural brain pathologies, such as brain atrophy, microvascular damage,
and white matter defects. These results confirm the connection between kidney function
and albuminuria with brain damage and provide new information about its cause and its
localization in the brain.
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