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Abstract
End-stage kidney disease has been associated with cogni-
tive impairment and brain atrophy. It remains unclear if mild 
to moderate kidney dysfunction is associated with brain at-
rophy, especially in older adults. We used cross-sectional 
data from the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI), an NIH-funded multicenter longitudinal cohort 
study, to better understand the association between esti-
mated glomerular filtration rate (eGFR) and brain volumes. 
We included all ADNI participants with both baseline serum 
creatinine values and MRI brain volume assessments. We 
used multiple linear regression modeling to assess cross-
sectional associations between eGFR and whole-brain gray 
matter, hippocampus, entorhinal, fusiform, and middle tem-
poral brain volumes. Participants (n = 1,596) were 74 ± 7 

years old with a mean eGFR of 69.4 ± 14.8 mL/min/1.73 m2; 
53% had mild cognitive impairment, and 19% had dementia. 
Unadjusted analysis showed an association between lower 
eGFR and smaller brain volumes. After adjusting for age, sex, 
and education, there was no association between eGFR 
brain volumes (p > 0.05 for all). These results remained con-
sistent after subgroup analysis by age stratification and 
baseline cognitive status. Age was a confounding variable in 
the unadjusted association between the eGFR and brain vol-
umes. Thus, a mild to moderately reduced eGFR was not as-
sociated with brain atrophy in ADNI participants.

© 2022 S. Karger AG, Basel

Data used in preparation of this article were obtained from the Al-
zheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.
loni.usc.edu). As such, the investigators within the ADNI contribut-
ed to the design and implementation of ADNI and/or provided data 
but did not participate in analysis or writing of this report. A com-
plete listing of ADNI investigators can be found at: http://adni.loni.
usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledge-
ment_List.pdf.
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Introduction

Cognitive impairment is common in chronic kidney 
disease (CKD). An association between cognition and 
CKD is supported by physiological links between the 
brain and kidneys; both organs have similar hemody-
namic mechanisms and interact through shared signaling 
mechanisms [1]. Cognitive impairment in CKD is multi-
factorial and is accompanied by structural and functional 
changes in the brain, such as brain atrophy, which might 
be mediated by increased white matter lesions, altered ce-
rebral blood flow, and decreased white matter integrity 
[2–8]. Although there is mounting evidence for brain at-
rophy in CKD [4–8], there are studies that did not find an 
association between kidney function and brain atrophy 
[9, 10]. A possible explanation for this discrepancy may 
be confounding by vascular risk factors and older age 
commonly associated with CKD. Additionally, in older 
adults, the clinical significance of mild to moderate low-
ering of estimated glomerular filtration rate (eGFR) may 
be different from younger patients, and current equations 
to calculate eGFR may be less accurate [11].

Cognitive impairment, brain atrophy, and CKD pref-
erentially affect older adults. With increase in life expec-
tancy, assessment of the impact of CKD in the aging pop-
ulation is important. We have previously shown that mild 
to moderately low eGFR is not associated with lower cog-
nitive function [12] and does not predict cognitive de-
cline [13] in older adults. In this study, we explore the 
association between mild to moderately low eGFR and 
brain atrophy using publicly available data from the Al-
zheimer’s Disease Neuroimaging Initiative (ADNI) [14].

Methods

The ADNI (http://adni.loni.usc.edu/) is a longitudinal observa-
tional cohort of participants from across the United States with ages 
ranging 55–90 years aimed at understanding the progression of de-
mentia. The ADNI includes participants in general good health with 
normal cognition, mild cognitive impairment (MCI), or dementia. 
The ADNI excludes those with significant neurological diseases oth-
er than possible Alzheimer’s disease, such as Parkinson’s disease, sei-
zure disorder, subdural hematoma, and multiple sclerosis, significant 
systemic illness or unstable medical condition, major depression, bi-
polar disorder, alcohol or substance abuse, or residence in a skilled 
nursing facility that could interfere with the study. We used data 
from the three ADNI phases of ADNI (ADNI-1, ADNI-GO, and 
ADNI-2) but excluded participants from ADNI-3 as they lacked se-
rum creatinine measurements. For this analysis, we included all 
ADNI participants with both baseline serum creatinine values and 
brain volume assessments. We obtained baseline demographic infor-
mation including age, sex, race, ethnicity, years of education, marital 

status, cognitive status (normal cognition, MCI, or dementia), body 
mass index, systolic and diastolic blood pressure, history of smoking, 
and Hachinski Ischemic Score (a clinical tool for differentiating ma-
jor types of dementia and identifying those with vascular dementia). 
Kidney function was estimated using the CKD Epidemiology Col-
laboration (CKD-EPI) equation to calculate the eGFR. We chose the 
CKD-EPI equation as it is more accurate in older persons and at 
higher levels of kidney function and is a better predictor of mortality, 
cardiovascular events, and ESKD when compared to the Modifica-
tion of Diet in Renal Disease Study equation.

The ADNI neuroimaging standardized procedure has been 
previously described [15]. Cortical reconstruction and volumetric 
segmentation of MRI T1-weighted sagittal 3D magnetization-pre-
pared rapid gradient-echo sequences from ADNI 1, ADNI GO, 
and ADNI 2 were processed by the University of California San 
Francisco ADNI study team using FreeSurfer version 5.1 image 
analysis suite [16–18]. We extracted baseline hippocampus, ento-
rhinal cortex, fusiform, middle temporal, whole brain, and intra-
cranial volumes from the ADNIMERGE dataset and normalized 
raw regional brain volumes by dividing the regional brain volume 
by the total intracranial volume to account for brain volume dif-
ferences associated with head size. Further details on ADNI imag-
ing protocols can be found at http://adni.loni.usc.edu/methods/
documents/mri-protocols/.

Baseline characteristics and normalized brain volumes were 
compared in the different baseline eGFR categories (eGFR <45, 
45–60, 61–90, and >90 mL/min/1.73 m2). Unadjusted one-way 
ANOVA was used to determine differences in continuous vari-
ables between the eGFR groups, and a nonparametric Fisher exact 
test or χ2 test as appropriate was used to determine group differ-
ences in frequencies for categorical variables. We ran a linear re-
gression analysis for brain volumetric data using eGFR categories 
as the independent variable. The reference group was eGFR 61–90 
mL/min. Additionally, we ran separate univariate and multivariate 
regression analyses with the eGFR as a continuous variable. The 
primary dependent variables were whole-brain gray matter vol-
ume and hippocampal volume (since hippocampal atrophy is a 
hallmark for dementia). Secondary dependent variables were en-
torhinal cortex, fusiform, and middle temporal volumes.

Age is a strong predictor for cognitive decline and dementia as 
well as for a lower eGFR. To minimize confounding age effects and 
to determine collinearity between the eGFR group and age on their 
effect on brain volumes, we divided our cohort into tertiles based 
on age. We further separated the cohort into subgroups based on 
cognitive status (normal cognition, MCI, and dementia) since de-
mentia is associated with smaller brain volumes. We ran the same 
regression models for our primary outcomes on these subgroups. 
Model assumptions were assessed by residual plots and QQ plots 
and histograms. All statistical analysis and visualization were per-
formed using R-Studio (version 1.3.1073). A p value less than 0.05 
was considered statistically significant.

Results

We included 1,596 ADNI participants with a mean age 
of 74 ± 7 years, 434 with normal cognition, 852 with MCI, 
and 310 with dementia in the analysis. The proportions 
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of participants with an eGFR <45, 45–60, 61–90, and >90 
mL/min were 6%, 21%, 66%, and 7%, respectively. Par-
ticipants with a higher eGFR were younger (mean ages for 
an eGFR <45, 45–60, 61–90, and >90 mL/min were 79 ± 
7, 77 ± 7, 73 ± 7, and 67 ± 6 years, respectively, p < 0.001) 
and had fewer cardiovascular symptoms (p < 0.001), low-
er Hachinski ischemic scores (p < 0.001), and lower prev-
alence of dementia (p = 0.01). Systolic blood pressure did 
not differ between eGFR groups, but diastolic blood pres-
sure was lower in participants with lower eGFR (p = 0.01).

In the unadjusted linear regression model using eGFR 
categories as an independent variable and the reference 
group of eGFR 61–90 mL/min, an eGFR<45 mL/min was 
associated with smaller normalized brain volumes, except 
for the entorhinal volume (p = 0.29) (Table 1a). Conversely, 
eGFR 45–60 mL/min was not associated with smaller brain 
volumes, except for the whole-brain volume (p < 0.001). 
eGFR >90 mL/min was associated with larger brain vol-
umes except for the fusiform volume (p = 0.09). With ad-
justment for sex and years of education, eGFR <45 mL/min 
no longer predicted brain volumes (except lower whole-
brain volume for eGFR <45 mL/min, p < 0.001) (Table 1b). 
Older age was strong predictor for smaller brain volumes. 
Female sex predicted higher whole-brain and hippocampal 
volumes, while years of education predicted higher entorhi-
nal and fusiform volumes. Using eGFR as a continuous 
variable, a lower eGFR was again associated with smaller 
brain volumes in the univariate analysis (Table 1c). How-
ever, after including age, sex, and years of education, in the 
model, eGFR did not predict any of assessed brain volumes 
(Table 1d). The only predictor of smaller brain volumes was 
older age. Female sex predicted higher whole-brain and 
hippocampal volumes. Years of education predicted higher 
entorhinal and fusiform volumes.

Participants in age tertile 1–3 were 66 ± 4 years, 74 ± 2 
years, and 82 ± 3 years old, respectively. Participants in 
tertile 3 were more likely to have dementia, lower eGFR, 
and body mass index and higher Hachinski ischemic 
score, systolic blood pressure, and serum creatinine. Nor-
malized brain volumes were smaller in the older age ter-
tiles (p < 0.001 for all brain volumes). After separating the 
cohort by cognitive status (normal cognition, MCI, or de-
mentia) and age tertiles and adjusting for sex and years of 
education, none of the brain volumes were associated 
with eGFR in any of the cognition groups. There was a 
trend (p = 0.08) for hippocampus volumes being smaller 
in participants with normal cognition and a higher eGFR 
in tertile 3. Sensitivity analysis with participants grouped 
by eGFR categories showed similar lack of association be-
tween the eGFR and brain volumes.

Discussion

These data demonstrate the importance of confound-
ing variables such as age in understanding the association 
between cognition, brain volumes, and kidney function. 
Although our initial unadjusted analysis indicated that a 
lower eGFR was associated with smaller brain volumes, 
this association was lost after adjusting for confounding 
variables. These results held true with subgroup analysis 
based on age and cognition status and with sensitivity 
analysis using eGFR categories.

It is not surprising that the only predictor of smaller 
brain volumes was older age in our study as age is a strong 
risk factor for lower eGFR, brain volumes, cognitive func-
tion, and vascular risk factors [19]. Sex also influences 
brain volumes [20], whereas the association of brain vol-
umes with education is conflicting. After adjusting for 
age, sex, and years of education, there was no association 
between the eGFR and brain volumes (except for whole-
brain volume and an eGFR<45 mL/min). The lack of as-
sociation remained consistent with further sensitivity and 
subgroup analyses.

Our results are consistent with other studies with a 
mild to moderately low eGFR [9, 10]. In the study by 
Murea et al. [9], only participants with diabetes had a low-
er intracranial brain volume with a lower eGFR. In fact, 
in people without diabetes, a lower eGFR was associated 
with a higher hippocampal gray matter volume. Similarly, 
Cho et al. [10] studied a large group of individuals with 
normal cognition and did not find an association between 
eGFR and cortical thickness. However, only 5% of their 
cohort had an eGFR of <60 mL/min. Our study adds to 
these data and confirms that a mild to moderately low 
eGFR is not associated with low brain volumes. We also 
had an older cohort compared to the prior studies. In ad-
dition, by analyzing data from a relatively healthy cohort, 
our results are less likely to be confounded. Conversely, 
other studies associated CKD with smaller brain volumes 
[4–8]. Some studied younger participants, e.g., in the 
study by Yakushiji et al. [4], the mean age was 56.4 years. 
It is possible that a lower eGFR seen with aging may not 
have the same clinical relevance as a lower eGFR in the 
young. More studies are needed to understand the pos-
sibility of this differential relationship between brain vol-
umes and the eGFR in younger versus older adults.

Due to the cross-sectional nature of our study, defini-
tive conclusions cannot be drawn, and further studies will 
be needed to establish causality or lack thereof. The ADNI 
is a convenience sample and lacks diversity; with more 
than 90% White participants, the generalizability of our 
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findings may be limited. Another limitation was the rela-
tively small number of participants with a very low eGFR, 
such that our results may not be applicable to patients 
with severe CKD. As is common in CKD studies, we used 
estimated and not measured GFR to access kidney func-
tion since this was available in the ADNI dataset. Al-
though the CKD-EPI equation is more accurate in older 
adults compared to the Modification of Diet in Renal Dis-
ease Study equation, it can overestimate GFR in those 
with sarcopenia (as sarcopenia is more prevalent with 
older age and dementia). Also, since the ADNI was not 
designed to assess the effect of kidney function on cogni-
tion, other important markers of kidney function such as 
albuminuria were not available. Cho et al. [10] previously 
found albuminuria to be predictive of cortical thickness, 
whereas the eGFR was not.

In conclusion, we did not find an association between a 
mild to moderately low eGFR and brain atrophy in the 
ADNI cohort of older adults. Apparent associations be-
tween eGFR and brain volumes may be confounded by ag-
ing and other vascular risk factors commonly seen in CKD.
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