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A B S T R A C T

Background: Alterations in the brain cortical structures of patients with chronic kidney disease (CKD) have
been reported; however, the cause has not been determined yet. Herein, we used Mendelian randomization
(MR) to reveal the causal effect of kidney damage on brain cortical structure.
Methods: Genome-wide association studies summary data of estimated glomerular filtration rate (eGFR) in
480,698 participants from the CKDGen Consortium were used to identify genetically predicted eGFR. Data
from 567,460 individuals from the CKDGen Consortium were used to assess genetically determined CKD;
302,687 participants from the UK Biobank were used to evaluate genetically predicted albuminuria. Further,
data from 51,665 patients from the ENIGMA Consortium were used to assess the relationship between
genetic predisposition and reduced eGFR, CKD, and progressive albuminuria with alterations in cortical
thickness (TH) or surficial area (SA) of the brain. Magnetic resonance imaging was used to measure the SA
and TH globally and in 34 functional regions. Inverse-variance weighted was used as the primary estimate
whereas MR Pleiotropy RESidual Sum and Outlier, MR-Egger and weighted median were used to detect het-
erogeneity and pleiotropy.
Findings: At the global level, albuminuria decreased TH (b = �0.07 mm, 95% CI: �0.12 mm to �0.02 mm,
P = 0.004); at the functional level, albuminuria reduced TH of pars opercularis gyrus without global weighted
(b = �0.11 mm, 95% CI: �0.16 mm to �0.07 mm, P = 3.74£10�6). No pleiotropy was detected.
Interpretation: Kidney damage causally influences the cortex structure which suggests the existence of a kid-
ney-brain axis.
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Research in context

Evidence before this study

Previous observational studies have reported that brain cortical
structure alterations occurred in patients with chronic kidney
disease (CKD). However, avoiding bias proved to be difficult in
retrospective observation studies and previous observational
studies fail to report the detailed alteration of the specific brain
functional regions.

Added value of this study

Using a Mendelian randomization study, we reveal the causal
effect of CKD on the brain cortical structure in what is referred
to, magnetic resonance imaging (MRI)-measure surficial areas
and cortical thickness. We found that genetic predicted albu-
minuria decreased the whole brain cortical thickness
(b = �0.07 mm, 95% CI: �0.12 mm to �0.02 mm, P = 0.004); at
the functional region level, genetic predicted albuminuria
reduced thickness of pars opercularis gyrus without global
weighted (b = �0.11 mm, 95% CI: �0.16 mm to �0.07 mm,
P = 3.74£10�6).

Implications of all the available evidence

Kidney damage causally influences the brain cortical structure
which suggests the existence of a kidney-brain axis. Based on
our results, a brain MRI could potentially be used for patients
with CKD for the early diagnosis of neuropsychiatric disorders.
Neurologists should be cautious about patients’ kidney function
when patients exhibit alterations of the pars opercularis.
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1. Introduction

Chronic kidney disease (CKD) affects approximately 10% of the
global population and has a high mortality rate [1-3], thereby impos-
ing a great burden on global health [4,5]. The alteration of the brain
cortical structure in patients with CKD is concerning and suggests the
presence of a kidney�brain axis [6,7]. However, CKD is most
common among the elderly whose brain cortical atrophy can be
caused by normal degeneration due to ageing; hence, a causal
relation between CKD and cortical structure remains unclear and
difficult to establish [8].

Brain cortical structure alteration in patients with CKD was first
described by Passer et al. in 1977, who reported a high prevalence of
cerebral atrophy identified using computed tomography in end-stage
uraemia [9]; prominent alterations were observed in the frontal
lobes. Magnetic resonance imaging (MRI) is a sensitive tool used to
examine the brain cortical structure and detect related alteration in
patients with CKD. Approximately, half of the patients with CKD have
silent brain infarcts, whereas the prevalence of this condition among
the general populations ranges from 8 to 28% [10]. This finding was
emphasized by several other studies [11]. However, previous studies
exhibit limitations including insufficient statistical robustness owing
to the small size of populations, varied interpretation of findings, con-
founding factors such as sociocultural demographic characteristics,
presence of the depressive syndrome, and pre-existing cerebrovascu-
lar events.

Mendelian randomization (MR), using genetic variants indexing of
exposure to the inter-causality of risk factors related to diseases, can
overcome confounding biases inherent in observational studies
[12,13]. Using MR analysis, several risk factors of CKD, and the causal
relationship between CKD and other diseases have been reported
[14-16]; however, the causal relation between CKD and the brain cor-
tical structure has not been demonstrated yet [16]. As an extension of
the MR method, two-sample MR analysis allows for the use of sum-
mary statistics of genome-wide association studies (GWASs) for MR
studies, without directly analysing individual-level data. Based on
the publicly available GWAS data from large population, we used the
two-sample MR analysis to illustrate the effect of CKD on the brain
cortex structure.

We utilised human genetic data within the MR framework to
reveal the effect of CKD on the brain cortex structure, defined as
human brain cortical surface area (SA) and cortical thickness (TH), as
detected using MRI. Three sets of parameters: CKD, eGFR, and albu-
minuria, were used to provide the MR estimates. We also carried out
subgroup analyses based on distinct functional regions. Our results
provide new insights into the possible existence of a kidney-brain
axis.

2. Methods

2.1. Data sources for chronic kidney disease, estimated glomerular
filtration rate, and albuminuria

The summary-level GWAS data correlated with CKD and eGFR
were obtained from a meta-analysis of the GWAS of European-ances-
try participants from the CKDGen Consortium. The meta-analysis of
the GWAS of CKD included 23 cohorts of European ancestry
(n = 480,698; 41,395 cases and 439,303 controls, enrolled cohorts
were listed in Supplementary Table S4). CKD was reported to have an
eGFR of < 60 mL/min/1.73 m2. The meta-analysis of the GWAS of
eGFR included 54 cohorts of European ancestry (n = 567,460). eGFR
was calculated according to the Chronic Kidney Disease Epidemiol-
ogy Collaboration equation for adults (> 18 years) [17] and the
Schwartz formula (< 18 years) [18]. The details of the participant
characteristics of the CKDGen Consortium studies have been reported
by Wuttke et al. [19]. Albuminuria may be associated with hyperten-
sion. In addition, hypertension and anti-hypertensive drugs could
alter the brain cortical structure. Therefore, to avoid violations from
the use of anti-hypertensive drugs [20,21], albuminuria index SNPs
were identified in 302,687 individuals from the UK Biobank who
were not on hypertensive medication and who had albuminuria esti-
mated according to the study of Haas et al. [22].

2.2. Data source for brain cortex surficial area and cortex thickness

The brain cortical structure-related GWAS data were obtained
from the ENIGMA Consortium [23]. The brain cortical TH and SA
were measured in 51,665 individuals, primarily (»94%) of European
descent across 60 cohorts around the world, using MRI. Meta results
including only European-ancestry participants were used in our
study (detailed cohort information was listed in Supplementary Table
S5). The 34 regions were defined based on the Desikan-Killiany atlas,
establishing coarse partitions of the cortex, and the regional bound-
aries were determined according to the gyral anatomy labelled
between the depths of the sulci [24]. The regions were averaged
between both hemispheres. We performed MR analysis from CKD,
eGFR, and albuminuria on TH and SA of the entire cortex, as well as
TH and SA for 34 brain cortical regions with known functional spe-
cialisations with or without the weighted estimates of the entire
brain, yielding 138 outcomes. Data comprising global weighted esti-
mates indicated the SA and TH of specific regions across the SA and
TH of the entire brain, while those without global weighted estimates
indicated the SA and TH measure of specific regions, regardless of the
total brain SA and TH.

2.3. Selection of genetic instruments

To identify the causal relationship between kidney function and
the brain cortical structure, we used three sets of genetic instruments
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indicating different aspects of renal pathophysiology, including i)
index SNPs representing eGFR (listed in Supplementary Table S1), ii)
index SNPs representing CKD which was defined as eGFR < 60 mL/
min/1.73 m2 (listed in Supplementary Table S2), and iii) index SNPs
representing albuminuria (listed in Supplementary Table S3). CKD is
diagnosed by doctors as, a chronic illness related to kidney
impairment. eGFR is regarded as a measure of the renal clearance
function and can be impaired by different incursions to different
areas of the nephron whereas albuminuria is a subclinical marker of
the pathologic damage that specifically affects glomeruli and endo-
thelia and is associated with microvascular dysfunction [25,26]. The
accurate measurement of kidney function is difficult and generally,
estimations are made using biomarkers [27]. Both measurements are
necessary for proper evaluation of kidney function.

Genetic instruments were selected via the following criteria: i) a
GWAS-correlated P-value of 5£10�8, and ii) a linkage disequilibrium
[LD] r2 of < 0.001, and < 1 MB from the index variant.

Because some loci of eGFR are violated by the creatine metabo-
lism, we used the GWAS of blood urea nitrogen (BUN) from the
CKDGen Consortium, an alternative marker of kidney function, to
remove SNPs that were unlikely to be related to kidney function [19].
Finally, SNPs inverse, significantly associated with BUN (P < 0.05)
were selected as genetic instruments for eGFR.

After removing the cortical structure-related SNPs with a thresh-
old of 5£10�8, MR Pleiotropy RESidual Sum and Outlier (MR-
PRESSO), tests that are optimally applicable when a horizontal pleiot-
ropy is found in < 50% of the instruments [28], were applied to
Fig. 1. Study flame chart of the Mendelian randomization study revealing the causal relati
structure as defined using magnetic resonance imaging-measured brain cortical surficial area

SA: Surficial area; TH: thickness.
remove the underlying outliers before each MR analysis. The study
frame chart is presented in Fig. 1.

2.4. Mendelian randomization analyses

Three different methods of MR [random-effect inverse-variance
weighted (IVW), MR Egger, and weighted median] were performed
to address variant heterogeneity and the pleiotropy effect. The brain
cortical structure-related SNPs and outliers identified with MR-
PRESSO were removed. IVWwas used as the major outcome, whereas
MR-Egger and weighted median were used to improve the IVW esti-
mates as they could provide more robust estimates in a broader set
of scenarios, despite being less efficient (wider CIs). MR-Egger allows
all genetic variants to have pleiotropic effect but requires that the
pleiotropic effects be independent of the variant-exposure associa-
tion [29]. Weighted median allows for the use of invalid instruments
under the assumption that at least half of the instruments used in the
MR analysis are valid. In the IVW analysis, the slope of the weighted
regression of the SNP-outcome effects on the SNP-exposure effects,
where the intercept constrained to zero, represented the resulting
estimate. Similar to our previous MR study, for significant estimates
of IVW, if the estimates of these approaches were inconsistent, a
tighten instrument P-value threshold was used and then the MR
analysis was re-performed (Supplementary Table S6) [13]. For signifi-
cant estimates, we further assessed horizontal pleiotropy using the
MR-Egger intercept test and leave-one-out analyses. The Cochran’s Q
test was also used to identify heterogeneity. A funnel plot was used
onship between albuminuria, chronic kidney disease, and eGFR and the brain cortical
and thickness.
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to assess the probable directional pleiotropy, similar to that being
used to assess publication bias in meta-analysis.

We also checked in PhenoScanner (www.phenoscanner.medschl.
cam.ac.uk), a platform with comprehensive information on the asso-
ciation of genotype and phenotype, to see whether these SNPs were
associated with the potential risk factors, including body mass index,
obesity, smoking, drinking, neuropsychiatric disease, hypertension,
and hyperlipemia, and remove SNPs associated with any of these
potential confounders at genome-wide significance [30].

3. Ethics

This study used publicly available de-identified data from partici-
pant studies that were approved by an ethical standards committee
with respect to human experimentation. No separate ethical approval
was required in this study.

4. Statistics

All analyses were performed using the packages TwoSampleMR
(version 0.4.25) and MRPRESSO (version 1.0) in R (version 3.6.1)
packages. For a global-level test, a significant two-sided P-value was
set as 0.05. For region-level analyses, given the 408 MR estimates, a
Bonferroni-corrected P-value was set as 0.05/408 (1.22£10�4), and
meanwhile P < 0.05 was regarded as nominally significant.

5. Role of funding source

The funders played no role in the study design, data collection,
data analyses, interpretation, or writing of the report. The corre-
sponding author had full access to all the data in this study and was
ultimately responsible for the decision to submit them for publica-
tion.

6. Results

In total, 91 index SNPs were selected to genetically predict eGFR,
19 index SNPs were used to genetically predict CKD and 15 SNPs pre-
dict albuminuria. F statistics for these genetic instruments were all
larger than the normally selected value of 10, indicating strong
instruments [31]. SNP rs4410790 was overlapped in eGFR and albu-
minuria, 4 SNPs (rs10224002, rs1458038, rs3925584 and
rs77924615) were overlapped in CKD and eGFR. There was no over-
lapping between albuminuria and CKD.

We conducted a comprehensive MR study from genetic predicted
eGFR, CKD and albuminuria on global SA/TH as well as 34 functional
gyrus with and without global weighted (Fig. 2) and identified several
significant or nominal significant gyrus influenced by kidney function
(Fig. 3). At the global level, albuminuria was found to decrease TH
(b = �0.07 mm, 95% CI: �0.12 mm to �0.02 mm, P = 0.004) but had
no causal relationship with SA (bSA = 2319.17mm2, SESA = 3431.60,
P = 0.499) (Table 1). Heterogeneity was observed with a Cochran Q-
derived P value < 0.05. As we used the random-effects IVW as main
result, heterogeneity is acceptable [32]. The P value for MR-Egger
intercept is > 0.05. No outliers were identified with MR-PRESSSO and
the leave-one-out plot as well as funnel plots (Supplementary Figure
S1). CKD had no causal relationship with the global SA and TH
(bSA = 327.66 mm2, SESA = 355.04, PSA = 0.36; bTH = 2.41£10�4 mm,
SETH = 0.002, PTH = 0.92). Genetic predicted eGFR had no causal rela-
tionship with the global SA and TH (bSA = -3238.39 mm2,
SESA = 4228.318, PSA = 0.44; bTH = -0.017 mm, SETH = 0.032,
PTH = 0.59).

At the functional region level analysis, albuminuria significantly
decreased the TH of the pars opercularis without global weighted
(b = �0.11 mm, 95% CI: �0.16 mm to �0.07 mm, P = 3.74£10�6). No
pleiotropy or heterogeneity was detected. There were also several
suggestive gyrus, including lateral occipital, caudal anterior cingulate,
caudal middle frontal, frontal pole, fusiform, lateral occipital, lateral
orbitofrontal, lingual, medial orbitofrontal, middle temporal, parahip-
pocampal, pars triangularis, rostral anterior cingulate, rostral middle
frontal and superior frontal gyrus, potentially influenced by kidney
function. Details are presented in Supplementary Figure S2.

To test whether the significant estimate was violated by risk fac-
tors, we conducted SNPs lookup in Phenoscanner. SNPs rs1047891,
rs4665972 and rs838142 were associated with cholesterol,
rs2236295 associated with self-reported hypertension, and
rs2470893 and rs4410790 were related with BMI as well as caffeine.
After removing these SNPs, estimates were consistent with the previ-
ous result (b = �0.11 mm, 95% CI: �0.17 mm to �0.04 mm,
P = 0.0024), indicating that the causal relationship between albumin-
uria on the TH of the pars opercularis without global weighted was
not violated by potential risk factors.

For both significant and nominal significant estimates, Cochran’s
Q test, MR-Egger intercept test, leave-one-out analyses, and funnel
plot were used to assess horizontal pleiotropy All P-values of MR-
Egger intercept tests were > 0.05 except for estimates of albuminuria
on TH of lingual without weighted, indicating that no horizontal plei-
otropy existed. Leave-one-out analyses and funnel plots are shown in
Supplementary Figure S3-11. The estimates were not biased by single
SNP, indicating that estimates were not violated. Cochran’s Q derived
P-values were all > 0.05 except for estimates of eGFR on TH of caudal
middle frontal with global weighted and SA of the parstriangularis
gyrus with global weighted, and albuminuria on TH of pars triangula-
ris without global weighted.
7. Discussion

To the best of our knowledge, this is the first large-scale MR analy-
sis that comprehensively determines the causal relationship between
CKD, eGFR, and albuminuria with the brain cortical structure. In the
present MR study, we systematically assessed the casual relation of
genetically predicted kidney function and the brain cortex structure.
Our results show that CKD, eGFR, and albuminuria could affect the
brain cortex, and endorse the findings of earlier observational studies
indicating the pathophysiologic interactions between renal damage
and brain functions, thereby highlighting the existence of the kidney-
brain axis.

CKD patients face relatively high risks of cognitive impairment
and neuropsychiatric disorders. However, the causal relationship
between CKD and the brain cortical structure or series of neuropsy-
chiatric disorders have not yet been comprehensively illustrated.
Cerebral cortical structures, especially cortical thickness, are regarded
as neuroimaging biomarkers to predict cognitive decline. Therefore,
scholars hypothesise the existence of a kidney-brain axis, through
which kidney damage influences brain health [26,33]. These effects
comprise cortical structure alteration and brain functional alteration/
neuropsychiatric disorders. Brain functional alteration and neuropsy-
chiatric disorders should be measured using MRI and scale assess-
ments. When using MR to reveal the causal effect between CKD and
neuropsychiatric disorders, the heterogeneity and severity of the dis-
ease must be adequately addressed. Furthermore, revealing the
causal effect between CKD and structure alteration is more objective.
Besides, the alteration of brain structures can somehow also indicate
functional alteration and pathogenesis of neuropsychiatric disorders
[25]. Inspired by Grasby KL, we conducted a comprehensive MR to
investigate the causal effect between CKD and brain cortical struc-
tures. We intend to study the mechanism of the alterations on brain
function as well as neuropsychiatric disorders in future. Further asso-
ciation studies will pave the way to the early identification of patients
at higher risk, which is essential to achieving more optimized surveil-
lance and earlier diagnosis to conduct effective preventive and

http://www.phenoscanner.medschl.cam.ac.uk
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Fig. 2. IVW estimates from albuminuria, chronic kidney disease, and eGFR on brain cortical structure as defined using magnetic resonance imaging-measured brain cortical surficial
area and thickness. The colour of each block represents the IVW-derived P-values of every MR analysis. P-values of < 0.05 were shown in red and P-values of > 0.05 were shown in
yellow or green. P value < 0.05 is set as nominal significant, whereas < 1.22£10�4 is set as significant.

SA: Surficial area; TH: thickness; CKD: chronic kidney disease.
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treatment strategies for cognitive impairment and other neuropsy-
chiatric disorders in patients with CKD.

The main finding of our study is that the pars opercularis is signifi-
cantly influenced by kidney function. The pars opercularis is an
essential language site [34] and its alteration has been reported in
patients with multiple sclerosis [35]. Orsolya Inh�of also reported that
the volume of the pars opercularis is associated with internet addic-
tion [36]. Lauren B Curley found that the pars opercularis is related to
motor-inhibitory performance in observational study, though their
findings suggests that SA rather than TH of the pars opercularis may
be more associated with motor-inhibitory performance [37]. The
underlying mechanism of alterations of the pars opercularis and
other neuropsychiatric disorders warrants further investigations.
Whether CKD will lead to these functional changes or neuropsychiat-
ric disorders mediated the alteration of TH of the pars opercularis
could also be expected in the future studies.

Cho et al. retrospectively analysed 1,215 normal elderly individu-
als and found that albuminuria was associated with brain cortical
thinning, whereas frontal and occipital regions were the most related
regions, implying that albuminuria may directly cause neuronal tox-
icity and eventually result in TH alterations [38]. Alterations of TH
have also been reported in dystonia, voice tremor, Parkinson’s



Fig. 3. Using two-sample Mendelian randomization framework, we reveal that kidney damage causally influences brain cortical structure alteration, supporting the existence of
kidney-brain axis. P value of IVW estimate < 1.22£10�4 is set as significant, represented in solid line whereas < 0.05 is set as nominal significant, represented in dotted line.

SA: Surficial area; TH: thickness.
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disease, depression, schizophrenia, attention deficit hyperactivity
disorder, and insomnia [39-42]. Our estimates indicate that albumin-
uria causally reduces global TH. Whether albuminuria leads to these
neuropsychiatric disorders by affecting TH remains yet to be investi-
gated.

Though only one estimate passed Bonferroni correction, other
estimates with IVW-derived P value < 0.05 should also be treated
cautiously. In our study, the nominally significant results of TH and
SA of the lateral occipital were in opposing directions, which were
consistent with the results of a previous study [28]. A significant neg-
ative genetic correlation between the total SA and average TH
(rG = �0.32, SE = 0.05, z-score P = 6.50£10�12) was also observed.
Bioinformatic analyses show that SA was influenced by genetic var-
iants that altered the gene regulatory activity in the neural progenitor
cells during foetal development, whereas TH was influenced by active
regulatory elements in the adult brain sample, which may reflect pro-
cesses whose onset occurs after mid-foetal development, such as
myelination, branching, or pruning. Thus, the contrasting results
related to SA and TH in our study could be explained.

Notably, certain estimates varied from logical expectation. A
higher eGFR indicates more optimized kidney function and hence
should lead to a larger SA. However, in our study, genetically pre-
dicted higher eGFR leads to a smaller SA of lateral occipital, rostral
middle frontal and parahippocampal gyrus. Similarly, diagnosed CKD
or albuminuria correlated with a larger SA of lateral occipital and ros-
tral middle frontal gyrus. Herein, estimates using different indicators
for kidney function were consistent and no pleiotropy was detected.
Our findings are also consistent with those of previous reports. Har-
tung et al. reported that in CKD patients, lower eGFR was associated
with higher white matter in whole brain (P = 0.05) and frontal
(P = 0.04) [43]. This may possibly be a compensatory hypertrophy or
encephaledema. Further studies are required to elucidate the under-
lying mechanism.

A robust MR estimate is built on three MR assumptions: (i) the
instrumental variables are strongly associated with exposure; (ii) the
instrumental variables are independent of confounders; (iii) the
instrumental variables affect outcomes only through their effect on
exposure and not through an alternative causal pathway. In our
study, selected genetic instruments were robust instrumental varia-
bles with F statistics that were larger than the normally used value of
10. In addition, we have checked the Phenoscanncer to ensure that
our findings are not violated by potential risk factors. We also care-
fully evaluated the directional pleiotropy based on the intercept
obtained from the MR-Egger analysis and performed a leave-one-out
analysis to evaluate whether the MR estimates was biased by a single
SNP.

To yield a robust MR estimate, genetic instruments must be care-
fully selected. In addition to selecting robust genetic instruments (F
> 10), excluding SNPs correlated with outcomes, performing clump-
ing, we need to be cautious about traits related with every SNP and
avoid violations from potential confounders. In our study, we used
three sets of genetic instruments as opposed to using only one to
symbolize kidney function from different aspects, thus increasing our
chances of identifying significant estimates. During the selection of
significant loci for eGFR, we also used GWAS of BUN to prioritize
eGFR loci, which are more likely to be related to kidney function.
When selecting genetic instruments for albuminuria, violations from
hypertension as well as anti-hypertensive drugs were avoided.

To the best of our knowledge, this is the first study that has imple-
mented an MR analysis to address the causal relation between kidney
damage and the brain cortical structure. Our study supports the
causal relationship between kidney damage and brain dysfunction
and provides novel information on the regional alterations ascribed
to kidney function markers.

This study has several limitations. First, the enrolled patients were
all European, and hence, the causal relationship between kidney
functions and the brain cortical structure in other populations
remains unknown. Second, our findings only report the alteration of
the brain cortical structure in CKD patients but the underlying mech-
anisms warrant further investigation. Third, there are 3 cohorts that
overlap between CKDGen consortium and ENIGMA, and total number
of overlapped participants is less than 2263. The ideal situation for



Table 1
Significant and nominal significant Mendelian randomization estimates from albuminuria, CKD and, eGFR on genetically predicted cortical structure.

Exposure Outcome IVW-derived
P value

b (95% Confidence
intervals)

Cochran’s Q-derived P
value

MR-Egger intercept-
derived P value

Significant
estimates***

Albuminuria Global TH 0.004 -0.07 mm (-0.12 mm to
-0.02 mm)

0.02 0.23

TH of pars opercularis
gyrus without global
weighted

3.74£10�06 -0.12 mm(-0.16 mm to
-0.07 mm)

0.76 0.64

Nominal significant
Estimates*

Albuminuria SA of lateral occipital
with global weighted

0.007 -207.18 mm2 (-358.93
mm2 to -55.43 mm2)

0.26 0.06

SA of pars opercularis
with global weighted

0.049 62.35 mm2 (0.25 mm2 to
124.45 mm2)

0.62 0.56

SA of pars opercularis
without global
weighted

0.026 93.95 mm2 (11.32 mm2

to 176.57 mm2)
0.28 0.67

TH of fusiform without
global weighted

0.048 -0.05mm (-0.10mm to
-0.0004mm)

0.61 0.33

TH of lateral occipital
without global
weighted

0.025 -0.07mm (-0.13 mm to
-0.008mm)

0.02 0.05

TH of lateral orbitafron-
tal without global
weighted

0.006 -0.07mm (-0.12 mm to
-0.02mm)

0.60 0.74

TH of lingual without
global weighted

0.045 -0.05mm (-0.09mm to
-0.001mm)

0.33 0.02

TH of medial orbitofron-
tal without global
weighted

0.006 -0.08mm (-0.14 mm to
-0.02 mm)

0.35 0.95

TH of middle temporal
without global
weighted

0.035 -0.06mm (-0.11mm to
-0.004mm)

0.48 0.93

TH of pars triangularis
without global
weighted

0.009 -0.09mm (-0.16mm to
-0.02mm)

0.02 0.85

TH of rostral anterior
cingulate without
global weighted

0.011 -0.11mm (-0.18mm to
-0.02mm)

0.18 0.29

CKD SA of pars opercularis
gyrus with global
weighted

0.04 -9.48 mm2 (-18.69 mm2

to -0.27 mm2)
0.16 0.81

SA of rostral middle
frontal gyrus with
global weighted

0.002 34.32 mm2 (12.70 mm2

to 55.93 mm2)
0.12 0.19

TH of frontal pole gyrus
with global weighted

0.02 -0.01 mm (-0.02 mm to
-0.002 mm)

0.92 0.32

TH of superior frontal
gyrus with global
weighted

0.02 -0.005 mm (-0.009 mm
to -0.0006 mm)

0.56 0.25

TH of frontal pole gyrus
without global
weighted

0.05 -0.01 mm (-0.02 mm to
-6.98£10�06 mm)

0.23 0.33

SA of rostral middle
frontal gyrus without
global weighted

0.02 43.35 mm2 (8.40 mm2 to
78.31 mm2)

0.23 0.07

eGFR SA of pars triangularis
with global weighted

0.039 97.92 mm2 (5.03 mm2 to
190.81 mm2)

0.02 0.88

SA of rostral middle
frontal with global
weighted

0.007 -274.57 mm2 (-475.74
mm2 to -73.30 mm2)

0.40 0.94

SA of rostral middle
frontal without global
weighted

0.033 -402.57 mm2 (-774.02
mm2 to -31.12 mm2)

0.14 0.70

SA of parahippocampal
without global
weighted

0.038 -56.24 mm2 (-109.45
mm2 to -3.02 mm2)

0.07 0.43

TH of caudal anterior
cingulate with global
weighted

0.031 0.11 mm (0.01 mm to
0.22 mm)

0.36 0.62

TH of caudal middle
frontal with global
weighted

0.011 0.07 mm (0.02mm to
0.13 mm)

0.02 0.68

***Significant estimate is defined as IVW-derived P < 1.22 £10-4, *nominal significant estimate is defined as IVW-derived P < 0.05. Cochran’s Q-derived P value and MR-Egger
intercept-derived P value < 0.05 is significant. IVW, Inverse-variance weighted; MR, Mendelian randomization; TH, cortical thickness; SA, cortical surficial area; CKD, chronic
kidney disease; eGFR, estimated glomerular filtration rate

X. Chen et al. / EBioMedicine 72 (2021) 103592 7



8 X. Chen et al. / EBioMedicine 72 (2021) 103592
two sample MR is if there is no overlap between exposure and out-
come. However, using publicly available summary data is difficult to
achieve full non-overlap. In our study, the proportion of overlapped
participants is less than 0.4%. Based on Burgess’s simulation, the
expected bias is less than 0.00068 and type I error is less than 0.0503
whereas ideal type I error is less than 0.05 [44].

Our results provide a platform for researchers to explore the rela-
tionship between kidney functions and other neuropsychiatric disor-
ders, especially focusing on the specific gyrus of CKD patients. Future
studies should elucidate the mechanism underlying the association
between CKD and neuropsychiatric disorders or explore novel treat-
ment modalities to prevent or treat neuropsychiatric disorders in
patients with CKD.

8. Conclusion

This is the first comprehensive MR analysis that reveals associa-
tions among eGFR, CKD, albuminuria, and the brain cortex structure.
Our estimates illustrate that albuminuria causally decreases global
TH as well as the TH of the pars opercularis gyrus. A brain MRI could
potentially be used for patients with CKD for early diagnosis of neu-
ropsychiatric disorders. Neurologists must also be cautious with
respect to patients’ kidney function when patients exhibit alterations
of the the pars opercularis. The mechanisms of the association
between kidney damage and brain function alterations should be
studied further.
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