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ABSTRACT

Impaired kidney function is associated with structural brain changes and cognitive dysfunction. In the aging
kidney, hemodynamic and structural alterations reduce the glomerular filtration rate (eGFR). Little is known
about differences between men and women regarding decline of kidney function and brain damage.

In this community-based study, we assessed associations between the eGFR, focal and diffuse brain
abnormalities and cognitive functions. Sex-specific effects were analyzed by interaction terms eGFR x sex on
brain structure and cognition. Interactive effects were assessed using mixed-models —stratified by sex.

Overall, 196 women and 129 men (median age 68 years and mean eGFR 73.8+14.9 ml/min/1.73m?) were
included. Significant associations existed between eGFR and cortical volume (B: 1.53E-04; SE: 6.72E-05; p=0.023
for neocortex). Sex exerted a significant interactive effect. Only in men, eGFR related to cortical volumes of all
lobes and of deep gray matter structures (p= 0.001 for total gray matter, p=0.0004 for neocortex). In the whole
group eGFR was not associated with cognition, but men with lower eGFR performed worse on tests for
executive function, which, after FDR correction, was not significant.

We conclude, that in community-dwelling middle-aged and elderly individuals, reduced eGFR relates to brain
volume loss in men but not in women.

INTRODUCTION lacunar strokes, white matter abnormalities and
microbleeds [3, 8, 9]. Already in the 1980ies, studies

Kidneys and brain are irrigated by short, small described a higher incidence of brain atrophy in patients

perforating arterioles, which auto-regulate perfusion
pressure to maintain a continuous and stable high blood
flow [1]. Both organs are affected by similar vascular risk
factors such as age, hypertension, diabetes mellitus and
smoking [2]. Individuals with chronic kidney disease
(CKD) present a plethora of small vessel disease related
brain changes [1-4] with focal and diffuse structural
and microstructural abnormalities [5-7]. These include

with CKD when compared to the general population [10—
13]. Both focal and diffuse brain changes are presumed to
cause cognitive impairment of various degree in patients
with renal dysfunction [14]. There is evidence for a sex
paradox in kidney disease [15]. While women experience
a higher prevalence of CKD, men are more likely to
suffer kidney failure and have higher mortality rates in
predialysis CKD [16, 17]. Yet, so far, there is hardly any
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data on sex differences of brain damage in the wake of
milder kidney dysfunction.

Here, we examined the associations between eGFR and
brain MRI findings in a large cohort of elderly persons
without a history of strokes or dementia. We first
determined if eGFR in an older community-dwelling
population relates to focal and diffuse structural and
microstructural brain changes as well as cognitive
functions, and second, if these associations, when
present, are indeed influenced by sex.

RESULTS

In total, 196 women and 129 men (median age 68 years;
IQR: 55-73), with a mean eGFR of 73.8 = 149
ml/min/1.73m? were included in the study. Baseline
demographics and risk factors are shown in Table 1.
Cardiovascular risk factors were common. Arterial
hypertension was frequent in both men and women, but
diastolic blood pressure values were higher in men. Also,
significantly more men were smokers and men
experienced more years of education and consumed more
alcoholic drinks. They had higher levels of hemoglobin,
transferrin saturation, homocysteine and urea. By contrast,
women had higher levels of HbAlc, HDL and cholesterol.

MRI findings were comparable between men and
women, except for larger normalized hippocampal
volumes in women than in men (p<0.001) and higher
white matter hyperintensities volumes in men than in
women (Table 2).

Table 3 demonstrates the associations between eGFR
and MRI findings in the total cohort. After adjustment
for possible confounders and correction for multiple
testing, there were no significant associations between
eGFR and markers of cerebral small vessel disease
including volumes of white matter hyperintensities
(WMH) and peak width of skeletonized mean
diffusivity (PSMD). Direct associations existed between
eGFR and the volumes of the total neocortex and the
cortical volumes of the parietal and occipital lobe
(Table 3). EGFR was not related to cognitive functions
including memory (B: -0.0035; SE: 0.0035, p=0.32),
executive function (B: 0.0026, SE: 0.0023, p=0.25) and
visuo-practical skills (: -0.0008, SE: 0.0032, p=0.80) in
the whole group.

Table 4 shows the interaction terms eGFR x sex on
brain volume. The interactions were significant for total
gray matter, the neocortex and for volumes of the
frontal-, and temporal lobe (Table 4).

Associations were only significant in men but not in
women (Table 5).

Lower eGFR in men related to smaller brain volume in
both the neocortex and deep cortical structures (Table 5).
Figure 1A, 1B demonstrate scatterplots of the association
between eGFR and neocortical as well as deep gray
matter volumes. The associations were linear in both
sexes with a substantially steeper slope in men compared
to women.

As can be seen in Table 6, after adjustment for possible
confounders, men with lower eGFR performed
significantly worse on tests for executive function, but
the association was no longer significant when
correcting for multiple testing. The association was not
mediated by total or lobar cortical volumes
(Supplementary Table 1).

DISCUSSION

In this cross-sectional analysis of 325 community-
dwelling people from the Austrian Stroke Prevention
Family Study (ASPS-Fam), there were no significant
associations between eGFR and vascular brain lesions,
but eGFR was directly related to normalized brain
volume. The association affected the cortex and sex
exerted an interactive effect. Decreasing eGFR related
to smaller gray matter volume in men but not in women.
In men, significant direct relationships were seen for all
lobes and for deep gray matter structures. We also
examined the relationship between eGFR and cognitive
functioning and found no significant association in the
whole group. Nonetheless, in men but not in women,
reductions in eGFR were related to executive
dysfunction after correction for confounding factors.
This relationship was not mediated by global or lobar
atrophy.

These observations were made even though 88% of our
male study participants had eGFR values above 60
ml/min/1.73m?, representing a normal or only mild
reduced Kidney function.

Previous studies reported correlations between kidney
function and brain atrophy mainly in patients with
advanced CKD [11, 18, 19], thus, our study extends this
finding to patients with only mildly impaired renal
function. Recently, it has been shown that cystatin C
was associated with cognitive performance, brain
imaging pathology and decline to dementia in
90+-year-olds with a mean eGFR of 39ml/min/1.73 m?
[20]. Kidney function decreases by approximately
6ml/min/1.73m? per decade [21]. A faster decline in
men compared to women has been reported (0.55 + 1.47
mi/min/1.73 m? vs. —0.33 = 1.41 ml/min/1.73 m? per
year, respectively) [22]. A large meta-analysis and a
recent analysis of the Chronic Renal Insufficiency
Cohort (CRIC) also described a more rapid rate of
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Table 1. Demographics, risk factors and metabolic panel in the study cohort and differences
between men and women.

ALL MEN WOMEN "
N= 325 N=129 N= 196 P
Age (Years)
(median [IOR]) 68[55-73] 67[51-73] 68[58-73] 0.392
i 2

EGFR (ml/min/L.73m’) 73.8+15.0 75.4+14.2 72.8+15.4 0.127
(meanxSD)

Risk factors
Arterial hypertension 209(64.3) 91 (70.5) 118(60.2) 0.057
present (N, %) ' ' ' '
Systolic blood pressure
(mmHg) 1379+21.1 139.3+19.1 136.9+22.3 0.318
(meanxSD)
Diastolic blood pressure
(mmHg) 86.6+9.2 88.3+9.5 85.5+8.8 0.008
(mean+SD)
Diabetes mellitus
present (N, %) 32(9.8) 11(8.5) 21(10.7) 0.517
Hypercholesterinemia
present (N, %) 240(73.8) 87(67.4) 153(78.1) 0.033
BMI (kg/m”2)
(mean+SD) 26.4+4.5 26.9+3.7 26.2+4.9 0.132
Years of education
(Years) 10 [10-13] 13 [10-18] 10 [9-13] <0.001
(Median [IQR])
Alcohol consumption
present (N, %) 184(56.6) 96(74.4) 88(44.9) <0.001
Smoking status 152(46.7) 77(59.7) 75(38.3) <0.001

present (N, %)

Cardiac disease (History

of CAD or AF) 27(8.3) 6(4.6) 21(10.7) 0.053

present (N, %)
Metabolic panel

HbAlc (mg/dL)

(Median [1OR]) 5.5[5.3-5.8] 5.5[5.3-5.7] 5.6 [5.4—5.8] 0.035
Cholesterol level (mg/dL)

(meansSD) 208.7+40.1 198.42+38.58 215.4339.67 <0.001
HDL (mg/dL) 68.2+19.6 58.7+15.1 74.5+19.8 <0.001
(meanxSD)

LDL level (mg/dL) 119.6+33.0 118.1£30.2 120.5434.7 0.524
(mean+SD)

Hemoglobin level (¢/dL) 14.041.2 14711 13.521.0 <0.001
(meanxSD)

Transferrin saturation (%)

(median [10R]) 30.0 [34.0 - 37.0] 32.0 [25.0 — 40.0] 29.0 [23.3 - 35.0] 0.002
Homocysteine (umol/l)

(Median [1OR]) 12,5 [10.6-14.6] 13.4 [11.8-15.5] 11.9 [10.3-13.9] <0.001
Urea (mg/dL) 33.0 [26.5 - 39.0] 34.0 [28.0 — 40.0] 31.0 [25.3 - 38.8] 0.049

(median [IQR])

*p-value for comparison between men and women obtained from Chi2 Test or Fisher’s exact test for binary
variables and from t-test in case of normal distribution and Mann Whitney U Test in case of non-normal
distribution of continuous variables.

IQR, interquartile range; SD, Standard Deviation; EGFR, estimated glomerular filtration rate; BMI, body mass
index; CAD, Coronary artery disease; AF, Atrial fibrillation.
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Table 2. Baseline MRI findings in the study cohort and differences between men and women.

ALL MEN WOMEN .
MRI N= 325 N=129 N= 196 P
WMH volume-~ 0.0027 0.0046 0.0031 0.049
(median [IQR]) [0.0015-0.0052] [0.0014 — 0.0047] [0.0016 — 0.0059] :
Lacunes

oresent (N, %) 30(9.3%) 12(9.3%) 18(9.2%) 0.977
Infarcts 0 0 0

present (N, %) 12(3.7%) 5(3.9%) 7(3.6%) 1.000
Microbleeds 0 0 0

resent (N, %) 27(8.5%) 13(10.2%) 14(7.4%) 0.370
PSMD (mm?/sec)

(N=236: meanseD) 0.00030+0.00005 0.00030+0.00005 0.00029+0.00005 0.144
Total Gray Volume ~ 0.3855+0.0220 0.3835+0.0246 0.3868+0.0199 0.174
(meanxSD)

Cortical Volume ~ 0.2731+0.0175 0.2721+0.0201 0.2738+0.0155 0.394
(mean+SD)

Frontal Lobe Volume ~

(mean£SD) 0.1004+0.0075 0.0996+0.0084 0.1008+0.0070 0.160
Parietal Lobe Volume~ 0.0625+0.0049 0.0622+0.0052 0.0627+0.0048 0.410
(mean+SD)

Temporal Lobe Volume- 0.0650+0.0043 0.065120.0051 0.06500.0039 0.858
(mean+SD)

Occipital Lobe Volume-~ 0.0288+0.0026 0.0287+0.00287 0.0288+0.0025 0.741
(mean+SD)

Hippocampus Volume-~ 0.0028+0.0002 0.0027+0.0002 0.0028+0.0002 0.0007
(mean+SD)

Deep Gray Matter ~ 0.0440+0.0027 0.0438+0.0026 0.0442+0.0027 0.218

(mean+SD)

*p-value for comparison between men and women obtained from Chi2 Test or Fisher’s exact test for binary
variables and from t-test in case of normal distribution and Mann Whitney U Test in case of non-normal
distribution of continuous variables.
IQR, interquartile range; SD, Standard Deviation; MRI, Magnetic Resonance Imaging; WMH, white matter
hyperintensities; PSMD, peak width of skeletonized mean diffusivity.
~volumes (mm?3) normalized for total intracranial volume.

Table 3. Associations between eGFR and structural- and microstructural MRI changes.

ALL N=325
B SE p*
PSMD~ -3.09E-07 2.14E-07 0.149
WMH load** 3.33E-03 4.32E-03 0.441
Total Gray Matter 1.29E-04 8.41E-05 0.126
Neocortex 1.53E-04 6.72E-05 0.023
Frontal Lobe 5.09E-05 2.92E-05 0.082
Parietal Lobe 4.99E-05 1.93E-05 0.010*
Temporal Lobe 1.03E-05 1.81E-05 0.570
Occipital Lobe 2.22E-05 1.12E-05 0.046
Deep Gray Matter 1.39E-05 1.11E-05 0.212

Mixed model analyses determining the association between eGFR and MRI adjusted for age, education,
smoking status, alcohol, hypertension, diabetes, hypercholesterolemia, HDL, cardiac diseases, diastolic BP,

homocysteine, hemoglobin, transferrin saturation and family structure.

*p-value not corrected for multiple testing.
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#p-value significant after false discovery rate (FDR) correction for multiple testing.

For PSMD (Peak width of Skeletonized Mean Diffusivity): N(Total)=236, N(Men)=92, N(women)=144.** WMH
load was natural logarithm transformed, as the variable is not normally distributed.

eGFR, estimated glomerular filtration rate, Magnetic Resonance Imaging; B, regression coefficient; SE, standard
error of the regression coefficient.

Table 4. Interaction analysis for eGFR and sex on total and lobar brain volume.

B SE p*

Total Gray Matter -3.90E-04 1.48E-04 0.008"
Neocortex -3.33E-04 1.18E-04 0.005*
Frontal Lobe -1.30E-04 5.15E-05 0.011%
Parietal Lobe -4.91E-05 3.43E-05 0.152
Temporal Lobe -8.31E-05 3.19E-05 0.009%
Occipital Lobe -3.23E-05 1.98E-05 0.103
Deep Gray Matter -3.68E-05 1.97E-05 0.061

Interaction analysis model determining interaction between eGFR, MRI and sex adjusted for age, education,
smoking status, alcohol, hypertension, diabetes, hypercholesterolemia, HDL, cardiac diseases, diastolic BP,
homocysteine, hemoglobin and transferrin saturation. B, regression coefficient; SE, standard error of the

regression coefficient.
*p-value not corrected for multiple testing.

p-value significant after false discovery rate (FDR) correction for multiple testing.

Table 5. Association between eGFR and total and lobar brain volume.

MEN N=129 WOMEN N=196
B SE p* B SE p*
Total Gray Matter  5.00E-04 1.54E-04 0.001% -5.43E-06 1.03E-04 0.958
Neocortex 4.42E-04 1.25E-04 0.0004* 3.07E-05 7.98E-05 0.701
Frontal Lobe 1.87E-04 5.49E-05 0.0007* 2.69E-07 3.46E-05 0.994
Parietal Lobe 9.24E-05 3.32E-05 0.005* 3.24E-05 2.49E-05 0.194
Temporal Lobe 7.11E-05 3.45E-05 0.039 -2.47E-05 2.15E-05 0.251
Occipital Lobe 5.01E-05 2.10E-05 0.017 1.29E-05 1.36E-05 0.344
Deep Gray Matter  5.10E-05 1.89E-05 0.007* -6.01E-06 1.47E-05 0.682

Mixed model analyses determining the association between eGFR and MRI changes adjusted for age,
education, smoking status, alcohol, hypertension, diabetes, hypercholesterolemia, HDL, cardiac diseases,
diastolic BP, homocysteine, hemoglobin, transferrin saturation and family structure.

*p-value not corrected for multiple testing.

p-value significant after false discovery rate (FDR) correction for multiple testing.

progression and worse Kidney function outcome in male
patients with CKD [23, 24]. This suggests that women
might have a higher tolerability against CKD. If this
also applies to kidney-related end-organ damage is yet
undetermined.

In the context of our study results it is important to note
that sex differences have also been reported for the age
dependent decline in the volume of cortical as well as
subcortical gray matter, with faster progression in men

[25]. Previously, sex specific effects of aging on
cognition have also been reported [26]. Gur et al.
described that men showed a stronger age-related
decline in cognitive functions including attentional
deficits compared to women [26]. Accordingly, we
cannot exclude that the relationship between loss of
kidney function, brain volume reduction and decline in
cognition seen in our study was not causal, but rather an
age-related process which develops in parallel in both
organs and is more rapid in men than in women. It is of
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Figure 1. Interaction between eGFR and sex on brain volumes. (A) Interaction between eGFR and cortex volume, (B) Interaction
between eGFR and deep gray matter volume. EGFR: estimated glomerular filtration rate, B ecrrxsex: regression coefficient of the eGFR x sex
interaction term, SE ecrrxsex: Standard error of the eGFR x sex interaction term, p ecrrxsex: P-value of eGFR x sex interaction term Brain
volumes (mm3) are normalized for total intracranial volume.

www.aging-us.com 245 AGING



Table 6. Sex specific associations between eGFR and cognitive test performance.

MEN N=129 WOMEN N=196
p SE p* B SE p*
Memory -0.0037 0.0070 0.600 -0.0037 0.0042 0.380
Executive function 0.0090 0.0040 0.026 -0.0019 0.0028 0.500
Visuo-practical skills 0.0041 0.0051 0.420 -0.0040 0.0041 0.300

Mixed model analyses determining the association between eGFR and memory, executive function and
visuopractical skills adjusted for age, education, smoking status, alcohol, hypertension, diabetes,
hypercholesterolemia, HDL, cardiac diseases, diastolic BP, homocysteine, hemoglobin, transferrin saturation
and family structure. *p-value not corrected for multiple testing. After false discovery rate (FDR) correction for
multiple testing none of the p-values were significant.

eGFR, estimated glomerular filtration rate; B, regression coefficient; SE, standard error of the regression

coefficient.

note that the association between reduced eGFR and
worse performance on tests of executive functioning in
men was not mediated by global or lobar brain atrophy.

At this point the cause for sex differences in age-related
reduction of eGFR, brain volume loss and cognitive
dysfunction is not fully determined.

Conceivably women may experience a slower decline in
renal function, brain volume and cognitive functions
with age, because of estrogen’s nephro-and
neuroprotective properties [27, 28]. Vice versa, a faster
decline in eGFR, cerebral gray matter volume and of
cognitive impairment may be due to the unhealthier
lifestyle of men [16]. Vascular risk factors are known to
accelerate the age-related damage in both organs. As
expected, in our study, men indeed had more prevalent
risk factors than women, and although our statistical
analyses adjusted for these differences between men
and women, residual confounding is still possible. The
third explanation is that, despite the modest and most
likely age-related reduction of renal function, systemic
factors which act differentially between sexes are
responsible for the increased brain volume loss and
executive function deficits in our male participants.
Little is known about sex-dependent differential
expression of harmful factors in the wake of kidney
dysfunction. Although speculative, one of many
examples might be the increased level of circulating
angiotensin Il in men as compared to women in the
presence of kidney dysfunction considering that
angiotensin Il has been reported to induce
proinflammatory effects in the brain [29].

Our study has several strengths and limitations.
Strengths are the well-characterized large cohort of
325 patients, extensive neuropsychological testing
and quantitatively assessed MR imaging. Limitations
include the cross-sectional design and lack of early

indicators for kidney impairment such as FGF23 and
lack of measurement of proteinuria.

The clinical relevance of our study findings is yet
unclear. Longitudinal assessment is needed to determine
the mid-and long-term outcome of study participants
with respect to structural and functional brain changes.
By all means our study findings are likely to augment
the interest of future research on sex-dependency of
cerebral  abnormalities  associated  with  renal
dysfunction.

MATERIALS AND METHODS
Study subjects

Study participants are from the Austrian Stroke
Prevention Family Study (ASPS-Fam), a prospective
single-center community-based cross-sectional study
designed to assess the cerebral effects of vascular risk
factors in the healthy elderly population of the City of
Graz, Austria. The Austrian Stroke Prevention Family
Study represents an extension of the Austrian Stroke
Prevention Study (ASPS), which was established in
1991 [30]. Between 2006 and 2013, study participants
of the ASPS and their first-degree relatives were invited
to enter the ASPS-Fam [31, 32]. The prospective study
was approved by the local medical ethics committee of
the Medical University Graz and signed written
informed consent was obtained from all study
participants. Individuals were excluded from the study,
if they had had a history of neuropsychiatric disease,
including previous cerebrovascular attacks and
dementia or abnormal findings in the neurologic
examination. Structured clinical interviews and a
physical and neurologic examinations were done by a
board-certified neurologist. All participants were fully
ambulatory and functionally independent subjects and
they had no signs of heart failure and no visual
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impairment that might have affected neuropsychological
testing. The entire cohort underwent an extended
diagnostic work-up including clinical history, blood
tests, cognitive testing, and a thorough vascular risk
factor assessment. Four hundred and nineteen subjects
were included and those 325 individuals with complete
laboratory, brain Magnetic Resonance Imaging (MRI),
cognition and risk factor data comprised the current
cohort.

Kidney function was determined using the CKD-EPI
(CKD Epidemiology Cooperation) equation based on
isotope-dilution mass spectrometry-validated serum
creatinine concentrations. Assessment of vascular risk
factors included arterial hypertension, diabetes mellitus,
body mass index, hypercholesterolemia, cardiac disease,
history of smoking, alcohol consumption and was
determined based on history and measurements at the
examination as previously described [30].

Briefly, arterial hypertension was considered as a medical
history of hypertension with repeated blood pressure
values higher than 140/90 mmHg, medical treatment for
hypertension or readings at the examination exceeding
blood pressure values of 140/90 mmHg (ESH/ESC
Guidelines 2013). Diabetes mellitus was coded present if
an individual was treated for diabetes at the time of
examination or if the fasting blood glucose level at the
examination exceeded 126 mg/dl. BMI was defined
according to WHO definition [33]. A lipid status was
determined with standardized measurements for each
study participant after 12-hour fasting to assess the
presence of hyperlipidemia. Hypercholesterolemia was
defined as history of hypercholesterolemia, medical
treatment for hypercholesterolemia, total cholesterol
exceeding 200 mg/dl or HDL cholesterol exceeding 130
mg/dl. Cardiac disease included a history of coronary
heart disease or atrial fibrillation. Study participants
were asked whether they were previous and/or
current smokers or habitual daily alcohol drinkers.
Moreover, hemoglobin level, transferrin saturation and
homocysteine concentrations, were obtained from
serum measurements.

Magnetic resonance imaging (MRI)

MRI of the brain was performed at a 3T whole body
scanner (TimTrio; Siemens Healthcare, Erlangen,
Germany) and included conventional imaging and
diffusion weighted imaging (DWI). The conventional
protocol included an axial Fluid Attenuated Inversion
Recovery (FLAIR) sequence (TR = 10000ms, TE =
69ms, inversion time = 2500ms, number of slices = 40,
slice thickness = 3mm, in-plane resolution = 0.86mm x
0.86mm) and a high resolution T1 weighted 3D
magnetization-prepared rapid acquisition gradient-echo

(MPRAGE) sequence with whole brain coverage (TR =
1900ms, TE = 2.19ms, inversion time = 900ms, flip
angle = 9°, isotropic resolution of 1mm).

Vascular lesions including white matter hyperintensities
(WMH), silent non-lacunar and lacunar infarcts were
assessed on FLAIR images by a blinded expert. WMH
were outlined using a custom written IDL program
(Exelis Visual Information Solutions, USA). Lesion
areas were segmented semi-automatically by a trained
rater as previously described [34]. Total lesion volume
(cubic millimeter) was calculated using fslstats (part of
FSL, freely available at https://FSL.fmrib.ox.ac.uk) and
normalized by each subject’s head size. Due to a
skewed distribution, the lesion load was logarithmically
transformed. Lacunes were defined as focal lesions
involving the basal ganglia, internal capsule, thalamus,
brainstem, or the white matter, not exceeding a
maximum diameter of 20 mm. We considered lesions
with typical signal characteristics of infarcts following a
typical vascular territory or located in a border zone
between two vascular territories as non-lacunar infarcts.

To assess microstructural changes, we used the peak
width of the skeletonized mean diffusivity (PSMD)
(freely available at: http://www.psmd-marker.com/).
This represents a recently established, robust, fully
automated, and easy-to-implement marker for cerebral
small vessel disease based on diffusion tensor imaging,
white matter tract skeletonization (as implemented in
FSL-TBSS) and histogram analysis. The PSMD-marker
was performed in 236 subjects.

Regional volumetric assessments of cortical and deep
GM structures were performed fully automated using
the structural imaging stream “recon-all” from
FreeSurfer (version 6.0; documented and freely
available for download online http://surfer.nmr.mgh.
harvard.edu). The processing includes segmentation of
the subcortical white matter and deep GM volumetric
structures and parcellation of the cerebral cortex into
regions, based on gray and sulcal structures [35, 36].
For our analyses we considered the total GM volume
consisting of neocortex and deep GM as well as lobar
cortical (frontal, parietal, temporal and occipital) and
hippocampal volume. All volumes were normalized for
total intracranial volume.

Neuropsychological testing

A test battery assessing memory, executive function and
motor skills was applied as described previously [30].
These tests are widely used in the German-speaking
area and were applied in the same order and under same
laboratory conditions. Intermediate memory recall and
learning ability was assessed by the “Béumler’s Lern-
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und Gedéchtnistest” (LGT-3), a highly demanding
paper—pencil procedure consisting of six subtests. Three
subtests (word and digit association tasks, and story
recall) screen for verbal memory and two subtests (trail
and design recall) screen for visuospatial memory. The
sum of weighted scores from these subtests and of an
image recognition paradigm result in a total learning
and memory performance score. The stimulus sets of
the word association task (German-Turkish word pairs),
the story (facts about construction of a library), and
design recall (core symbol and frame), and the
recognition paradigm (objects) consist of 20 items each.
A trail in an abstracted city map serves as the trail recall
test. These sets of stimuli were presented to the person
being tested for 1 minute. Two minutes were given for
learning 13 items of the digit association task (three-
digit telephone numbers and names of extension
holders). During a learning phase, the six sets of stimuli
are subsequently presented to the person being tested.
The recall phase starts immediately thereafter and
follows the same order. Delay between presentation and
recall for a given subtest ranges between 7 and
11 minutes. Executive functions were tested by the
Wisconsin card sorting test, part B of the trail making
test [37], and digit span backwards, which is part of the
Wechsler adult intelligence scale, revised [38].
Adhering to Milner’s criteria [39] the measures
computed for the Wisconsin card sorting test were the
categories “‘completed”, “perseverative errors”, and
“total errors”. Motor skills were evaluated by the
Purdue pegboard test.

To reduce floor and ceiling artifacts and other sources
of measurement error, we used summary measures of
cognitive function in the analyses rather than results of
individual tests. We formed composite measures of the
specific domains of cognitive function. Each summary
measure was calculated by converting individual test
scores to z-scores within a group and by computing the
average of scores in each cognitive domain. Before the
z-score conversion, individual test scores were reverse
coded if necessary to ensure that higher scores reflect
better cognitive function.

Data analysis

Statistical analysis was performed using Stata SE 9, R
software environment version 3.6.1 and IBM SPSS 25
Statistics software. Assumptions of normal distribution
were tested with the Shapiro-Wilk test. Normally
distributed variables are reported as mean + standard
deviation and non-normally distributed variables as
median and interquartile range (IQR). The difference
between men and women in demographics, risk factors,
laboratory and MRI findings were calculated using chi-
squared test or Fisher’s exact test for categorical

variables, t-test or Mann-Whitney U test for normally or
non-normally distributed variables, respectively. We
performed linear mixed-effects model analyses to relate
eGFR to MRI findings and to cognition. For each MRI
finding and each cognitive domain, we calculated a
model using eGFR as the independent variable and the
MRI finding or cognitive domain as the dependent
variable. Additionally, we performed interaction
analyses for each MRI finding, including sex, eGFR and
the sex x eGFR interaction term as independent
variables and the MRI finding as the dependent
variable, to determine if the association between eGFR
and MRI findings was significantly different between
men and women. Selection of covariates was based on
evidence from previous literature [40]. We included
age, education, vascular risk factors including arterial
hypertension, diabetes mellitus, hypercholesterolemia,
cardiac disease, smoking, alcohol consumption, as well
as laboratory findings as covariates in the mixed
models. To account for the relatedness of family
members, a random effect was added to each model
using a kinship matrix describing the family structure as
implemented in the Imekin function of the R package
coxme (https://cran.r-project.org/web/packages/coxme/
vignettes/Imekin.pdf). Visual inspection of residual
plots did not show deviations of mixed-effects model
assumptions. Within each table, p-values obtained from
the mixed models were corrected for multiple testing
using the false discovery rate (FDR). P values < 0.05
were considered statistically significant.

The contribution of brain MRI findings on the
association between eGFR and cognition was assessed
by simple bootstrapped mediation models for estimating
indirect effect sizes using the SPSS macro PROCESS
v3.3. We applied the following definition: If the 95%
confidence interval of the indirect effect did not contain
0, a significant mediation effect was deemed probable,
whereas we assumed no mediation to be present if O
was included in the 95% confidence interval.
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SUPPLEMENTARY MATERIALS

Supplementary Table

Supplementary Table 1. Mediation analysis assessing the effect of structural and
microstructural MRI changes on the relationship between eGFR and executive

function in men (N=129).

Mediator Indirect effect* SE Lower CI Upper ClI
Neocortex 0.0020 0.0018 -0.0011 0.0061
Frontal Lobe 0.0013 0.0014 -0.0012 0.0046
Parietal Lobe 0.0016 0.0015 -0.0006 0.0051
Temporal Lobe 0.0007 0.0010 -0.0008 0.0034
Occipital Lobe 0.0010 0.0013 -0.0010 0.0040

Mediation analysis adjusted for age, education, smoking status, alcohol, hypertension,
HDL, diastolic BP, Homocystein,

diabetes, hypercholesterolemia,
Transferrin saturation.

*Indirect effect of eGFR on executive function. SE, standard error of the indirect effect; Cl,
bootstrapped confidence interval of the indirect effect; eGFR, estimated glomerular

filtration rate.

Haemoglobin and
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