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Abstract

Among the aging population, chronic kidney disease cognitive impairment are highly
prevalent and account for a significant portiom&dical problems and health care costs.
Unfortunately, the disease mechanisms are notweelérstood. Aortic stiffness
increases with age and results in transmittancecodéased pressures to the
microvasculature of both organs. Aortic stiffneas been linked to both diseases, but
prior studies have shown mixed results or weregoeréd in select populations. We
hypothesized that higher aortic stiffness wouldbgociated with lower kidney function,
lower kidney function would be associated with ajpesin brain structure and impaired
cognition, and these latter associations wouldttemaated by adjustment for aortic
stiffness. We conducted a cross sectional stutlying data from a subset of the Age,
Gene/Environment, Susceptibility-Reykjavik Studyasgye community-based
prospective cohort study of cardiovascular dis@éaseeland. We used linear or logistic
regression as appropriate to assess the assosiagtmween aortic stiffness [carotid
femoral pulse wave velocity (CFPWYV) and carotidseupressure (CPP)] and kidney
function and damage [estimated glomerular filtnatiate (¢GFR) and urine albumin to
creatinine ratio (ACR)] as well as eGFR and ACR brain structure and cognition.
Sequential sets of multivariable models were perémt adjusting for demographics and
cardiovascular risk factors. We included 940 pasémean age 75.8 years, mean eGFR
68 ml/min/1.73rf, median UACR 3 mg/g). Age was strongly related&FR, ACR,
CFPWV, and CPP. Although CFPWYV was associated @BRR P (SE)=0.08 (0.02), p-

value<0.001] and ACRJ3[(SE)=-0.009 (0.002), p-value<0.001], the assommetvas



attenuated after adjusting for age and blood pressim those patients with CPP greater
than 80 mmHg, CPP was associated with eGFE&E)=-0.22 (0.09), p-value=0.011],

but the relationship became nonsignificant aftgustdhent for cardiovascular disease
risk factors. CPP was significantly related to A@Rully adjusted models3[

(SE)=0.006 (0.003), p-value=0.013]. ACR was sigaiftly associated with all measures
of brain structure; effect was minimally attenuaddiegr adjustment for aortic stiffness.

In summary, aortic stiffness was not strongly edaio eGFR but higher CPP was related
to albuminuria. Albuminuria was more strongly asated than eGFR with brain
structure but neither were related to cognitiomefe was no consistent change in effect

size after adjustment for aortic stiffness. Adjosht for age attenuated all relationships.
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Introduction

Chronic kidney disease (CKD) and neurocognitiveaimpent, manifested by changes in
structure and function of the kidney and brainhbetcount for a significant portion of
the medical problems and health care costs inrihwwigg older population of the United
States (1-8). Despite the high prevalence of bbthese diseases, the causes are not

clearly understood, and there are limited therafmesreatment or prevention.

The high prevalence of both CKD and neurocognitivgairment suggests a common
underlying cause or that complications of CKD mayse neurocognitive impairment.
Vascular disease is often hypothesized as a cdus#loconditions because they are
both associated with its risk factors and the kydaed brain have similar vascular
properties (1, 9-12). There are significant adateel changes in kidney structure and
function, which may be partly related to vasculisedse (13-16). Aortic stiffness, a
structural and functional change in the centratulgure, has been shown to increase
with age and results in transmittance of incregsedsures and flow to the peripheral
microvasculature (17-20). The kidney and brainhagé flow and low impedance
organs, making them particularly vulnerable to hdymamic changes in the central
vasculature (21). Increased aortic stiffness vgas@ated with changes in brain
structure, subclinical infarcts, and cognitive &soin the Age, Gene/Environment,
Susceptibility Reykjavik Study (AGES-RS) (22). Aorstiffness may offer a possible
explanation of the pathophysiology of kidney digeasd cognitive impairment in older

populations and a potential target for intervergion



Increased aortic stiffness has been associateckwiitiey impairment and progression of
chronic kidney disease in prior studies. Howetlegse studies have been carried out in
relatively small and highly selected patient popalss, are not representative of the
general elderly population, or did not use statthefart measures of aortic stiffness and
kidney function (23-37). CKD has been associatéd @hanges in brain structure and
cognitive function (38-48). However, various maaswf brain structure and cognition

have been used and the role of aortic stiffnesisigrelationship has not been explored.

The Age, Gene/Environment, Susceptibility-ReykjaStkdy (AGES-RS) is a
population-based prospective cohort study in Iatiartially designed to explore
cardiovascular disease risk factors. We utilizedlaset of the AGES-RS Study that
included a large sample of older adults. Our bigective was to examine the
associations between kidney function and aortftnsss. We hypothesized that
increased aortic stiffness would be associated mihsures of kidney disease. Our
second objective was to determine the strengtheassociations between kidney
disease and neurocognitive function and brain stra@s well as examine the effect of
aortic stiffness on those relationships. We hypsittezl kidney disease would be

associated with abnormal brain structure and covgnitinction.

Methods
Study Population
We utilized data from a substudy of the Age, Geneiltonment, Susceptibility-

Reykjavik Study (AGES-RS). Details of study popiga are provided elsewhere (49).



The Reykjavik Study was started in 1967 as a paounldased prospective cohort study
to examine cardiovascular risk factors and outconfEople born between 1907-1935
and living in Reykjavik in 1967 were eligible fardlusion in the Reykjavik Study and a
random sampling of the population yielded 30,79%%igpants. The AGES-RS began in
2002 as a follow-up to the Reykjavik Study to exaeniisk factors, genetic components,
and gene-environment interactions for diseasedaradults. The 5,764 participants in
AGES-RS were randomly selected from the 11,5490y from the original Reykjavik
Study participants. Aortic tonometry was addethstudy protocol for all patients who
presented for examination during a specified tirmeqal. Of the participants in AGES-
RS, 1,082 had aortic tonometry performed and wigike for this study. Of those with
tonometry performed, 940 had complete tonometrg datained and were included in
analyses of aortic stiffness and kidney diseaseth@e with complete tonometry, 804
had complete cognitive testing and MRI data obthered were included in analyses of

kidney disease and brain disease (Figure 1).

Study Design

For our first aim, we conducted a cross-sectionalysat the AGES-RS-I visit in 2002
utilizing the data from the study population asalié®d above with aortic measures as
the independent variable and the kidney measurdseatependent variable. For our
second aim, we conducted a cross-sectional stuitie 8 GES-RS-I visit in 2002 with
kidney function and damage as the independenthtagand the brain structure and

cognitive measures as the dependent variables.



Figure 1.

Flowchart of participants of the AGES-RSStudy
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Aortic Stiffness Measures

Aortic tonometry was performed with a standardipeatocol is described in detail
elsewhere (17, 50-52). Aortic tonometry with elecardiogram was obtained from the
brachial, radial, femoral, and carotid arteriesigsa custom transducer (Cardiovascular
Engineering, Inc.). Images and flows were asses#tbdan Acuson Sequoia ultrasound
system using a duplex linear array probe with &Mz imaging frequency and a 4.0
MHz Doppler carrier frequency. Transit distancesevassessed by body surface
measurements from the suprasternal notch to edsh-pecording site. Carotid-femoral
pulse wave velocity (CFPWYV) and carotid pulse pues$CPP) were used as the primary
metrics because they are the most robust and negidd measurements and have been

associated with increased risk of cardiovasculants/(50, 53-56).

Kidney Measures

Glomerular filtration rate (GFR) is accepted asaagal measure of kidney function.
Estimated GFR (eGFR) was calculated with the CKD-ER2 equation based on the
combination of creatinine and cystatin C (57). Mged the equation based on both
markers rather than equations based on creatimiogstatin C alone because the
combination has been shown to provide a more atcaral precise estimate (57-60).
Serum creatinine assays were performed at Iceldhelet Association using the Roche-
Hitachi P-module instrument with Creatininase Rlasay (CV 2.3%) and calibrated to
isotope dilution mass spectrometry reference naseat the University of Minnesota.

Serum cystatin C assays were performed at Uniyassivlinnesota using a particle-



enhanced immune-nephelometric assay (PENIA) as3d\y2(7%) and standardized to

International Federation for Clinical Chemistéerence materials (61).

Albuminuria is considered a measure of kidney damnagpre specific for glomerular
damage, which may occur before the decline in GRRuminuria was assessed from a
spot urine albumin to creatinine ratio (ACR) (62-68/rine albumin and creatinine
assays were performed at Icelandic Heart Assoaiatsing Tina-quant
immunoturbimetric assay and HiCo Creatinine Jaf&¢hnod assay, respectively (CVs
7.2% and 4.2 %, respectively), and calibrated teremce materials at the University of

Minnesota.

CKD was defined as eGFR < 60 ml/min/1.73anACR > 30 mg/g. GFR < 30

ml/min/1.73 nf and ACR >300 mg/g are considered severe abnoresalit

Brain Structure Measures

High-resolution brain MRIs were obtained with fa@quences (FLAIR, T1-, PD-, and
T2-weighted) using a well established protocol (A®tal brain, white and grey matter,
and white matter hyperintensity volumes were comgaiLtomatically with an algorithm
based on the Montreal Neurological Institute pipel4). White matter hyperintensity
(WMH) volume was used as the primary metric of bralume because it is a marker of
microvascular disease, which has been more closklied to aortic stiffness. Infarcts
were defined as a brain parenchyma defect withesigtensity equal to cerebrospinal

fluid (65). Cortical infarcts were defined as parenchymé&bcts greater than 4 mm



involving or limited to the cortical ribbon and sounded by an area of high signal
intensity on FLAIR images. Subcortical infarctsrevélefined as lesions in the
subcortical area greater than 4 mm in the subebii@a with a rim of high signal
intensity on FLAIR (22). Subcortical infarcts wersed as the primary metric because

they are a marker of microvascular disease.

Cognition Measures

Dementia assessment was done in all participarksanilini-Mental State Examination
and the Digit Symbol Substitution Test (66-67) pdirticipants screened positive on these
tests, a diagnosis of dementia was confirmed wgband battery of tests and a
consensus diagnosis by a panel of experts. Depnesss screened with an initial
geriatric depression scale at the first visit aadipipants with positive screens were
given a Mini-International Neuropsychiatric Intezw (68). All participants were then
given a battery of 9 neurocognitive tests. Raweson the different components of
neurocognitive tests were converted to compositeescfor executive function, memory,
and speed with mean equal to zero and standardtoevequal to 1. The composite
scores have been previously evaluated by confinrpd&ator analysis and found to be a
good fit (69). The composite score for executivection included the following tests:
Digits Backward, the Cambridge NeuropsychologicadtTAutomated Battery Spatial
Working Memory Test, and the Stroop Test, Panvidrd-color interference) (66-67, 70).
The composite score for memory included the foltayiests: California Verbal
Learning Test immediate and delayed recall (71-712)e composite score for speed

included the following tests: Digit Symbol Substiten Test, Figure Comparison and the



Stroop Test, Parts | (word naming) and Il (colominag) (67, 70, 73). Executive
function was used as the primary metric becausdlitought to be a reflection of

microvascular disease.

Statistical Analysis

Data was summarized with descriptive statistickugiog means, standard deviations,
ranges, p-values, and 95% confidence intervalsulburia was described with median
and interquartile ranges. Due to skewed natutbeotiata, ACR and CFPWV were
transformed using log and inverse methods, respaygtiNatural logarithm of ACR and

inverse CPWV (iICFPWV) were used in all analysegssilotherwise specified.

Scatter plots were used to assess crude assosiaflte association between aortic
stiffness (CFPWYV and CPP) and kidney measures (e®RACR) was assessed using
linear regression, with assessment for non-linel@tionships. The associations between
kidney measures (eGFR and ACR) and brain struetoglecognition were assessed using
linear regression, with assessment for non-linel@tionships. The association between
kidney measures and infarcts was assessed usiistjdaggression. Based on scatterplot
data, the relationship between eGFR and CPP wasl flaube non-linear. A piecewise
model with cut point of CPP of 80 mm Hg was fouadbé a better fit by ANOVA test
when compared to linear or spline models and, therewas used for subsequent models
for aim 1 (Table 1). CPP in all other relationshwpgas linear and was analyzed as such.
Bivariate models were performed and covariates pattalue of less than 0.2 were

eligible for a multivariable model in addition tieet covariates stated a priori. Sequential



Table 1. Comparison of model type for relationship
of CPP and eGFR in full cohort

Model B (SE) p-value
Linear -0.08 (0.02) 0.001
Spline:CPP 0.17 (0.13) 0.193
Spline:CPP/2 -0.002 (0.001) 0.051
Piecewise: CPEB0® 0.01 (0.04) 0.878
Piecewise: CPP>80 -0.22 (0.09) 0.011

*ANOVA and likelihood ratio tests for linear vs.lgpe models
yielded p-value of 0.05.

SANOVA and likelihood ratio tests for linear vs. p@wise models
yielded a p-value of 0.01.

Abbreviations: CPP, carotid pulse pressure; eGEiRnated
glomerular filtration rate.



sets of multivariable models were created to explbe impact of demographic (age, sex,
heart rate, height), cardiovascular disease ristofa (hemoglobin Alc, C-reactive
protein, cholesterol, mean arterial blood pressam) education on the associations.
Heart rate and height are included in these maethey affect the measurement of CPP
and CFPWV, respectively, with aortic tonometry (3®arious blood pressure
measurements were explored, including systolicdlo@ssure (SBP), diastolic blood
pressure (DBP), peripheral pulse pressure (PPB)ra&an arterial pressure (MAP).

MAP was used in the final models to reduce isstieslmearity. We then examined the
effect on the associations of kidney measures ead btructure and cognition after the
addition of measures of aortic stiffness to muliale models. Both CFPWV and CPP
were used in multivariable models as they captifferdnt properties of aortic stiffness
(53). We evaluated the impact of aortic stiffnesth statistical significance of
multivariable models, magnitude of the attenuatibthe beta coefficient, and the change
in R? of the multivariable models after inclusion of C&#®l CFPWV. A p-value <0.05
was considered statistically significant. Statet@nalyses were done in R version 2.15.1

(74).

Ethics

AGES-RS was approved by the National Bioethics Cdtamin Iceland, which acts as
the institutional review board for the IcelandicdtieAssociation (approval number VSN-
00-063), and by the National Institute on Agingamtural Institutional Review Board.

Our investigation of aortic stiffness, kidney fuict, and aging in the AGES-RS cohort
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was approved by the Institutional Review Board oft3 Medical Center (IRB # 9222).

All participants gave written informed consent.

Results

Aim1

Description of the population

Characteristics of the overall study population bpdge are described in Table 2. This
older population [mean (SD) age 75.8 (4.7) yeansge 69-96 years] had a high
prevalence of hypertension (57%) and diabetes (22%jhe time of visit, mean blood
pressure was 139/67 mm Hg and mean HgbAlc was 5Mé@an (SD) eGFR was 68
(16) ml/min/1.73 rhand was lower in older participants. Median (IQE®)R was 3 (2-

6) mg/g and higher in older participants. 28.3% B&FR < 60 ml/min/1.73 M8.0%
had ACR > 30 mg/g, and 32.0% had CKD. Prevaleh€®d increased significantly in
older age categories. Only 1.8% of participants &@FR < 30 ml/min/1.73m2 and less

than 1% had ACR > 300 mg/g.

Mean CFPWV was 12.9 m/s and mean CPP was 69 mméldg P, distributions shown
in Figure 2). Both measures of arterial stiffnesse higher in older participants (Table 2
and Figure 3, left panels). CPP was highly coteelavith SBP and PPP (r=0.83 and
r=0.93, respectively), but had a lower correlatiath DBP and MAP (r=0.21 and r=0.36,
respectively) (Table 3). CFPWV was more weaklyelated with peripheral blood
pressure measurements, including SBP and MAP (@=&hd r=0.36, respectively).

CFPWV and CPP were not strongly correlated wittheshber (r=0.29).

11



Table 2. Clinical characteristics by age

Age Range Overall 69-73 74-78 79-83 84-96 p-value
N=940 N=339 N=367 N=165 N=69 for trend
Age (yrs) 75.8 (4.7) 71.4(1.2) 75.7 (1.4) 80.5(1.3) 86.9(3.1) <0.001
Male, N (%) 421 (44.8) 149(44) 164 (45) 74 (45) 34 (49) 0.511
Hypertension, N (%) 535 (57) 182 (54) 208 (57) 107 (65) 38 (55) 0.120
SBP (mmHg) 139 (19) 136 (18) 140 (19) 141 (21) 142 (23) 0.006
DBP (mm Hg) 67 (10) 68 (9) 67 (9) 66 (11) 62 (10) <0.001
MAP (mm Hg) 94 (12) 94 (11) 95 (12) 94 (13) 91 (14) 0.221
PPP (mm Hg) 72 (18) 68 (17) 74 (17) 75 (19) 80 (20) <0.001
Diabetes, N (%) 203 (22) 76 22) 89 (24) 27 (16) 11 (16) 0.094
Hemoglobin Alc (%) 5.6 (0.50) 5.6 (0.5) 5.7 (0.5) 5.6 (0.4) 5.6 (0.4) 0.971
Hyperlipidemia, N (%) 246 (26) 76 (22) 117 (32) 42 (26) 11 (16) 0.834
Total cholesterol 209 (43) 212 (42) 206 (44) 205 (42) 214 (49) 0.424
(mg/dL)
LDL (mg/dL) 126 (39) 128 (37) 123 (40) 123 (38) 132 (45) 0.680
HDL (mg/dL) 63 (17) 63 (18) 62 (16) 63 (17) 64 (17) 0.973
History of CAD, N (%) 177 (19) 50 (15) 77 (21) 36 (22) 14 (20) 0.057
Current smoker, N (%) 118 (13) 50 (15) 49 (13) 17 (10) 2 (3) 0.008
Height (cm) 168.0(9.1) 169.6(8.9) 168.2(8.8) 166.1(9.0) 163.7(9.2) <0.001
Weight (kg) 76.0(13.9) 78.5(13.9) 76.9(13.6) 72.4(13.0) 67.8(12.5) <0.001
Heart rate (bpm) 63 (11) 63 (10) 62 (11) 63 (11) 64 (12) 0.861
Hemoglobin (g/dL) 13.5(1.2)  13.7(1.1) 13.5(1.2) 13.2(1.3) 13.1(1.0)  <0.001
CRP (mg/dL) 3.3(5.7) 3.2(4.7) 3.4 (6.8) 3.3(4.9) 3.6 (5.9) 0.593
Serum albumin (g/dL) 4.1(0.3) 4.1(0.2) 4.1 (0.3) 4.0(0.3) 4.0 (0.3) <0.001
CFPWV (m/s) 12.9(4.2) 11.5(3.3) 13.0(4.1) 14.3(4.8) 15.1(4.8)  <0.001
iCFPWV (ms/m) 84.4(22.5) 92.6(22.2) 82.7(20.6) 76.7(22.7) 71.7(19.0) <0.001
Carotid pulse pressure 69 (21) 65 (19) 71 (20) 73 (24) 75 (23) <0.001
(mm Hg)
CKD, N (%) 299 (32) 70 (21) 114 (31) 72 (44) 43 (64) <0.001
Serum creatinine 0.97(0.36) 0.94(0.28) 0.97(0.34) 1.01(0.34) 1.14(0.66) <0.001
(mg/dL)
Serum cystatin C (mg/L) 1.09(0.33) 0.91(0.20) 0.96(0.26) 1.04(0.30) 1.21(0.58) <0.001
eGFRcr-cys (ml/min/1.73 68 (16) 73 (15) 69 (15) 63 (16) 57 (18) <0.001
m?)
ACR (mg/g), median 3(2-6) 2 (2-5) 3(2-6) 5(2-9) 5(3-20) <0.001
(1QR)

Values are means (SD) unless otherwise noted.

Abbreviations: CAD, coronary artery disease; SBRB{dic blood pressure; DBP, diastolic blood pressWMAP, mean arterial
pressure; PPP, peripheral pulse pressure; LDL demsity lipoprotein; HDL, high-density lipoprotei@RP, C-reactive protein;
CFPWV, carotid femoral pulse wave velocity; iCFPWWerse carotid femoral pulse wave velocity; CBdptid pulse pressure;
eGFRcr-cys, estimated glomerular filtration rat€R\ urine albumin to creatinine ratio; CKD, chrokidney disease.
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Figure 2. Distribution of aortic stiffness
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Table 3. Correlation matrix of measures of aortic 8ffness and measures of peripheral blood
pressure

CPP CFPWV SBP DBP MAP (mm PPP
(mm Hg) (m/s) (mm Hg) (mm Hg) Hg) (mm Hg)
CPP (mm Hg) 1.00 0.29 0.83 -0.07 0.53 0.93
CFPWV (m/s) 1.00 0.40 0.21 0.36 0.32
SBP (mm Hg) 1.00 0.39 0.84 0.87
DBP (mm Hg) 1.00 0.79 -0.12
MAP (mm Hg) 1.00 0.48
PPP (mm Hg) 1.00

Abbreviations: CPP, carotid pulse pressure; CFP@évhtid femoral pulse wave velocity; SBP, systolimod
pressure; DBP, diastolic blood pressure; MAP, naterial pressure; PPP, peripheral pulse pressure.
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Association of aortic stiffness with eGFR.

The associations of all covariates with kidney nue@s and aortic stiffness are shown in
Table 4 and 5, respectively. Although higher CFPWAs associated with lower eGFR
in unadjusted model (Model =0.08, SE=0.02, p-value<0.001), this associatios wa
attenuated once age was included in multivariatidets (Model 3$=0.03, SE=0.02, p-
value=0.196) (Figure 3 and Table 6). When CPPlassthan 80 mmHg, there was no
association of CPP and eGFR in both unadjustecdjudted models. Conversely, when
CPP was greater than 80 mmHg, higher CPP was assoevith lower eGFR in the
unadjusted model (Model §=-0.22, SE=0.09, p-value=0.011) and after adjustrfegn
age and blood pressure (Modep4:-0.16, SE=0.08, p-value=0.044). The association
was no longer significant once adjusted for cardsaular risk factors (Model B=-0.12,

SE=0.08, p-value=0.120).

Association of aortic stiffnesswith urine ACR

Higher CFPWV was associated with higher levelslliofiminuria in the unadjusted
model (Model 1$=-0.009, SE=0.002, p-value<0.001), but the assoaatas attenuated
with the addition of age and cardiovascular risttdes into the model (Model B=-
0.001, SE=0.002, p-value=0.832) (Figure 3, TableHigher CPP was associated with
higher levels of albuminuria in the unadjusted m¢Mmdel 1: =0.008, SE=0.002, p-
value<0.001) and the association remained sigmifieaen in the fully adjusted model

(Model 6:$=0.006, SE=0.003, p-value=0.013).

15



Table 4. Univariate associations of covariates witkidney measures in full cohort

Age (years)
Gender
Height (cm)
Weight (kg)
HR (bpm)
SBP (mm Hg)
DBP (mm Hg)
MAP (mm Hg)
PPP (mm Hg)
Total Cholesterol (mg/dL)
HDL (mg/dL)
LDL (mg/dL)
HgbAlc (%)
CRP (mg/dL)

eGFR (ml/min/1.73 )

B (SE)
-1.07 (0.11)
-0.58 (1.05)
0.12 (0.06)

-0.004 (0.04)

0.11 (0.05)
-0.02 (0.03)
0.20 (0.05)
0.07 (0.04)
-0.08 (0.03)
0.02 (0.01)
0.17 (0.03)
0.02 (0.01)
-2.29 (1.06)
-0.33 (0.09)

p-value
<0.001
0.583
0.037
0.916
0.024
0.379
<0.001
0.107
0.004
0.117
<0.001
0.208
0.030
<0.001

In ACR (mg/g)
R B (SE) p-value R
0.099 0.06 (0.01) <0.001 0.050
0.0003  -0.37 (0.09) <0.001 0.020
0.005 0.01 (0.01) 0.123 0.003
<0.001-0.0002 (0.003) 0.946 <0.001
0.005 0.01(0.004) 0.083 0.003
0.001 0.01 (0.002) <0.001 0.018
0.014 0.001(0.01) 0.788 <0.001
0.003 0.01 (0.004) 0.017 0.006
0.009 0.01(0.002) <0.001 0.020
0.003 -0.003 (0.001) <0.001 0.012
0.031 -0.005(0.003) 0.055 0.004
0.002 -0.003 (0.001) 0.002 0.010
0.005 0.36 (0.09) <0.001 0.018
0.014  -0.002 (0.01) 0.815 <0.00

Abbreviations: eGFR, estimated glomerular filtratiate; In ACR,

natural logarithm of urine albund

creatinine ratio; HR, heart rate; SBP, systolicblgressure; DBP, diastolic blood pressure; MAPame
arterial pressure; PPP, peripheral pulse presklbe; high-density lipoprotein; LDL, low-density
lipoprotein; HgbAlc, hemoglobin Alc; CRP, C-reaetprotein.
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Table 5. Univariate associations of covariates withortic stiffness in full cohort

CFPWV CPP

B (SE) p-value R B (SE) p-value R
Age (years) 0.27 (0.27) <0.001 0.090 0.77 (0.15) <0.001 0.029
Gender -1.27 (0.27) <0.001 0.023 6.19(1.38) <0.001 0.021
Height (cm) 0.04 (0.02) 0.007 0.008 -0.45(0.08) <0.001 0.036
Weight (kg) 0.03(0.01) 0005 0009 -0.21(0.05 <0.001 0.019
HR (bpm) 0.08 (0.01) <0.001 0.037 -0.51(0.06) <0.001 0.064
SBP (mm Hg) 0.09(0.01) <0.001 0.159 0.91(0.02) <0.001 0.689
DBP (mm Hg) 0.09 (0.01) <0.001 0.043 -0.15(0.07) 0.040 0.005
MAP (mm Hg) 0.12(0.01) <0.001 0.130 0.92(0.05) <0.001 0.280
PPP (mm Hg) 0.07 (0.01) <0.001 0.102 1.10(0.01) <0.001 0.863
Total Cholesterol (mg/dL) -0.008 (0.003) 0.008 0.008 -0.03(0.02) 0.072 0.004
HDL (mg/dL) 0.03(0.01) <0.001 0.016 0.08(0.04) 0.063 0.004
LDL (mg/dL) -0.007 (0.004) 0.046 0.004 -0.04(0.02) 0.008 0.008
HgbAlc (%) 1.18(0.27) <0.001 0.019 3.77 (1.40) 0.007 0.008
CRP (mg/dL) 008 (0.02) <0.001 0012 0.15(0.12) 0.213 0.002

Abbreviations: HR, heart rate; SBP, systolic blpodssure; DBP, diastolic blood pressure; MAP, mean
arterial pressure; PPP, peripheral pulse presklDe; high-density lipoprotein; LDL, low-density
lipoprotein; HgbAlc, hemoglobin Alc; CRP, C-reaetjwotein.
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Figure 3. Relationship of age, aortic stiffness, ahkidney, measures
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of CPP on eGFR. Bottom right: relationship of GRPUACR.

Abbreviations: iICFPWV, inverse carotid femoral pigave velocity; eGFR, estimated glomerular
filtration rate; UACR, urine albumin to creatiniratio; CPP, carotid pulse pressure.
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Table 6. Multivariable linear regression of aortic stiffness measures and eGFR (ml/min/1.73m2)

iICFPWV (ms/m) CPP CPP
<80 (mmHg) >80 (mmHgQ)
N=686 N=254
B (SE) p-value R B (SE) p-value R B (SE) p-value R
Model 1 0.08 (0.02) <0.001 0.01# 0.01 (0.04) 0.878 0.018 -0.22(0.09) 0.011 0.018
Model 2 0.10(0.02) <0.001 0.032 0.03 (0.04) 0.506 0.027 -0.22(0.09) 0.008 0.027
Model 3 0.03(0.02) 0.196 0.11D 0.05 (0.04) 0.253 0.113 -0.17 (0.08) 0.033 0.113
Model 4 0.05(0.03) 0.042 0.1140.003 (0.05) 0.940 0.118 -0.16(0.08) 0.044 0.118
Model 5 0.02 (0.03) 0.580 0.161-0.01(0.04) 0.887 0.166 -0.12(0.08) 0.120 0.166
Model 6 0.01(0.03) 0.623 0.174 0.01 (0.05) 0.826 0.178 -0.13(0.08) 0.102 0.178

Model 1: Unadjusted

Model 2: Sex, heart rate, height

Model 3: Sex, heart rate, height, age
Model 4: Sex, heart rate, height, age, MAP
Model 5: Sex, heart rate, height, age, MAP, HDLbA#c, CRP
Model 6: Sex, heart rate, height, age, MAP, HDLbHAic, CRP, In ACR

Abbreviations: eGFR, estimated glomerular filtratiate based on creatinine and cystatin C; iCFPWWx&rse carotid femoral

pulse wave velocity; CPP, carotid pulse pressurdPlMmean arterial pressure; HDL, high-density ligagin; HgbAlc,
hemoglobin Alc; CRP, C-reactive protein; In ACRtumal logarithm of urine albumin to creatinine cati
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Table 7. Multivariable linear regression of aorticstiffness measures and albuminuria (In
ACR, mg/g)

ICFPWV (ms/m) CPP (mmHg)

B (SE) p-value R B (SE) p-value R

Model 1 -0.009 (0.002)  <0.001 _ 0.025  0.008 (0.002) <0.001 018.

Model 2 -0.007 (0.002) <0.001 0.049 0.011 (0.002) <0.001 060D.

Model 3 -0.004 (0.002) 0.047 0.075 0.009 (0.002) <0.001 89.0

Model 4 -0.002 (0.002) 0.365 0.080 0.008 (0.003) 0.002 ®.08

Model 5 -0.001 (0.002) 0.832 0.098 0.007 (0.003) 0.007 9.10

Model 6 -0.0003 (0.002) 0.882 0.112 0.006 (0.003) 0.013 19.1

Model 1: Unadjusted

Model 2: Sex, heart rate, height

Model 3: Sex, heart rate, height, age

Model 4: Sex, heart rate, height, age, MAP

Model 5: Sex, heart rate, height, age, MAP, HDLbHAfic, CRP

Model 6: Sex, heart rate, height, age, MAP, HDLbA#c, CRP, eGFR

Abbreviations: In ACR, natural logarithm of urinkamin to creatinine ratio; iICFPWV, inverse cardgdnoral pulse
wave velocity; CPP, carotid pulse pressure; MAPamarterial pressure; HDL, high-density lipoprotéigbAlc,
hemoglobin Alc; CRP, C-reactive protein; eGFR eatéad glomerular filtration rate based on creatir@nd cystatin
C.
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Aim 2

Description of the population

Table 8 shows the characteristics of the study ladjpn included in Aim 2 as well as
those excluded due to missing data. There wemggmificant differences in baseline
characteristics of the populations that excludessmg MRI data, missing cognitive data,
both missing MRI and cognitive data, and the foldmetry cohort. The population was
older with a mean age 75.8 years, range 69-96 yaadshad high rates of hypertension
(57%), diabetes (20%), and hyperlipidemia (26%)eaM (SD) eGFR was 69 (15)
ml/min/1.73nf and median (IQR) ACR was 3 (2-6) mg/g. A totaR& (26.1%) had
eGFR < 60 ml/min/1.73 M59 (7.4%) had ACR > 30 mg/g, and 235 (29.3%) QE®.
Only 1.2% of participants had eGFR < 30 ml/min/t?72nd less than 1% had ACR >
300. Mean CFPWYV was 13.0 m/s and mean CPP was@9gnboth measures of
arterial stiffness were higher in older particiganBrain MRI data is summarized in
Table 9. Composite scores for cognition resultesheans (SD) of 0.08 (0.66) for

executive function, 0.08 (0.89) for memory, and30(Q.76) for speed.

Association of eGFR and brain measures

The univariate analyses of all covariates withfthe measures of brain structures,
infarcts, and cognition are shown in Table 10,aid 12, respectively. Table 13 shows
the results of multivariable linear regression exang the relationship between eGFR
and brain volumes calculated from brain MRIs. eG¥#R associated with total brain

parenchyma and white matter volumes in unadjustediets [Model 1§ (SE)=0.0004
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Table 8. Clinical characteristics of brain cohort and those with missing data
Complete cognitive Incomplete data
and MRI data N=136
N=804
Age (years) 75.7 (4.5) 76.5 (5.7)
Male, N (%) 359 (45) 62 (46)
Current smoker, N (%) 92 (11) 26 (19)
Hypertension, N (%) 454 (57) 81 (60)
SBP (mmHg) 139 (20) 137 (19)
DBP (mmHg) 67 (9) 65 (11)
MAP (mmHg) 95 (12) 92 (13)
PPP (mmHg) 72 (18) 73 (19)
Diabetes, N (%) 160 (20) 43 (32)
Hemoglobin Alc (%) 5.6 (0.5) 5.7 (0.4)
Hyperlipidemia, N (%) 212 (26) 34 (25)
Total cholesterol (mg/dL) 208 (43) 209 (46)
LDL (mg/dL) 126 (39) 126 (40)
HDL (mg/dL) 63 (17) 61 (18)
History of CAD, N (%) 151 (19) 26 (19)
History of TIA, N (%) 26 (3) 6 (4)
History of Stroke, N (%) 41 (5) 12 (9)
Cognitive Status, N (%)
Dementia 17 (2) 3(2)
Mild impairment 85 (11) 20 (15)
Normal 700 (87) 109 (83)
Education, N (%)
Primary School 177 (22) 30 (23)
Secondary School 421 (52) 73 (55)
College 119 (15) 14 (11)
University 87 (11) 16 (12)
MMSE 27 (3) 26 (5)
Height (cm) 168 (9) 168 (9)
Weight (kg) 75.8 (13.8) 77.5(14.3)
Heart rate (bpm) 62 (11) 65 (10)
Hemoglobin (g/dL) 13.5(1.2) 13.6 (1.1)
CRP (mg/dL) 3.2 (5.7) 3.6 (5.8)
Serum albumin (g/dL) 4.1 (0.3) 4.1 (0.2)
CFPWYV (m/s) 13.0 (4.2) 12.4 (3.9)
iICFPWYV (ms/m) 83.9 (22.3) 87.3 (23.4)
CPP (mmHg) 69 (21) 68 (21)
CKD, N (%) 235 (29) 64 (47)
Serum creatinine (mg/dL) 0.96 (0.32) 1.08 (0.51)
Serum cystatin C (mg/L) 0.96 (0.26) 1.08 (0.44)
eGFR (ml/min/1.73 m2) 69 (15) 64 (19)
ACR (mg/g), median (IQR) 3 (2-6) 3 (2-8)

Values are means (SD) unless otherwise noted.

Abbreviations: CAD, coronary artery disease; Tllansient ischemic attack; MMSE, mini-
mental status examination; SBP, systolic bloodqunes DBP, diastolic blood pressure; MAP,
mean arterial pressure; PPP, peripheral pulseymedsDL, low-density lipoprotein; HDL,
high-density lipoprotein; CRP, C-reactive proted:PWV, carotid femoral pulse wave
velocity; CPP, carotid pulse pressure; eGFR-cregmated glomerular filtration rate; ACR,
urine albumin to creatinine ratio; CKD, chronic k& disease.
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Table 9. Brain MRI measures

Variable Mean (SD) Range
Total brain parenchyma, % ICV 72 (4) 57,83
Grey matter volume, % ICV 46 (3) 29,55
White matter volume, % ICV 26 (2) 18,32
White matter hyperintensity volume, In % ICV -4.8 (0.9) -7.3,-2.5)

White matter hyperintensity volume, median (IQR) ml 11.7 (6.3-24.7) 1.0,114.2
Infarcts, N (%)

Subcortical 122 (15)
Cortical 88 (11)
Cerebellar 111 (14)

Abbreviations: MRI, magnetic resonance imaging; J@\#racranial volume; In, natural logarithm.
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Table 10. Univariate associations of covariates with brain structure

Age (years)
Male

Height (cm)
Weight (kg)
HR (bpm)
SBP (mm Hg)
DBP (mm Hg)
MAP (mm Hg)
PPP (mm Hg)

Total Cholesterol (mg/dL)

HDL (mg/dL)
LDL (mg/dL)
HgbAlc (%)

Hemoglobin (mg/dL)

iCFPWV (ms/m)
CPP (mm Hg)

In WMH
B (SE)

0.06 (0.01)

-0.06 (0.06)
-0.002 (0.004)
-0.003 (0.002)
0.006 (0.003)
0.005 (0.002)
0.004 (0.003)
0.005 (0.003)
0.004 (0.002)
-0.001 (0.001)
0.003 (0.002)
-0.002 (0.001)

0.04 (0.06)

-0.05 (0.03)
-0.008 (0.001)
0.002 (0.002)

TBP
B (SE)
-0.003 (0.0003)
0.02 (0.003)
-0.001 (0.0002)
0.0001 (0.0001)
0.00004 (0.0001)
-0.00003 (0.0001)
0.0003 (0.0001)
0.0001 (0.0001)
-0.0001 (0.0001)
0.0001 (0.00003)
0.0002 (0.0001)
0.0001 (0.00003)
-0.003 (0.003)
0.001 (0.001)
0.0004 (0.0001)
-0.0001 (0.0001)

WM
B (SE)
-0.002 (0.0001)
0.003 (0.001)
0.0001 (0.001)
-0.0001 (0.0001)
-0.00001 (0.0001)
-0.0001 (0.00003)
0.0001 (0.0001)
-0.0001 (0.0001)
-0.0001 (0.00004)
0.00002 (0.00002)
0.0001 (0.00004)
0.00002 (0.00002)
-0.003 (0.001)
0.001 (0.001)
0.0002 (0.00003)
-0.0001 (0.00003)

GM
B (SE)
-0.003 (0.0002)
0.02 (0.002)
-0.001 (0.0001)
0.0002 (0.0001)
-0.00003 (0.0001)
-0.000002 (0.0001)
0.0002 (0.0001)
0.0001 (0.0001)
-0.0001 (0.0001)
0.0001 (0.00003)
0.0001 (0.0001)
0.0001 (0.00003)
-0.001 (0.002)
0.0004 (0.001)
0.0003 (0.0001)
-0.00004 (0.0001)

Shaded boxes represent associations that ardissdljyssignificant, p-value< 0.05.

Abbreviations: In WMH, natural logarithm of whiteatter hyperintensities; TBP, total brain parenchyW®, white matter; GM,
grey matter; HR, heart rate; SBP, systolic blomespure; DBP, diastolic blood pressure; MAP, metarial pressure; PPP,
peripheral pulse pressure; HDL, high-density limapin; LDL, low-density lipoprotein; HgbAlc, hemadin Alc,; ICFPWV,
inverse carotid femoral pulse wave velocity; CP&®ptid pulse pressure.
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Table 11. Univariate associations of covariates with infarcts

Subcortical infarcts

Cortical infarcts

Cerebellar infarcts

OR (95% Cl) OR (95% Cl) OR (95% Cl)
Age (years) 1.05 (1.01-1.09) 1.02 (0.98-1.07) 1.06 (1.01-1.10)
Male 0.45 (0.30-0.66) 0.38 (0.24-0.60) 0.68 (0.46-1.01)
Height (cm) 1.04 (1.02-1.06) 1.03 (1.00-1.05)  1.01(0.99-1.03)
Weight (kg) 1.02 (1.00-1.03) 1.01 (1.00-1.03) 0.99 (0.98-1.01)
HR (bpm) 1.01( 0.99-1.02) 0.99 (0.96-1.01)  0.98 (0.96-1.00)
SBP (mm Hg) 1.01 (1.01-1.02) 0.99 (0.98-1.00) 1.00 (0.99-1.01)
DBP (mm Hg) 1.00 (0.98-1.02) 0.98 (0.96-1.00)  0.98 (0.96-1.00)
MAP (mm Hg) 1.01 (1.00-1.03) 0.98 (0.96-1.00) 0.99 (0.98-1.01)
PPP (mm Hg) 1.02 (1.01-1.03) 1.00(0.98-1.01)  1.01(1.00-1.02)

Total Cholesterol (mg/dL)

1.00 (0.99-1.00)

0.99 (0.99-1.00)

1.00 (0.99-1.00)

HDL (mg/dL) 0.99 (0.98-1.00) 0.98 (0.97-0.99)  0.99 (0.98-1.00)
LDL (mg/dL) 1.00 (0.99-1.00) 0.99 (0.99-1.00)  1.00 (0.99-1.00)
HgbA1c (%) 1.17 (0.81-1.62) 1.28 (0.87-1.80)  1.11(0.75-1.56)
CRP (mg/dL) 0.99 (0.94-1.02) 1.01(0.97-1.04)  0.98 (0.93-1.02)

Hemoglobin (mg/dL)

iCFPWV (ms/m)
CPP (mm Hg)

1.12 (0.96-1.32)
0.98 (0.97-0.99)
1.01 (1.00-1.02)

1.16 (0.97-1.40)
1.00 (0.99-1.01)
1.00 (0.99-1.01)

1.17 (0.99-1.38)
0.99 (0.98-1.00)
1.01 (0.99-1.02)

Shaded boxes represent statistically significasbeiations.

Abbreviations: HR, heart rate; SBP, systolic blpoessure; DBP, diastolic blood pressure; MAP, naterial
pressure; PPP, peripheral pulse pressure; HDL;dégisity lipoprotein; LDL, low-density lipoproteikigbAlc,
hemoglobin Alc,; CRP, C-reactive protein; iICFPWWedrse carotid femoral pulse wave velocity; CPPotich pulse
pressure.
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Table 12. Univariate associations of covariates with cognition

Covariate
Age (years)
Male

Height (cm)
Weight (kg)
HR (bpm)
SBP (mm Hg)
DBP (mm Hg)
MAP (mm Hg)
PPP (mm Hg)

Total Cholesterol (mg/dL)

HDL (mg/dL)
LDL (mg/dL)
HgbAlc (%)

CRP (mg/dL)

Hemoglobin (mg/dL)
iCFPWV (ms/m)

CPP (mm Hg)

Executive Function

B (SE)
-0.05 (0.01)
-0.07 (0.04)
0.01 (0.002)

0.001 (0.002)
-0.002 (0.002)
-0.003 (0.001)
0.004 (0.002)
-0.001 (0.002)
-0.004 (0.001)
0.001 (0.001)
0.001 (0.001)
0.0004 (0.001)
-0.07 (0.04)
-0.01 (0.004)
0.06 (0.02)
0.01 (0.001)
-0.004 (0.001)

p-value

<0.001
0.090
<0.001
<0.001
0.267
0.014
0.058
0.615
<0.001
0.225
0.309
0.437
0.140
0.132
0.001
<0.001
<0.001

Memory

B (SE)
-0.07 (0.01)
0.38 (0.06)

-0.002 (0.003)
0.002 (0.002)
-0.003 (0.003)
-0.003 (0.002)
0.01 (0.003)
-0.001 (0.003)
-0.01 (0.002)
0.002 (0.001)
0.01 (0.002)
0.001 (0.001)
0.04 (0.06)
-0.0003 (0.01)
-0.004 (0.03)
0.01 (0.001)
-0.004 (0.001)

p-value

<0.001
<0.001
0.530
0.466
0.371
0.060
0.044
0.847
0.002
0.016
<0.001
0.507
0.484
0.950
0.879
<0.001
0.005

Speed

B (SE)
-0.07 (0.01)
0.1(0.1)
0.01 (0.003)
0.01 (0.002)
-0.002 (0.003)
0.001 (0.001)
0.01 (0.003)
0.01 (0.002)
-0.001 (0.002)
0.002 (0.001)
0.004 (0.002)
0.002 (0.001)
-0.1(0.1)
-0.003 (0.01)
0.07 (0.02)
0.004 (0.001)
-0.002 (0.001)

p-value

<0.001
0.060

<0.001
0.010
0.435
0.422
0.001
0.020
0.363

<0.001
0.026
0.009
0.159
0.559
0.002
0.002
0.189

Abbreviations: HR, heart rate; SBP, systolic bl@oessure; DBP, diastolic blood pressure; MAP ,nragéerial
pressure; PPP, peripheral pulse pressure; HDL;diégisity lipoprotein; LDL, low-density lipoproteifjgbAlc,
hemoglobin Alc,; CRP, C-reactive protein; iCFPWWedrse carotid femoral pulse wave velocity; CPotid pulse

pressure.
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Table 13. Multivariable linear regression of kidneymeasures and brain structure

eGFR (ml/min/1.73)

In ACR (mg/g)

B (SE) p-value R’ B (SE) p-value R’
Total brain parenchyma
Model 1 0.0004 (0.0001) <0.001 0.027 -0.005(0.001) <0.001 0.032
Model 2 0.0002 (0.0001) 0.011 0.224 -0.003(0.001) 0.002 0.226
Model 3 0.0002 (0.0001) 0.011 0.224 -0.003(0.001) 0.002 0.226
Model 4 0.0002 (0.0001) 0.006 0.233 -0.003(0.001) 0.003 0.232
Model 5 0.0002 (0.0001) 0.008 0.239 -0.003(0.001) 0.005 0.239
Model 6 0.0002 (0.0001) 0.007 0.242 -0.003 (0.001) 0.006 0.242
Grey matter volume
Model 1 0.0002 (0.0001) 0.001 0.014 -0.004 (0.001) <0.001 0.035
Model 2 0.0001 (0.0001) 0.228 0.209 -0.002(0.001) 0.001 0.218
Model 3 0.0001 (0.0001) 0.229 0.209 -0.003(0.001) 0.001 0.218
Model 4 0.0001 (0.0001) 0.086 0.221 -0.002(0.001) 0.001 0.228
Model 5 0.0001 (0.0001) 0.086 0.228 -0.002(0.001) 0.001 0.235
Model 6 0.0001 (0.0001) 0.062 0.233 -0.002 (0.001) 0.002 0.239
White matter volumes
Model 1 0.0002 (0.00004) <0.001 0.032 -0.002 (0.001) <0.001 0.026
Model 2 0.0001 (0.00004) 0.003 0.134 -0.002 (0.001) 0.001 0.136
Model 3 0.001 (0.00004) 0.003 0.138 -0.002(0.001) 0.001 0.138
Model 4 0.0001 (0.00004) 0.010 0.148 -0.001 (0.001) 0.004 0.149
Model 5 0.0001 (0.00004) 0.015 0.155 -0.001 (0.001) 0.007 0.156
Model 6 0.0001 (0.00004) 0.013 0.155 -0.001 (0.001) 0.007 0.156
White matter hyperintensities
Model 1 -0.002 (0.002) 0.309 0.001 0.10(0.02) <0.001 0.022
Model 2 0.002 (0.002) 0.316 0.079 0.08 (0.02) 0.001 0.095
Model 3 0.002 (0.002) 0.343 0.083 0.07 (0.02) 0.001 0.099
Model 4 0.002 (0.002) 0.476 0.091 0.07 (0.02) 0.002 0.106
Model 5 0.001 (0.002) 0.605 0.135 0.07 (0.02) 0.002 0.117
Model 6 0.001 (0.002) 0.647 0.198 0.07 (0.02) 0.002 0.117

Model 1: Unadjusted

Model 2: Sex, age

Model 3: Sex, age, MAP

Model 4: Sex, age, MAP, HDL, HgbAlc, CRP
Model 5: Sex, age, MAP, HDL, HgbAlc, CRP, iCFPW\RZ
Model 6: Sex, age, MAP, HDL, HgbAlc, CRP, iCFPW\R; heart rate, height

Abbreviations: eGFR, estimated glomerular filtratiate; In ACR, natural logarithm of
urine albumin to creatinine ratio; SE, standardeAP, mean arterial pressure; HDL,
high-density lipoprotein; HgbAlc, hemoglobin A1dRE, c-reactive protein; iCFPWV,

inverse carotid femoral pulse wave velocity; CP&otid pulse pressure.
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(0.0001), p-value<0.001 ard(SE)=0.0002 (0.00004), p-value<0.001, respect]ybiyt
not white matter hyperintensities [ModelBL{SE)=-0.002 (0.002), p-value=0.309]. The
associations for total brain parenchyma and whaéen volumes remained statically
significant after adjustment for age, sex, cardsocudar disease risk factors, and aortic
stiffness [Model 6 (SE)=0.0002 (0.0001), p-value=0.007 @n(5E)=0.0001 (0.00004),

p-value=0.013, respectively].

The addition of ICFPWV and CPP to multivariable ralsdfor total brain parenchyma
and white matter volumes did not attenuate theceffize of eGFR. In contrast, there
was a 50% reduction in effect size for eGFR iragsociation with WMH[{=0.001 vs.
0.002), although the effect was not statisticaliygicant overall (Table 13). The
addition of the two measures of aortic stiffnesbsidcrease the amount of variability in
brain structure that was explained€R.091 vs. 0.135 for WMH, 0.233 vs. 0.239 for
total brain parenchyma,?R0.148 vs. 0.155 for white matter volume, arf¢@®221 vs.

0.228 for grey matter volume).

Table 14 shows the results of multivariable logisigression examining the relationship
between eGFR and brain infarcts. There was nceegelfor an association between
eGFR and subcortical infarcts in unadjusted oyfatljusted models [Model 1: OR (95%
Cl1)=1.00 (0.99-1.02) and Model 6: OR (95% CI)=1(@D00-1.03)]. eGFR was
associated with cerebellar infarcts in unadjustedes [Model 1: OR (95% CI1)=0.99

(0.99-1.00)], but the association became non- Bggmit after adjustment for age and sex
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Table 14. Multivariable logistic regression of kidrey measures and

infarcts

eGFR (ml/min/1.73)

In ACR (mg/g)

OR (95% ClI)

OR (95% CI)

Subcortical infarcts

Model 1 1.00 (0.99-1.02) 1.20 (1.04-1.37)
Model 2 1.01 (1.00-1.02) 1.11 (0.97-1.28)
Model 3 1.01 (1.00-1.02) 1.10 (0.96-1.33)
Model 4 1.01 (1.00-1.02) 1.09 (0.95-1.26)
Model 5 1.01 (1.00-1.03) 1.08 (0.93-1.24)
Model 6 1.01 (1.00-1.03) 1.08 (0.93-1.25)
Cortical infarcts

Model 1 0.99 (0.98-1.01) 1.14 (0.97-1.33)
Model 2 0.99 (0.98-1.01) 1.08 (0.91-1.27)
Model 3 0.99 (0.98-1.01) 1.10 (0.93-1.29)
Model 4 0.99 (0.98-1.01) 1.08 (0.91-1.28)
Model 5 0.99 (0.98-1.01) 1.07 (0.91-1.27)
Model 6 0.99 (0.98-1.01) 1.06 (0.90-1.27)

Cerebellar infarcts

Model 1 0.99 (0.97-1.00) 1.10 (0.95-1.27)
Model 2 0.99 (0.98-1.00) 1.05 (0.91-1.21)
Model 3 0.99 (0.98-1.00) 1.05 (0.91-1.22)
Model 4 0.99 (0.98-1.00) 1.04 (0.91-1.21)
Model 5 0.99 (0.98-1.00) 1.04 (0.90-1.20)
Model 6 0.99 (0.98-1.00) 1.04 (0.90-1.21)

Model 1: Unadjusted
Model 2: Sex, age

Model 3: Sex, age, MAP

Model 4: Sex, age, MAP, HDL, HgbAlc, CRP

Model 5: Sex, age, MAP, HDL, HgbAlc, CRP, iCFPW\REZ

Model 6: Sex, age, MAP, HDL, HgbAlc, CRP, iCFPW\RR, heart rate, height

Abbreviations: eGFR, estimated glomerular filtratiate; In ACR, natural logarithm urine
albumin to creatinine ratio; MAP, mean arterialgaure; HDL, high-density lipoprotein;
HgbAlc, hemoglobin Alc.
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[Model 2: OR (95% CI)=0.99 (0.98-1.00)]. In mukivable models, there was minimal

change in effect size after adjustment for ICFPWd &PP with any of the infarcts.

Table 15 shows the results of multivariable lineggression examining the associations
between eGFR and cognition. Higher eGFR was adsdoéth higher scores of
executive function, memory, and speed in unadjustedels [Model 18 (SE)=0.0005
(0.002), p-value=0.003 (SE)=0.006 (0.002), p-value=0.002; gh¢(5E)=0.005 (0.002),
p-value=0.003, respectively]. However, these i@tships became non-significant after
adjustment for age [Model B:(SE)=0.001 (0.002), p-value=0.3§B(SE)=0.002

(0.002), p-value=0.337; arf(SE)=0.001 (0.002), p-value=0.687, respectivelfhere
were no meaningful changes in effect sizes withigtdjent for aortic stiffness and only a
small increase in the amount of variability expér{(R=0.185 vs. 0.189 for executive

function, R=0.206 vs. 0.214 for memory, and=R.255 vs. 0.255 for speed).

Association of urine ACR and brain measures

Table 13 shows multivariable linear regression @rarg the relationship between ACR
and brain volumes calculated from brain MRIs. A®@&s associated with total brain
parenchyma, grey matter volume, white matter volueme white matter
hyperintensities, even after adjustment for age, c&diovascular risk factors, and aortic
stiffness [Model 6 (SE)=-0.003 (0.001), p-value=0.0(%5(SE)=-0.002 (0.001), p-
value=0.002p (SE)=-0.001 (0.001), p-value=0.0¢(SE)=0.07 (0.02), p-value=0.002,
respectively]. When adjusted for demographicsa@rdiovascular risk factors, iCFPWV
remained statistically significantly associatedatl brain structure measures but CPP

was not. However, inclusion in multivariable maddid not change the effect size. The
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Table 15. Multivariable linear regression of kidneymeasures and cognition

eGFR (ml/min/1.73)

In ACR (mg/g)

B (SE) pvalue R° B (SE) pvalue R°

Executive Function
Model 1 0.005 (0.002) 0.002 0.012 -0.02(0.02) 0.389 0.001
Model 2 0.001 (0.002) 0.389 0.104 -0.001(0.02) 0.977 0.100
Model 3 0.001 (0.002) 0.378 0.105 0.0004 (0.02) 0.981 0.101
Model 4 0.0004 (0.002) 0.773 0.112 0.003 (0.02) 0.877 0.108
Model 5 0.0004 (0.002) 0.773 0.185 0.001(0.02) 0.932 0.181
Model 6 0.0003 (0.002) 0.861 0.189 0.003(0.02) 0.838 0.185
Model 7 0.001 (0.002) 0.718 0.202 0.01(0.02) 0.700 0.198

Memory
Model 1 0.006 (0.002) 0.002 0.011 -0.08(0.02) 0.001 0.014
Model 2 0.002 (0.002) 0.337 0.139 -0.04 (0.02) 0.108 0.139
Model 3 0.002 (0.002) 0.314 0.142 -0.03(0.02) 0.138 0.141
Model 4 0.001 (0.002) 0.584 0.149 -0.04(0.02) 0.101 0.149
Model 5 0.001 (0.002) 0.548 0.206 -0.04 (0.02) 0.065 0.210
Model 6 0.001 (0.002) 0.627 0.214 -0.04 (0.02) 0.089 0.219
Model 7 0.002 (0.002) 0.441 0.234 -0.03(0.02) 0.154 0.236

Speed
Model 1 0.005 (0.002) 0.003 0.011 -0.03(0.02) 0.168 0.002
Model 2 0.001 (0.002) 0.687 0.143 0.002(0.02) 0.906 0.144
Model 3 0.001 (0.002) 0.707 0.144 0.0002 (0.02) 0.992 0.146
Model 4 -0.001 (0.002) 0.786 0.153 0.002 (0.02) 0.915 0.154
Model 5 -0.001 (0.002) 0.752 0.255 -0.002 (0.02) 0.934 0.254
Model 6 -0.001 (0.002) 0.727 0.255 -0.001(0.02) 0.955 0.255
Model 7 -0.0001 (0.002) 0.936 0.279 0.003 (0.02) 0.846 0.280

Model 1: Unadjusted

Model 2: Sex, age

Model 3: Sex, age, MAP

Model 4: Sex, age, MAP, HDL, HgbAlc, CRP

Model 5: Sex, age, MAP, HDL, HgbAlc, CRP, education

Model 6: Sex, age, MAP, HDL, HgbAlc, CRP, educati@+rPWV, CPP

Model 7: Sex, age, MAP, HDL, HgbAlc, CRP, educati@-PWV, CPP, heart rate, height

Abbreviations: eGFR,
to creatinine ratio; MAP, mean arterial pressurBiiHhigh-density lipoprotein; HgbAlc, hemoglobin &1
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addition of measures of aortic stiffness to muli@le models did increase the amount
of variability in brain structure that was explain@?=0.106 vs. 0.117 for WMH,
R?=0.232 vs. 0.239 for total brain parenchym& @149 vs. 0.156 for white matter

volume, and B=0.228 vs. 0.235 for grey matter volume).

Table 14 shows multivariable logistic regressioaraiing the relationship between
ACR and brain infarcts. ACR was associated withcsutical infarcts in unadjusted
models [Model 1: OR (95% CI)=1.20 (1.04-1.37)], bot after adjustment for age and
sex [Model 1: OR (95% CI)=1.11 (0.97-1.28)]. ACRsnot related to either cortical or
cerebellar infarcts. Addition of ICFPWV and CPRmaltivariable models resulted in

minimal change to effect sizes.

Table 15 shows the results of multivariable linemression examining the associations
between ACR and cognition. In unadjusted modet¢hdr ACR was associated with
lower scores of memory [Model f:(SE)=-0.08 (0.02), p-value=0.001] but not with
executive function or speed [ModelL(SE)=-0.02 (0.02), p-value=0.389 ahdSE)=-
0.03 (0.02), p-value=0.168, respectively]. Adjustifor age and sex attenuated the
association with memory [Model B:(SE)=-0.04 (0.02), p-value=0.108). The inclusion
of aortic stiffness measures in multivariable medekulted in a larger increase in
executive function scores with higher level of afbauria, but remained non-significant.
When aortic stiffness measures were included imtbdels we observed an increase in
the amount of variability explained $80.108 vs. 0.181 for executive functiorf=R.149

vs. 0.210 for memory, and*®0.154 vs. 0.254 for speed).
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Discussion

Aim 1

CKD affects a large segment of the aging populatyehthe cause has not been clearly
defined. In a population-based study of 940 oathrlts, we found a prevalence of CKD
of 32.0% and a broad range of values of both measafraortic stiffness, CFPWV and
CPP. We found that CPP was more strongly relatdabihey disease measures than
CFPWV, but that both measures were attenuatedadfastments for age and
cardiovascular disease risk factors. In particuiagher levels of CPP were significantly
associated with higher levels of albuminuria afiéjustments, suggesting that aortic
stiffness may play a role in the development ohkigldisease. Additionally, age was
strongly related to measures of kidney diseaseaartit stiffness, making it a challenge

to interpret our results.

The ranges of CFPWV and CPP seen in our study swerér to those seen in other
older populations (29, 75). The average aortftngtss measures were higher than those
seen in younger cohorts from both the general @djoul, such as the Framingham
Study, as well as CKD populations, such as the @br@enal Insufficiency Cohort

Study (30, 27). The observed aortic stiffnessunpmopulation included values that have

previously been associated with increased rislaadiovascular events (50).

Although CFPWYV and CPP are both used as measusestic stiffness, we found them

to have different relationships to kidney diseasgasures, especially ACR. CFPWV is

computed from the distance from the carotid to fexhsites over transit time between
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the end of diastole at the two sites; it is prinyaaifected by the blood vessel wall
properties, such as thickness and elasticity (3Bese changes in wall properties can
lead to loss of impedance mismatch between theateartd peripheral vasculature,
resulting in increased transmittance of pressumesthe peripheral arterial beds, such as
the kidneys. The higher pressures in the kidneyhgpothesized to lead to
vasoconstriction and reduced GFR, although we didbhserve this relationship in our
study. On the other hand, CPP is primarily affedig pulsatility of blood flow, which is
related to aortic stiffness as well as cardiac tiomcand aortic diameter (76). The
increased pulsatility with increased CPP may, imigaar, damage the endothelium of
the glomerulus, potentially resulting in aloumirau¢l7). The majority of previous
studies examining aortic stiffness and alouminbasae used CFPWV or PWV at other

sites as the measure of aortic stiffness.

We found no evidence for a relationship betweenR@Rd either measure of aortic
stiffness. The narrow confidence intervals for thl@tionship of eGFR to iCFPWV (-
0.04 to +0.07 ml/min/1.73 fiper 1.0 ms/m) and CPP (-0.29 to +0.03 ml/min/1.?®er
1.0 mm Hg) make it extremely unlikely that theraislinically meaningful association in
our study population. However, our study populatmaight not have been optimal to
detect the associations. Due to the age of ouicgants, those who had died prior to the
AGES-RS-I| visit or declined participation may hdaeen more likely to have higher
aortic stiffness or lower kidney function, resudfim underestimation of the true
relationship. This type of informative censoringuid bias our findings towards the null

hypothesis. Our measures of aortic stiffness adgely disease, although state of-the-art,
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may be imprecise, presenting another possible safrbias towards the null hypothesis.
For example, eGFR is known to be an imprecise eséirof measurement of measured

GFR, due to non-GFR determinants of both creatiaimcystatin C.

The lack of a strong relationship between eGFRaamtc stiffness that we observed here
is consistent with findings from two other popubatibased studies with both cross-
sectional and longitudinal components, the HeaBCAnd Framingham Heart Studies,
which both noted attenuation of the relationshipraddjustment for age, sex, blood
pressure, and other cardiovascular disease risr§a(29-30). However, other studies in
the general population as well as CKD cohorts fosigdificant associations between
aortic stiffness and lower eGFR in cross-sectiamal longitudinal studies (27, 29, 31-32,
35), even after adjustment for age, blood pressune cardiovascular disease risk factors.
These associations were often seen in younger atius$, minimizing the effect of

survivor bias seen in our population.

We found a significant association between aottiness measured with CPP, but not
CFPWYV, and ACR even after adjustment for age, B&®, and other cardiovascular
disease risk factors. Since albuminuria is anyeadnifestation of kidney disease,
pulsatility associated with CPP may lead to chamg@tbuminuria prior to any decline in
eGFR. We may have been able to observe a relatpngth CPP and albuminuria but
not eGFR due to the relatively high eGFR in ourypation. The narrow confidence
intervals for the relationship of ACR to iCFPWV 05 to +0.004 ml/min/1.73 Tper

1.0 ms/m) suggest that it is unlikely that thera dinically meaningful association in our
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study population. Similar issues of survivor biasl anprecise measurements would bias

our findings towards the null hypothesis.

Our findings of the association of CPP and albuménare consistent with the
Framingham Heart Study. In that study, CPP andW¥Rt baseline were associated
with baseline albuminuria in cross-sectional anegysnd incident albuminuria during
longitudinal follow-up in age and gender adjusteatlels. However, the longitudinal
association was attenuated and became non-signifafter adjustment for blood
pressure and other cardiovascular disease risriEacuggesting confounding by other
conditions already present at baseline (30). htrast to our findings, other studies have
also shown significant relationships between CFP&Wd albuminuria (77-83). The
largest of the prior studies were cross-sectionalyses of patients with CKD based on

eGFR and may represent changes already presdmise with reduced kidney function.

The results of this study were significantly coridad by age with strong relationships
observed between age and both measures of adiftiess as well as with both measures
of kidney disease. However, there was no evidehageraction with age in our
multivariable models. Aging is associated withir@grease in vascular disease through
decreased elasticity, decreased compliance, anebised wall thickness, potentially
resulting in both aortic stiffness and changesidm&y measures found in CKD (13-20).
Because there are numerous changes with age, rharhyah may be unmeasured, and
age precedes our outcomes of interest, age intesdtansiderable confounding by

baseline conditions as well as potential mechanaorgy the causal pathway.
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Unfortunately, these complicated relationshipswuarable to be clarified with the cross-

sectional design of our study.

The findings from our study have several implicasio Aortic stiffness has previously
been shown to be associated with increased riskrdiovascular events and decreased
survival in ESRD (50, 55-56, 84-87). With the fings of our studies, CPP may offer the
additional benefit of risk stratification for deegiment of albuminuria as well as a
potentially modifiable risk factor. Since peripakpulse pressure was highly correlated
with CPP (Table 3), peripheral pulse pressure cbaldsed as a surrogate marker for
aortic stiffness and potentially to determine pateerisk of albuminuria. Medications
that could reduce aortic stiffness should be evatla their potential role in reducing
risk for development of albuminuria. Furthermdsecause the prevalence of low eGFR
is higher than the prevalence of albuminuria, tmeag be additional mechanisms leading
to lower eGFR aside from aortic stiffness or mi@saular disease resulting in
albuminuria. Therefore, there should be furthgestigation in to possible mechanisms

as well as other markers of kidney damage.

There are several strengths of our study. Fhststudy design is a population-based
cohort that is representative of the Icelandic pajoon at large. Second, the relatively
large sample size is likely to give sufficient pow@ determine associations. Most
importantly, we used high quality measurementh@sé analyses. The aortic tonometry
protocol, including CFPWYV and CPP, is highly stamiized and has high correlation

coefficients for reproducibility (16). Additiongll the ascertainment of kidney disease
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included both ACR, a measure of kidney damage,adlsas eGFR based on the
combination of creatinine and cystatin C which basn shown to be more accurate and

precise compared to either alone as a measurelékifunction.

There are also several limitations of our studistFthe population of Iceland is
relatively homogenous. The large majority of Casignas may limit the generalizability
to the population of the United States. HoweJss, liomogeneity of the population may
allow a more accurate assessment of the trueae$dtip. Survivor bias and regression
dilution are introduced with the older age of thedy population. Additionally, we have
used estimated GFR instead of measured GFR asitharp metric for kidney function.
Although measured GFR would provide the true qdiaation of kidney function, the
estimated GFR is used more often clinically anth@se practical. Lastly, this is a cross-
sectional study and the direction of causality caroe determined. Previous studies
have suggested that baseline aortic stiffness l@acisanges in kidney function instead
of baseline kidney function leading to changesariia stiffness (32). The longitudinal
nature of these associations should be more thbotpegplored to make any causal

inferences.

In conclusion, aortic stiffness measured with CRI8 velated to albuminuria in a
representative elderly Icelandic population; higg&P was associated with higher levels
of albuminuria. CPP did not provide additionalimhation above other cardiovascular
disease risk factor to risk stratify those with &veGFR. In contrast to previous

literature, CFPWV was not associated with kidnesedse. Lower eGFR in older adults
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may be related to other mechanisms besides dam@ageafbuminuria or aortic stiffness.
Future studies are needed to explore the mechamslerlying kidney disease as well as

better markers of vascular disease and kidney damag

Aim 2

Changes in kidney and neurocognitive function atesenely common in older people,
but the etiology of these changes is unclear. W®thesized that there were similarities
in the pathophysiology underlying both of thesengfes due to the specific vascular
properties of the kidney and the brain and, theegfkidney measures would be
associated with brain structure and cognitive fiomct Lower eGFR was associated with
lower volumes of total brain parenchyma and whitgter, but not WMH or number of
infarcts, and higher ACR was associated with lovedumes of total brain parenchyma,
white matter, grey matter, and increased WMH, lmitnumber of infarcts. Lower eGFR
was associated with lower executive function, mgmand speed scores and higher ACR
was associated with lower memory scores, but netuive function or speed scores, in
unadjusted analyses. However, we found no evidfmamn association of either eGFR
or ACR to measures of cognition after adjustmenafyge and sex. There was no

consistent attenuation of effect size after adjestinfior aortic stiffness measures.

We found an association between lower eGFR andrltat@ brain parenchyma and

white matter volume. It has been proposed thatlsrassel disease will affect the deep

arterioles of the brain, leading to loss of whitattar (88). Total brain parenchyma and
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white matter volume have been shown to signifigadéicrease with age (89-90). Thus,
our findings may be related to the large impacig# in our population. We found no
evidence for a relationship between eGFR and WMfdycts, or cognition. Differences

in these observations may be related to our stogulation and design.

Our findings regarding the association of eGFRotaltbrain parenchyma and white
matter volume are consistent with the Rotterdamm &tady, which showed that people
with lower eGFR had smaller total brain and whitatter volumes (38). However, they
and others found additional results that conflictgtth ours. Lower eGFR has been
shown to be associated with greater WMH and lacanaubclinical infarcts (8, 38-40,
91). In terms of our cognitive findings, we fourgsults consistent with the Reasons for
Geographic and Racial Disparities in Stroke (REGARRBtudy, a prospective
community-based study of greater than 19,000 pesptefound no association of eGFR
with incident cognitive impairment after adjustmémt multiple risk factors (41).
Conversely, lower eGFR or presence of CKD has bssaciated with worse cognitive
test scores in both younger and older general atipulas well as CKD cohorts (42-43,
45). There are multiple potential reasons for sofitbese discordant results including
differences in study populations, different sangkes leading to differences in power,
and differences in ascertainment of measures oieidunction, brain structure, and

cognitive testing.

We found an association between higher ACR anch@dsures of brain structure

including lower total brain parenchyma, grey matednite matter volume and increased
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WMH. Since albuminuria is an early manifestatiorkiiney disease, this relationship
between albuminuria and brain structure may befsignt in our population before
other changes occur that affect both eGFR and Btaicture. However, there was no

evidence of relationship between albuminuria arfiarats or cognition.

There are no examinations of the relationship lofiainuria to total brain parenchyma,
white matter, and grey matter but the associatfidngher alouminuria and higher
WMH, evidence of small vessel cerebrovascular dsegaas consistent with a cross-
sectional study in the homebound elderly (44). plevious literature regarding
albuminuria and cognition has yielded discrepasitilts. Our results are consistent with
NHANES lll and The Rancho Bernardo Study, whichhbstiowed no association
between microalbuminriua and cognitive tests irsssectional analyses after
adjustment for other risk factors (43, 47). HoweWee Rancho Bernardo Study did find
evidence for cognitive decline in men in longituaifollow-up. Our results were
inconsistent with cross-sectional findings from @erdiovascular Health Study and the
study of homebound elders, which both showed mogaitive impairment or dementia
at higher levels of albuminuria (44, 46). Issuas®unding variable measurement can
potentially explain some of these discrepancidsesé studies used different cognitive
tests, making their comparisons difficult. Diffataneasures may be better at capturing
those domains of cognition associated with microuvks disease, such as executive

function.
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Two studies of cognition attempted to clarify irdetions of ACR and eGFR. Our
findings were consistent with the Chronic Renauffisiency Cohort Study which
provided no evidence of a longitudinal relationsbiipalbuminuria to cognition in
patients with CKD, suggesting that albuminuriaas as influential at lower levels of
eGFR (45). However, the REGARDS study showed rifsgignt increase in cognitive
impairment with higher albuminuria and that ACR waare strongly related to incident
cognitive impairment at higher GFR compared to Io@ER (41). Our cross-sectional
study design was unable to contribute to the unaeding of causal inference in these

relationships because of poor control for basetm&ounding conditions.

We hypothesized that aortic stiffness would attéatize relationship between kidney
and brain disease. However, we showed no stroidgmeee for attenuation of the
relationship after adjustment for aortic stiffne@ssasures. Aortic stiffness has been
associated with kidney impairment and progressiddKD in prior studies (27-35).
There have been discrepant relationships on tleeias®n between arterial stiffness and
brain disease with several studies showing an aggmtbetween arterial stiffness and a
decline in cognitive function scores or increasedcsural abnormalities, while others
showing limited or no association (35, 92-95). fEhare several possible explanations
for our lack of evidence for attenuation. Vasculmsease may not be the common
underlying mechanism of disease. Other complioatmf CKD such as inflammation,
uremic toxins, hyperhomocysteinemia, and anemia coajribute more to the

pathophysiology of brain disease (45-46, 12, 96)1@n the other hand, we may not
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have the most precise or accurate measure of \wastisgbase and are, therefore, not

seeing this relationship.

Several limitations of our study design may havkienced our results and
interpretation. Our sample size, smaller than rob#te larger, population-based
cohorts, may have been insufficient to detect @ &ssociation. Survivor bias poses a
threat to the interpretation of our study. Sulgerith worse kidney and brain disease
were potentially less likely to be included in @ahort at the AGES-RS-I visit because
of death, loss to follow-up, or non-participationhis would lead to informative
censoring, and, therefore, bias our findings tonthié hypothesis. Although we
attempted to use state-of-the-art measures of kidnd brain disease, various measures
of our different outcomes may have introduced imjsien. For example, kidney disease
was measured with eGFR and ACR. eGFR is knowm abimprecise estimate of
measurement of measured GFR, due to non-GFR detanisiof both creatinine and
cystatin C. ACR was obtained at only one visit ara/ not capture variability in
albuminuria. Our composite scores for cognitiomeneased on different components of
different cognitive tests and potentially may haegulted in some misclassification.
Lastly, this is a cross-sectional study and caudatences cannot be made based on our

results.

There are several strengths of our study. Fhststudy design is a population-based

cohort that is representative of the Icelandic pajoon at large. State-of-the-art

measurement of kidney function based on creatianmtecystatin C were used in this
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analysis. The neurological evaluation was comprsive with multiple measures of

brain structure and cognitive tests obtained.

In summary, we found that a higher level of albwmi@ was associated with decreased
brain structure volumes and increased white mhitperintensities. Neither eGFR nor
ACR was associated with subclinical infarcts orratign after adjustment for other risk
factors. Adjustment for aortic stiffness did nonsistently attenuate the relationships
between kidney and brain disease, suggesting dibease mechanisms or need for more
precise markers of vascular disease. Furthertiotigial studies are needed to clarify

these relationships and investigate additionalvpays.

Future Directions

Future studies are needed to examine the longaudaationships between aortic
stiffness and kidney function as well as kidneydse and brain disease. Some of our
negative findings suggest other mechanism may\a@vad in the pathophysiology of
these diseases, which should be explored furthAdditionally, more work is needed to
clarify the accuracy of our current markers of vdscdisease and kidney damage and

investigate new markers.
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