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ABSTRACT
Background In cross-sectional studies, kidney dysfunction has been associated with 

CSVD. Kidney dysfunction could be regarded as end-organ disease in small vessel disease 

simultaneously presenting with CSVD or as a contributor to CSVD through decreased 

clearance of toxic metabolites. We investigated the cross-sectional and longitudinal 

relationship between kidney function and CSVD to establish kidney function as either risk 

factor or co-occurring disease.

Methods Within the SMART-MR study, a prospective cohort study on brain changes on MRI 

in patients with symptomatic atherosclerotic disease, 663 patients (57±9 yrs) had vascular 

screening and 1.5T MRI at baseline and after a mean follow-up of 3.9 years. Regression 

analysis was used to estimate the association between estimated Glomerular Filtration Rate 

(eGFR, computed with Cockcroft and MDRD equations) with presence and progression of 

WMH volume and lacunar infarcts, adjusted for vascular risk factors and IMT.

Results Higher eGFR was associated with less total WMH volume at baseline (per 10 ml/

min, B=-0.035%, 95% CI -0.062% to -0.007%) but not with WMH volume at follow-up. Kidney 

function was not associated with baseline presence or progression of lacunar infarcts.

Conclusion Kidney disease is associated with presence of CSVD but not its progression. 

These results suggest that kidney function represents end-organ damage in small vessel 

disease rather than being a contributor.
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INTRODUCTION
Persons with cerebral small vessel disease (CSVD), identified on Magnetic Resonance 

Imaging (MRI) by white matter hyperintensities (WMH) and lacunar infarcts, have an 

increased risk of future stroke, cognitive impairment and gait disturbances.1,2 Pathologic 

changes found in CSVD are hyaline arteriolosclerosis and endothelial damage of the small 

arterioles.3 Similar microvascular changes have also been found in kidneys of hypertensive 

patients4 and presence of CSVD has been associated with nephropathy in cross-sectional 

population based studies.5-8 On the one hand, it has been hypothesized that the underlying 

pathology of CSVD is a generalized small vessel disease that can affect multiple organs. 

In this respect, kidney disease could be regarded as end-organ disease of small vessel 

changes similar to CSVD. On the other hand, kidney dysfunction has been implicated as a 

possible contributor in CSVD.8,9 Decreased clearance of toxic metabolites could increase 

their circulating levels and subsequently promote damage in the small vessels of the 

brain. However, no longitudinal studies exist and therefore a contributing factor of kidney 

disease remains in CSVD remains unknown. We aimed to investigate the possible causal 

or co-occurring relationship of kidney function with CSVD and examined the independent 

relation of kidney function at baseline with 1) presence of WMH volume and lacunar infarcts 

and 2) progression of total WMH volume and lacunar infarcts in a longitudinal cohort of 

patients with symptomatic atherosclerotic disease.

PATIENTS AND METHODS

Subjects

Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance 

(SMART-MR) study, a prospective cohort study to investigate brain changes on MRI in 

1309 independently living patients with symptomatic atherosclerotic disease. Details of 

the design and participants have been described elsewhere.10 Between May 2001 and 

December 2005, all patients newly referred to the University Medical Center Utrecht with 

manifest coronary artery disease, cerebrovascular disease, peripheral arterial disease, or 

an abdominal aortic aneurysm (AAA), and without MR contraindications, were invited to 

participate. Coronary artery disease was defined as myocardial infarction, coronary artery 

bypass graft surgery or percutaneous transluminal coronary angioplasty in the past or at 

inclusion. Patients with a transient ischemic attack or stroke at inclusion and patients who 

reported stroke in the past were considered to have cerebrovascular disease. Peripheral 
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arterial disease was defined as surgery or angioplasty of the arteries supplying the lower 

extremities in history or intermittent claudication or rest pain at inclusion. AAA was defined 

as present (distal aortic diameter ≥3 cm) or previous AAA surgery. An MRI of the brain, 

physical examination, and blood and urine sampling were performed. Risk factors, medical 

history, and functioning were assessed with questionnaires. Between January 2006 and May 

2009, all living participants were invited for a follow-up evaluation, including brain MRI. 

The SMART-MR was approved by the local ethics committee and written informed consent 

was obtained from all participants. In total, 754 of the surviving cohort (61%) gave written 

informed consent and participated.

Study sample

Of the 1309 patients, 19 had no MRI and 14 had no FLAIR sequence. In 44 patients brain 

volume data were missing due to motion or artefacts. Thus, baseline MRI data were available 

in 1232 patients. Of these patients, 432 denied participation in the longitudinal study, 16 

were lost to follow-up and 66 died. Consequently, 718 patients participated in the follow-up 

exam. Of these, 38 did not undergo a second MRI and 17 missed brain volume data due to 

motion or artefacts. Therefore, the analyses for the prospective analysis were performed 

in 663 patients.

Magnetic resonance imaging protocol

The MR investigations were performed on a 1.5-Tesla whole-body system (Gyroscan ACS-

NT, Philips Medical Systems, Best, The Netherlands). The protocol consisted of a transversal 

T1-weighted gradient-echo sequence (repetition time (TR)/echo time (TE): 235/2 ms), a 

transversal T2-weighted turbo spin-echo sequence (TR/TE: 2200/11 ms and 2200/100 ms), 

a transversal T2-weighted fluid attenuating inverse recovery (FLAIR) sequence (TR/TE/

inversion time (TI): 6000/100/2000 ms) and a transversal inversion recovery (IR) sequence 

(TR/TE/TI: 2900/22/410 ms) (field of view 230 x 230 mm; matrix size, 180 x 256; slice thickness, 

4.0 mm; no gap; 38 slices). 

Brain segmentation

We used the T1-weighted gradient-echo, IR sequence and FLAIR sequence for brain seg-

mentation.11 The segmentation program distinguishes cortical gray matter, white matter, 

sulcal and ventricular cerebrospinal fluid (CSF), and WMH. The results of the segmentation 
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analysis were visually checked for the presence of infarcts and adapted if necessary to 

make a distinction between WMH and infarct volumes. Total brain volume was calculated 

by summing the volumes of gray and white matter and, if present, volumes of WMH and 

infarcts. All volumes cranial to the foramen magnum were included. Thus, the total brain 

volume includes the cerebrum, brainstem and cerebellum. Total intracranial volume (ICV) 

was calculated by summing total brain volume, sulcal volume and ventricular CSF volume. 

Lacunar infarcts and white matter lesions

The whole brain was visually searched for lacunar infarcts by two trained investigators and 

a neuroradiologist, who were blinded to patient history and diagnosis. Rating discrepancies 

were re-evaluated in a consensus meeting. Lacunar infarcts were defined as infarcts of 3 to 

15 mm in diameter and located in the subcortical white matter, thalamus or basal ganglia. 

Hyperintensities located in the white matter also had to be hypointense on T1-weighted 

and FLAIR images in order to distinguish them from WMH. Dilated perivascular spaces 

were distinguished from infarcts based on their location (along perforating or medullary 

arteries, often symmetric bilaterally, usually in the lower third of the basal ganglia or in the 

centrum semiovale), form (round/oval), and the absence of gliosis. Periventricular WMH 

were defined as adjacent to or within 1 cm of the lateral ventricles. Deep WMH were located 

in deep white-matter tracts with or without adjoining periventricular lesions. Volumes of 

WMH were expressed as a percentage of ICV, transformed with natural logarithm to achieve 

normal distribution.

Vascular risk factors

On both visits, an overnight fasting venous blood sample was taken to determine glucose, 

lipid, creatinine and homocysteine levels. Height and weight were measured without shoes 

and heavy clothing, and the body mass index (BMI) was calculated (kg/m2). Systolic and 

diastolic blood pressures (mm Hg) were measured twice with a sphygmomanometer and 

averaged. Diabetes mellitus was defined as a glucose level of ≥7.0 mmol/L or self-reported 

use of oral antidiabetic drugs or insulin. Estimated glomerular filtration rate (eGFR) was 

computed with the Cockcroft-Gault equation and MDRD equation.12,13 Smoking status was 

expressed in packyears and alcohol intake was categorized as never, former, or current. 

Ultrasonography was performed to measure intima-media thickness (IMT) (mm) in the left 

and right common carotid arteries, represented by the mean value of six measurements. 
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Data analysis

We used multiple imputation (10 datasets) to address missing values14 in the study sample 

of 1232 persons using the statistical programme R (aregImpute) (version 2.10.0). Data were 

analyzed using SPSS version 17.0 (Chicago, Ill, USA), by pooling the 10 imputed datasets. First, 

baseline characteristics were calculated for the baseline sample (n=1232) and the follow-

up cohort (n=663). Second, linear and logistic regression was used to estimate the cross-

sectional associations of eGFR (per 10 ml/min increase) with total WMH volume (natural 

log transformed value of % of ICV) and presence of LIs as outcome measurements in the 

baseline cohort (n=1232), adjusted for age and sex. Additionally, we adjusted for systolic and 

diastolic blood pressure, diabetes, BMI, cholesterol level, homocysteine level, packyears of 

smoking, alcohol intake and IMT (model 2). Third, logistic regression was used to estimate 

the prospective association between eGFR (per 10 ml/min increase) with progression of 

total WMH volume and lacunar infarcts in the 663 patients who participated in the follow-

up examinations. Progression of total WMH volume was defined as the highest quintile of 

change in WMH volume between baseline and follow-up vs the lower four quintiles, and 

progression of lacunar infarcts was defined as ≥1 new lacunar infarcts during follow-up 

vs. no new lacunar infarcts. Analyses were adjusted using the same models as mentioned 

above (model 1, model 2), except for the addition of follow-up years and baseline WMH 

volume or baseline lacunar infarcts in the first model. 

RESULTS
Baseline characteristics of the study sample (n=663) are shown in Table 10.1. In general, 

patients in the longitudinal sample had less vascular disease and lower WMH volumes. 

Mean follow-up time between baseline and follow-up was 3.9±0.4 years. 143 patients were 

defined as having progression of WMH. In this group, the median increase of total WMH 

volume over time was 2.61 ml (10th–90th percentile, 1.21–10.99). 114 (17.2%) patients had 

1 or more lacunar infarcts at baseline. There were 104 new lacunar infarcts in 58 patients 

during the follow-up period.

Cross-sectional analyses

Higher eGFR (better kidney function) was significantly associated with less WMH volume 

at baseline (model 1, B=-0.04, 95% CI -0.06 to -0.01, p=0.009) (Table 10.2). Using the MDRD 

scale the results remained the same. Adjusting for vascular risk factors and atherosclerotic 
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Table 10.1 Baseline characteristics of the longitudinal sample (n=663)

Risk factor Longitudinal sample (n=663)

Age (yrs) 57 (9)

Male (%) 81.3%

Vascular risk factors
Smoking (packyears)* 20.2 (0–49)
Present alcohol use (%) 78.5%
Systolic blood pressure (mmHg) 140.1 (19.8)
Diastolic blood pressure (mmHg) 81.5 (10.3)
Cholesterol (mmol/l) 4.8 (1.0)
Homocysteine level (µmol/l) 13.2 (4.3)
Diabetes (%) 16.1%

Macrovascular disease
Cerebrovascular disease (%) 23.1%
Coronary artery disease (%) 61.8%
Peripheral artery disease (%) 18.1%
Intima-media thickness (mm) 0.9 (0.3)

Kidney function
Serum creatinine (mmol/l) 89.6 (18.3)
eGFR (Cockcroft) (ml/min) 94.8 (26.4)

Cerebral small vessel disease
Total WML (ml)* 1.36 (0.41–5.97)
Presence of lacunar infarcts 17.2%

Values are in means (SD). * Median (10%–90% range).

Table 10.2 Association between creatinine clearance (eGFR per 10 ml/min, according to 
Cockcroft or MDRD equation) and presence of total, periventricular and deep white matter lesion  
volume

Total WML
B (95% CI)

Periventricular WML
B (95% CI)

Deep WML
B (95% CI)

Cockcroft
Model 1 -0.04 (-0.06 to -0.01)** -0.02 (-0.05 to 0.01) -0.05 (-0.08 to -0.02)***
Model 2 -0.04 (-0.06 to -0.01)* -0.02 (-0.05 to -0.01) -0.05 (-0.08 to -.02)**

MDRD
Model 1 -0.05 (-0.09 to -0.02)** -0.04 (-0.08 to -0.004)* -0.07 (-0.11 to -0.02)**
Model 2 -0.04 (-0.08 to -0.002)* -0.03 (-0.07 to 0.01) -0.05 (-0.10 to -0.01)*

Unstandardized regression coefficients B with 95% confidence intervals (CI). WML volume expressed as 
logarithmic transformed percentage of ICV. Model 1: Adjusted for age, sex, follow-up time and baseline WML 
volume. Model 2: Model 1 + homocysteine level, systolic blood pressure, diastolic blood pressure, diabetes 
mellitus, BMI, cholesterol level, smoking, alcohol use, IMT. * p<0.05, ** p<0.01, *** p<0.001.
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disease did not change the associations significantly. When exploring the association with 

either deep or periventricular WMH, our analyses showed that the association was somewat 

stronger for deep WMH (B=-0.05, 95% CI -0.08 to -0.02, p=0.002)

In contrast to WMH as outcome variable, higher eGFR was not associated with a lower OR 

of present lacunar infarcts (OR=0.94, 95% CI 0.9 to 1.01) (Table 10.3).  

Longitudinal analyses

eGFR was not associated with progression of either WMH volume or progression of lacunar 

infarcts (Table 10.3, 10.4), whether using the Cockcroft or MDRD equation.  

Table 10.4 Association between creatinine clearance (eGFR per 10 ml/min, according to Cockcroft 
or MDRD equation) and progressiona of total, periventricular and deep white matter lesions

Total WML
OR (95% CI)

Periventricular WML
OR (95% CI)

Deep WML
OR (95% CI)

Cockcroft
Model 1 0.97 (0.86 to 1.08) 1.03 (0.92 to 1.16) 0.98 (.0.89 to 1.10)
Model 2 1.01 (0.9 to 1.14) 1.05 (0.93 to 1.18) 1.02 (0.91 to 1.14)

MDRD
Model 1 0.92 (0.8 to 1.07) 1.02 (0.88 to 1.18) 0.93 (0.81 to 1.07)
Model 2 0.99 (0.85 to 1.15) 1.06 (0.91 to 1.23) 0.97 (0.84 to 1.13)

Unstandardized regression coefficients B with 95% confidence intervals (CI). a Progression of WML volume 
defined as highest quintile of change. Model 1: Adjusted for age, sex, follow-up time and baseline WML volume. 
Model 2: Model 1 + homocysteine level. Model 3: Model 2 + systolic blood pressure, diastolic blood pressure, 
diabetes mellitus, BMI, cholesterol level, smoking, alcohol use, IMT.

Table 10.3 Association between creatinine clearance (eGFR per 10 ml/min, according to Cockcroft 
or MDRD equation) and presence of presence of lacunar infarcts

Presence of LI
OR (95% CI)

New LI at follow-up
OR (95% CI)

Cockcroft
Model 1 0.94 (0.87 to 1.01) 0.93 (0.8 to 1.07)
Model 2 0.93 (0.86 to 1.01) 0.92 (0.78 to 1.08)

MDRD
Model 1 0.96 (0.88 to 1.06) 0.94 (0.78 to 1.13)
Model 2 1.01 (0.92 to 1.10) 0.97 (0.80 to 1.18)

Unstandardized regression coefficients B with 95% confidence intervals (CI). Model 1: Adjusted for age, sex, 
follow-up time and baseline WML volume. Model 2: Model 1 + homocysteine level, systolic blood pressure, 
diastolic blood pressure, diabetes mellitus, BMI, cholesterol level, smoking, alcohol use, IMT.



Kidney function and cerebral sm
all vessel diseae

Chapter 10

179

DISCUSSION
In patients with atherosclerotic disease, decreased kidney function is associated with 

presence of WMH at baseline, independent of vascular risk factors and severity of 

atherosclerotic disease, but not with presence of lacunar infarcts. Moreover, there was no 

longitudinal relationship between decreased kidney function and progression of WMH or 

lacunar infarcts. 

Strengths of this study are the longitudinal design, the large sample size, and the automated 

volumetric assessment of WML. Second, independent effects on WML and lacunar infarcts 

could be investigated. Finally, detailed assessment of vascular risk factors, kidney function 

and IMT allowed for adjustment of shared risk factors and extent of atherosclerosis. 

Limitations include attrition due to loss of follow-up. Patients that did not participate at 

follow-up were older, had higher vascular burden and had higher WML volumes at baseline. 

As vascular risk factors and WML load predict progression of WML, this probably caused an 

underestimation of the effects and possibly absence of significant associations. Also, the 

study cohort consisted of patients with symptomatic atherosclerotic disease, which limits 

the external validity of these results. Moreover, kidney function was estimated using a 

single measurement. Although 24-hour urine samples are more reliable to predict kidney 

function, this was deemed impractical given the size of the study. Moreover, it is unlikely 

that a sampling error would have influenced the results in one particular direction.

The cross-sectional association between decreased kidney function and presence of WMH 

has been reported on in earlier studies. Two population based studies with healthy persons 

showed a significant association between lower eGFR and higher WMH volumes.5,8 Our study, 

although performed in patients with underlying vascular disease, shows similar results. Thus, 

the cross-sectional association between decreased kidney function and white matter lesion 

volume appears to be robust and replicable in different patient cohorts. However, we did 

not find an association between kidney function and presence of lacunar infarcts. Studies 

that did find an association only included silent LIs.7,8 Our study also included symptomatic 

lacunar infarcts. Unfortunately, we were not able to separate these lacunar infarcts in our 

analyses. It is possible that lacunar infarcts – and especially asymptomatic ones – are more 

dependent of small vessel disease and more related to WMH and therefore no associations 

could be found in our study.  

We did not find any significant association between kidney function at baseline and 

progression of WMH or appearance of new lacunar infarcts. This in line with one other study 

that did not find any significant association between baseline creatinine measurement and 
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progression of white matter lesions.15 It has been suggested that the relationship between 

kidney function and CSVD could be causal,8 in which decreased kidney function leads to 

decreased clearance of toxic metabolites, which in turn can lead to damage of the cerebral 

small blood vessels.8,9 Our data suggest that although kidney function and CSVD are related 

at a cross-sectional level, kidney function does not play a causal role in the development 

of CVSD. Pathologic studies have shown similar microvascular damage in glomeruli of 

the kidneys as found in the brain in CSVD patients and it is therefore likely that kidney 

dysfunction, similar to CSVD, represents end organ damage of an underlying generalized 

small vessel disease. This would explain the consistent cross-sectional relationship found 

in many studies5-9 without the presence of a longitudinal relationship.
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