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Background and Purpose—It has been hypothesized that cerebral small vessel disease (SVD) and chronic renal impairment 
may be part of a multisystem small-vessel disorder, but their association may simply be as a result of shared risk factors 
(eg, hypertension) rather than to a systemic susceptibility to premature SVD. However, most previous studies were 
hospital based, most had inadequate adjustment for hypertension, many were confined to patients with lacunar stroke, 
and none stratified by age.

Methods—In a population-based study of transient ischemic attack and ischemic stroke (OXVASC [Oxford Vascular Study]), 
we evaluated the magnetic resonance imaging markers of cerebral SVD, including lacunes, white matter hyperintensities, 
cerebral microbleeds, and enlarged perivascular space. We studied the age-specific associations of renal impairment 
(estimated glomerular filtration rate <60 mL/min per 1.73 m2) and total SVD burden (total SVD score) adjusting for age, 
sex, vascular risk factors, and premorbid blood pressure (mean blood pressure during 15 years preevent).

Results—Of 1080 consecutive patients, 1028 (95.2%) had complete magnetic resonance imaging protocol and creatinine 
measured at baseline. Renal impairment was associated with total SVD score (odds ratio [OR], 2.16; 95% confidence 
interval [CI], 1.69–2.75; P<0.001), but only at age <60 years (<60 years: OR, 3.97; 95% CI, 1.69–9.32; P=0.002; 60–79 
years: OR, 1.01; 95% CI, 0.72–1.41; P=0.963; ≥80 years: OR, 0.95; 95% CI, 0.59–1.54; P=0.832). The overall association 
of renal impairment and total SVD score was also attenuated after adjustment for age, sex, history of hypertension, 
diabetes mellitus, and premorbid average systolic blood pressure (adjusted OR, 0.76; 95% CI, 0.56–1.02; P=0.067), but 
the independent association of renal impairment and total SVD score at age <60 years was maintained (adjusted OR, 
3.11; 95% CI, 1.21–7.98; P=0.018). Associations of renal impairment and SVD were consistent for each SVD marker 
at age <60 years but were strongest for cerebral microbleeds (OR, 5.84; 95% CI, 1.45–23.53; P=0.013) and moderate–
severe periventricular white matter hyperintensities (OR, 6.28; 95% CI, 1.54–25.63; P=0.010).

Conclusions—The association of renal impairment and cerebral SVD was attenuated with adjustment for shared risk factors 
at older ages, but remained at younger ages, consistent with a shared susceptibility to premature disease.   (Stroke. 
2018;49:899-904. DOI: 10.1161/STROKEAHA.117.019650.)
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It has been hypothesized that cerebral small vessel disease 
(SVD) may be part of a multisystem disorder affecting 

other vascular beds, such as the kidney.1,2 However, previ-
ous studies of the associations of chronic renal impairment 
and imaging makers of SVD were conflicting.3–8 While some 
studies suggested that the association of renal impairment and 
SVD was explained by shared risk factors such as hyperten-
sion, others proposed that genetic factors might contribute 

to shared susceptibility. Any association caused by shared 
genetic susceptibility would usually be strongest at younger 
ages and should remain even after detailed adjustment for 
shared vascular risk factors.

Most previous studies of the association of renal impair-
ment and SVD were hospital based, many had small numbers, 
the majority were confined to lacunar stroke patients, and all 
previous studies only adjusted for history of hypertension or 
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a single recent blood pressure, which does not allow adequate 
adjustment for the potential confounding by long-term blood 
pressure burden. Moreover, few studies stratified the analyses 
by age, and no study has focused on the associations of renal 
impairment and cerebral SVD at younger ages.7–10

Therefore, in a population-based study, the OXVASC 
(Oxford Vascular Study), we studied patients with transient 
ischemic attack (TIA) and minor ischemic stroke to determine 
the age-specific associations of renal impairment and the over-
all burden of SVD (total SVD score),9 as well as individual 
SVD markers, with adjustment for hypertension based on the 
average premorbid blood pressure level over many years, and 
by using both the premorbid and baseline creatinine measure-
ment for the diagnosis of renal impairment.

Methods
Requests for access to data from OXVASC will be considered by the 
corresponding author.

We studied consecutive patients with TIA or ischemic stroke who 
underwent cerebral magnetic resonance imaging in OXVASC from 
2004 to 2014. OXVASC is an ongoing population-based study of the 
incidence and outcome of all acute vascular events in a population of 
92 728 individuals, registered with 100 general practitioners in 9 gen-
eral practices in Oxfordshire, United Kingdom. The multiple over-
lapping methods used to achieve near complete ascertainment of all 
individuals with TIA and ischemic stroke and the imaging protocol of 
OXVASC are detailed in Methods in the online-only Data Supplement 
and have been reported previously.11,12 All cases were reviewed by 
the senior study neurologist (Dr Rothwell), and TIA/stroke etiol-
ogy was classified according to the modified Trial of ORG 10172 in 
Acute Stroke Treatment criteria.11 For the current analyses, patients 
with cerebral or systemic vasculitis, Cerebral Autosomal Dominant 
Arteriopathy With Subcortical Infarcts and Leukoencephalopathy, or 
Fabry disease were excluded.

Demographic data, vascular risk factors (hypertension, diabetes 
mellitus, known atrial fibrillation, history of smoking, hyperlipid-
emia), history of previous TIA/stroke, and history of ischemic heart 
disease were collected from face-to-face interview and cross-refer-
enced with primary care records. Patients routinely had creatinine 
measured after the acute event as part of the standard protocol. We 
also collected all premorbid blood pressure readings with dates up to 
at least 15 years before the event from patient records held in primary 
care. The most recent premorbid creatinine measurement within 1 
year of the index event was also obtained from the regional biochem-
istry database.

The MDRD (Modification of Diet in Renal Disease) Study Group 
equation was used to calculate estimated glomerular filtration rate 
(eGFR) for each patient, and renal impairment was defined as esti-
mated eGFR <60 mL/min per 1.73 m2.13 To minimize the potential 
impact of acute renal injury after TIA and ischemic stroke, we used 
creatinine taken at the time of the index event in the primary analysis, 
and the most recent premorbid creatinine taken within 1 year of the 
index event was also used for sensitivity analysis.

One neuroradiologist (Dr Kuker) provided ongoing supervision of 
interpretation of the magnetic resonance images throughout the study 
period, and the independently derived and proposed total SVD score 
was used to assess the overall burden of SVD.9 One point is allo-
cated to each of the following: (1) presence of lacunes; (2) presence 
of cerebral microbleeds (CMB); (3) moderate–severe (>10) basal 
ganglia (BG) perivascular spaces (PVS), and (4) severe periventricu-
lar or moderate–severe deep white matter hyperintensity (WMH). 
Lacunes were defined as rounded or ovoid lesions, >3 and <20 mm 
in diameter, in the BG, internal capsule, centrum semiovale, or brain 
stem, of cerebrospinal fluid signal density on T2 and fluid-attenuated 
inversion recovery and no increased signal on diffusion-weighted 
imaging.14 CMBs were defined as rounded, hypodense foci up to 10 
mm in size and were differentiated from microbleed mimics based on 

current guidelines.15 PVSs were defined as small (<3 mm) punctate 
(if perpendicular to the plane of scan) or linear (if longitudinal to 
the plane of scan) hyperintensities on T2 images in BG or centrum 
semiovale based on a previously validated scale,16 and only BG-PVS 
were used in the total SVD score. The severity of white matter disease 
was determined for periventricular versus deep WMH, respectively, 
according to the Fazekas scale.17

Statistical Analysis
Categorical variables are reported as absolute numbers with percent-
ages, and continuous variables are reported as means with SD. χ2 and 
analysis of variance tests were performed to compare categorical and 
continuous variables between groups.

We first used ordinal regression to determine the age-specific  
(overall/stratified by age groups: <60, 60–79, and ≥80 years) asso-
ciations of renal impairment and the total SVD score. We then used 
logistic regression to study the age-specific associations of renal 
impairment and individual SVD markers, including presence of lacu-
nes, presence of CMBs, BG-PVS, moderate–severe periventricular 
WMH, and moderate–severe deep WMH. All analyses were adjusted 
for age (continuous/per year), sex, history of hypertension, diabetes 
mellitus, and 15-year premorbid systolic blood pressure.

All analyses were performed using SPSS version 20 (SPSS Inc, 
Chicago, IL).

Standard Protocol Approvals, 
Registrations, and Patient Consents
Written informed consent or assent from relatives was obtained for 
all participants. OXVASC was approved by the local research ethics 
committee (OREC A: 05/Q1604/70).

Results
Among 1080 consecutive patients with TIA or ischemic 
stroke who underwent magnetic resonance brain imaging, 
1028 (95.2%) had a full magnetic resonance imaging proto-
col completed and creatinine measured at baseline and were, 
thus, included in the analyses. Mean (SD) age was 68.4 (14.1) 
years, and 261 (26.7%) were <60 years. The baseline charac-
teristics of patients stratified by the total SVD score are shown 
in Table 1.

As expected, patients with higher total SVD score were 
older, more likely to have history of hypertension, atrial fibril-
lation, TIA/stroke prior to the index event and history of isch-
emic heart disease (Table 1), and had higher blood pressure 
measured both acutely and during the 15 years before the 
index event (Table 1).

The eGFR decreased with increasing total SVD score using 
creatinine measured either at the index event or 1 year before 
the index event (both P

trend
<0.001; Table 1). In an ordinal 

regression, renal impairment (eGFR<60 mL/min per 1.73 m2) 
was associated with total SVD score (odds ratio [OR], 2.16, 
95% confidence interval [CI], 1.69–2.75; P<0.001; Table 2), 
but this association was only apparent at age <60 years (<60 
years: OR, 3.97; 95% CI, 1.69–9.32; P=0.002; 60–79 years: 
OR, 1.01; 95% CI, 0.72–1.41; P=0.963; ≥80 years: OR, 0.95; 
95% CI, 0.59–1.54; P=0.832). The overall association of 
renal impairment and total SVD score was lost after adjust-
ment for age and sex (OR, 0.94; 95% CI, 0.72–1.23; P=0.639; 
Table 2), and with additional adjustment for history of hyper-
tension (OR, 0.85; 95% CI, 0.65–1.12; P=0.247; Table 2), and 
tended to be reversed when also adjusting for premorbid aver-
age systolic blood pressure (OR, 0.76; 95% CI, 0.56–1.02; 
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Table 1. Baseline Characteristics of Patients Included in Analyses Stratified by the Total SVD Score*

 
All 

(N=1028)
SVD Score 0 

(n=387)
SVD Score 1 

(n=293)
SVD Score 2 

(n=215)
SVD Score ≥3 

(n=133) P Value P
trend

Age (mean±SD), y 68.4±14.1 59.3±14.2 71.3±11.0 75.5±9.8 77.4±10.3  <0.001  <0.001

Female 490 (47.7) 181 (46.8) 132 (45.1) 105 (48.8) 72 (54.1)  0.351  0.166

Hypertension 563 (54.8) 153 (39.5) 168 (57.3) 150 (69.8) 92 (69.2)  <0.001  <0.001

Hyperlipidemia 381 (37.1) 128 (33.1) 107 (36.5) 91 (42.3) 55 (41.4)  0.109  0.019

Diabetic mellitus 136 (13.2) 45 (11.6) 37 (12.6) 28 (13.0) 26 (19.5)  0.133  0.047

Ever smoker 521 (50.7) 204 (52.7) 133 (45.4) 120 (55.8) 64 (48.1)  0.085  0.803

Atrial fibrillation 160 (15.6) 28 (7.2) 52 (17.7) 50 (23.3) 30 (22.6)  <0.001  <0.001

TIA/stroke prior to the index event 187 (18.2) 47 (12.1) 49 (16.7) 53 (24.7) 38 (28.6)  <0.001  <0.001

History of ischemic heart disease 141 (13.7) 35 (9.0) 40 (13.7) 38 (17.7) 28 (21.1)  0.001  <0.001

Type of index event: ischemic stroke 486 (47.3) 165 (42.6) 133 (45.4) 108 (50.2) 80 (60.2)  0.004  <0.001

Etiology by TOAST classification  <0.001 NA

    Large artery disease 137 (13.3) 32 (8.3) 48 (16.4) 38 (17.7) 19 (14.3)   

    Cardioembolic 160 (15.6) 40 (10.3) 51 (17.4) 45 (20.9) 24 (18.0)   

    Small vessel disease 124 (12.1) 35 (9.0) 27 (9.2) 29 (13.5) 33 (24.8)   

    Cryptogenic 514 (50.0) 249 (64.3) 141 (48.1) 80 (37.2) 44 (33.1)   

    Unknown etiology 26 (2.5) 10 (2.6) 6 (2.0) 6 (2.8) 4 (3.0)   

    Multiple etiology 35 (3.4) 6 (1.6) 11 (3.8) 10 (4.7) 8 (6.0)   

    Other etiology 32 (3.1) 15 (3.9) 9 (3.1) 7 (3.3) 1 (0.8)   

Baseline renal function

    eGFR (mean/SD; mL/min per 1.73 m2) 71.4±22.3 77.4±21.9 71.3±21.4 65.6±20.6 63.7±23.1 <0.001 <0.001

    eGRF<30 26 (2.5) 3 (0.8) 7 (2.4) 9 (4.2) 7 (5.3) <0.001 <0.001

    eGRF 30–59† 270 (26.4) 71 (18.4) 80 (27.4) 67 (31.3) 52 (39.4)   

    eGRF 60–89 538 (52.5) 213 (55.2) 152 (52.1) 115 (53.7) 58 (43.9)   

    eGRF≥90 190 (18.6) 99 (25.6) 53 (18.2) 23 (10.7) 15 (11.4)   

    Renal impairment (eGFR<60) 300 (29.2) 75 (19.4) 88 (30.0) 77 (35.8) 60 (45.1) <0.001 <0.001

Premorbid renal function

    eGFR (mean/SD; mL/min per 1.73 m2)‡ 68.1±20.3 72.6±20.5 69.1±20.7 63.7±19.1 62.8±18.3 <0.001 <0.001

    eGRF<30 16 (1.7) 4 (1.2) 5 (1.9) 4 (2.0) 3 (2.4) <0.001 <0.001

    eGRF 30–59 313 (34.1) 82 (25.4) 95 (35.6) 80 (39.6) 56 (44.4)   

    eGRF 60–89 469 (51.1) 182 (56.3) 126 (47.2) 100 (49.5) 61 (48.4)   

    eGRF≥90 120 (13.1) 55 (17.0) 41 (15.4) 18 (8.9) 6 (4.8)   

    Renal impairment (eGFR<60) 329 (35.8) 86 (26.6) 100 (37.5) 84 (41.6) 59 (46.8) <0.001 <0.001

BP at index event (mean/SD)

    Systolic blood pressure, mm Hg 150.1±24.4 145.4±22.2 149.7±22.8 155.2±26.3 157.1±28.0 <0.001 <0.001

    Diastolic blood pressure, mm Hg 83.8±13.2 84.8±13.3 82.7±12.1 84.2±13.5 82.5±14.7  0.184  0.178

All BP prior to the event (mean/SD)§

    Systolic blood pressure, mm Hg 138.7±14.3 132.7±13.7 143.2±12.0 148.0±13.6 148.0±13.6 <0.001 <0.001

    Diastolic blood pressure, mm Hg 80.0±7.7 80.0±7.7 80.0±7.5 80.5±6.7 81.9±9.0  0.016  0.002

Data are presented as numbers (%) unless otherwise stated. BP indicates blood pressure; eGFR, estimated glomerular filtration rate; NA, not applied; SVD, small 
vessel disease; TIA, transient ischemic attack; and TOAST, Trial of ORG 10172 in Acute Stroke Treatment.

*Baseline characteristics of patients with renal impairment vs patients without renal impairment are also presented in Table I in the online-only Data Supplement.
†Four patients had eGFR classified as <60 only.
‡Based on one single creatinine in the last year and data missing for 110 patients.
§Data missing for 165 patients.
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P=0.067; Table 2). However, although the similar attenuation 
was observed for all age groups, the independent association 
of renal impairment and total SVD score was maintained in 
the multivariate analyses at age <60 years (adjusted OR, 3.11; 
95% CI, 1.21–7.98; P=0.018; Table 2). Results were similar 
in patients with lacunar events and in those with nonlacunar 
events (Table II in the online-only Data Supplement).

When we looked at the associations of renal impairment 
and individual SVD markers, the results were also consistent, 
with attenuation of apparent associations after adjustment 
for known risk factors but with independent associations of 
renal impairment and SVD remaining at younger ages (Figure 
and Table III in the online-only Data Supplement), particu-
larly for the presence of CMB (OR, 5.84; 95% CI, 1.45–
23.53; P=0.013; Figure; Table III in the online-only Data 
Supplement) and for moderate–severe periventricular WMH 
(OR, 6.28; 95% CI, 1.54–25.63; P=0.010; Figure; Table III in 
the online-only Data Supplement).

Sensitivity analyses using creatinine measured 1 year prior 
to the index event also showed consistent results (Table IV and 
V in the online-only Data Supplement).

Discussion
In this population-based study of patients with TIA and 
ischemic stroke, we found that the associations of renal 
impairment (eGFR<60 mL/min per 1.73 m2) and SVD were 
attenuated after adjustment for age, sex, known risk factors, 
and premorbid average blood pressure and disappeared at 
older ages. However, the association was maintained at age 
<60 years, both for the overall SVD burden and for individual 
SVD markers.

Our findings of age-specific associations of renal impair-
ment and cerebral SVD in TIA and minor stroke are in line 
with previous studies done predominantly in lacunar stroke 
or in the nonstroke population using individual SVD mark-
ers. A rigorous and comprehensive systematic review and 
meta-analysis showed that the 4-fold increased risk of renal 
impairment in lacunar versus nonlacunar stroke was only 
observed at younger ages.8 Similarly, in the nonstroke popula-
tion, compared with studies of a mean age of 70 years, there 
was a stronger relationship between renal impairment and 
WMH in studies with an average age of 50 to 60 years.8 The 
same pattern was also seen for renal impairment and CMB 

or enlarged PVS, where studies including younger patients 
tended to report a strong association5,7 and studies of older 
cohorts tended to find no association.4 However, one hospital-
based study in TIA and ischemic stroke of a similar mean age 
to OXVASC (70 years versus 68.4 years) reported a strong 
association of proteinuria and CMB,18 but only adjusted for 
history of diagnosed hypertension.

Table 2. Associations of Renal Impairment and Total SVD Score Stratified by Age and Adjusted for Age/Sex and for Known 
Vascular Risk Factors

 

Crude Model I* Model II† Model III‡

OR (95% CI) P Value OR1 (95% CI) P1 Value OR2 (95% CI) P2 Value OR3 (95% CI) P3 Value

Overall 2.16 (1.69–2.75) <0.001 0.94 (0.72–1.23) 0.639 0.85 (0.65–1.12) 0.247 0.76 (0.56–1.02) 0.067

Stratified by age

    <60 y 3.97 (1.69–9.32) 0.002 2.78 (1.15–6.73) 0.024 2.78 (1.15–6.73) 0.024 3.11 (1.21–7.98) 0.018

    60–79 y 1.01 (0.72–1.41) 0.963 0.94 (0.72–1.23) 0.639 0.88 (0.62–1.25) 0.473 0.72 (0.49–1.06) 0.095

    ≥80 y 0.95 (0.59–1.54) 0.832 0.91 (0.56–1.47) 0.691 0.91 (0.56–1.47) 0.691 0.64 (0.37–1.12) 0.118

Renal impairment is defined as eGFR<60 mL/min per 1.73 m2. CI indicates confidence interval; OR, odds ratio; and SVD, small vessel disease.
*Model I: adjusted for age and sex.
†Model II: adjusted for age, sex, and history of hypertension.
‡Model III: adjusted for age, sex, history of hypertension, diabetes mellitus, and premorbid mean systolic blood pressure.

Figure. Associations of renal impairment (adjusted odds ratio 
and 95% CI) and the presence of individual small vessel disease 
markers stratified by age. Analyses were adjusted for age, sex, 
history of hypertension, diabetes mellitus, and premorbid mean 
systolic blood pressure. Renal impairment is defined as eGFR<60 
mL/min per 1.73 m2. CI indicates confidence interval; CMB, cere-
bral microbleeds; eGFR, estimated glomerular filtration rate; PVS, 
perivascular spaces; and WMH, white matter hyperintensity.
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The reason why renal impairment correlates with SVD 
independent of hypertension and other vascular risk factors 
at younger ages is uncertain. One explanation is that rather 
than being the end organ damage from vascular risk factors 
such as hypertension in 2 different systems, renal impair-
ment and cerebral SVD could be part of a multisystem dis-
ease directly affecting small vessels more generally. Our 
findings that the independent association of renal impair-
ment and SVD seemed to be strongest in those presenting 
with acute small vessel disease (ie, acute lacunar event) also 
supported this hypothesis and are consistent with the pre-
vious systematic review of renal impairment and lacunar 
stroke.8 Multisystem pathogenesis is also supported by asso-
ciations of cerebral SVD with transforming growth factor-β 
signaling, which has also been associated with cancer, 
inflammation, and autoimmune diseases.19,20 Alternatively, 
the independent associations of renal impairment and SVD 
at younger ages could similarly suggest shared susceptibil-
ity to vascular risk factors, most likely at the genetic level, 
leading to premature disease.

Notably, we did not observe any apparent associations of 
renal impairment and SVD at older ages. Moreover, after 
adjustment for age, sex, vascular risk factors, and premorbid 
blood pressure level, the association of renal impairment and 
SVD even showed a trend of reversed relationship at older 
ages. Given that both renal impairment and SVD are asso-
ciated with premature death,21 the nonassociation of renal 
impairment and SVD could be explained by a survival bias at 
older ages, where patients with stronger associations of renal 
impairment and SVD might have died at a younger age and 
were not therefore “available” to be recruited into the study. 
Similarly, patients with multiple comorbidities might also die 
prematurely, leaving those with fewer risk factors or less sus-
ceptibility to risk factors in the cohort, leading to a reverse 
association after adjustment for these risk factors.

A strength of our study is that we were able to adjust associ-
ations for long-term premorbid mean blood pressure, but there 
are also limitations. First, we used the creatinine-based MDRD 
calculation for eGFR. The MDRD equation was derived from 
a population with a mean age of 50.6±12.7 years.22 Therefore, 
the eGFR calculation might not be sensitive enough to differ-
entiate between normal aging-related renal impairment versus 
pathological renal impairment at older ages. However, the cur-
rent clinical diagnosis of renal impairment is based on the same 
eGFR cutoff irrespective of age. Second, we did not measure 
cystatin C, which may be a more sensitive marker when the 
creatinine-based eGFR is between 45 and 59 mL/min per 1.73 
m2.13 Therefore, we might have overestimated the true preva-
lence of renal impairment. Even so, we still found an indepen-
dent association of renal impairment and SVD at younger ages. 
Third, we did not have data on proteinuria and used eGFR 
measurement after the acute event for the diagnosis of renal 
impairment. However, our sensitivity analyses using the eGFR 
prior to the index event showed consistent results. Fourth, we 
used the total SVD score to assess the burden of cerebral SVD. 
However, quantitative measurements of SVD markers might 
be more accurate in measuring the overall burden particularly 
for the more severe end. Fifth, although we adjusted for known 
confounding factors, the possibility of residual confounding 

could not be excluded. Moreover, we did not adjust for long-
term blood pressure variability, although preliminary analyses 
do not suggest any significant confounding. Sixth, the multiple 
subgroup analyses were mainly for hypothesis generating and 
should therefore be interpreted with caution. Finally, our study 
is based in a predominantly White population and might not be 
generalizable to the Asian population, where there seems to be 
stronger association of renal impairment and SVD.

Our study has several implications. First, the independent 
associations of renal impairment and SVD at younger ages 
highlight the importance of effective renal function moni-
toring and management for young patients. Second, young 
patients with renal impairment and SVD could be potentially 
an interesting group for future genetic studies of small ves-
sel disease, and future studies should stratify analyses by age. 
Finally, further research is needed to understand if there is 
age-specific treatment effect of renal impairment management 
on reducing the overall burden of cerebral SVD.
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