Does Chronic Kidney Disease Predict Stroke Risk
Independent of Blood Pressure?
A Systematic Review and Meta-Regression
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Background and Purpose—Chronic kidney disease is strongly associated with stroke with various purported mechanisms
proposed. Low glomerular filtration rate appears to be a risk factor for stroke independent of cardiovascular risk factors
in epidemiological studies, but there has been no systematic assessment of the impact of more complete adjustment for

blood pressure on the association.

Methods—We did a systematic review to February 2018 (MEDLINE/EMBASE) for cohort studies or randomized
controlled trials that reported stroke incidence in adults according to baseline estimated glomerular filtration rate. Study
and participant characteristics and relative risks (RR) were extracted. Estimates were combined using a random-effects
model. Heterogeneity was assessed by x? statistics and I? and by subgroup strata and meta-regression.

Results—We identified 168 studies reporting data on 5611939 participants with 115770 stroke outcomes. Eighty-five
studies (3417098 participants; 72996 strokes) provided adequate data for meta-analysis of estimated glomerular
filtration rate and stroke risk. Incident stroke risk was increased among participants with estimated glomerular filtration
rate <60 mL/min per 1.73 m?> (RR=1.73; 95% CI, 1.57-1.90; P<0.001), but there was substantial heterogeneity between
studies (P<0.0001; I?, 78.5%). Moreover, the association was reduced after adjustment for cardiovascular risk factors,
with progressive attenuation on more thorough adjustment for hypertension: single baseline blood pressure measure
(RR=1.63; CI, 1.34-1.99; P<0.001); history or treated hypertension (RR=1.35; CI, 1.24-1.46; P<0.001); multiple blood
pressure measurements over months to years (RR=1.10; CI, 1.02-1.18; P=0.01).

Conclusions—The association between chronic kidney disease and stroke appears to be highly dependent on the method of
adjustment for hypertension. The apparently independent relationship between chronic kidney disease and stroke may
be confounded by their shared association with long-term prior blood pressure. (Stroke. 2019;50:3085-3092. DOI:

10.1161/STROKEAHA.119.025442.)
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hronic kidney disease (CKD) is a global health burden

with an estimated prevalence of 11% to 13%.' In patients
with CKD, compared with the general population, cardio-
vascular disease such as stroke is more frequent and severe.?
CKD prevalence varies from 20% to 35% in patients with
acute ischemic stroke** and from 20% to 46% in patients with
acute intracerebral hemorrhage.>® Even in patients with mild
to moderate CKD, the incidence of cardiovascular death is
much higher than the incidence of kidney failure.’

The mechanisms of increased stroke risk in CKD re-
main unclear with possible contributions from traditional risk
factors such as diabetes mellitus and atrial fibrillation, and

nontraditional risk factors such as uremia, chronic inflamma-
tion, abnormal calcium metabolism.® There is conflicting epide-
miological evidence about whether low estimated glomerular
filtration rate (eGFR) is a risk factor for stroke independent of
traditional cardiovascular risk factors. In a pooled analysis of
22634 participants from community-based longitudinal stud-
ies including the Atherosclerosis Risk in Communities study,
Cardiovascular Health Study, Framingham Heart Study, and
Framingham Offspring Study, an excess risk of stroke with
a lower eGFR was not statistically significant after adjusting
for traditional cardiovascular risk factors.” However, in larger
meta-analyses, in which multivariate-adjusted relative risks

Received May 3, 2019; final revision received July 12, 2019; accepted July 31, 2019.
From the Center for Prevention of Stroke and Dementia, Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, University of Oxford,

United Kingdom.
Guest Editor for this article was Natan M. Bornstein, MD.

Presented in part at the European Stroke Organisation Conference, Milan, Italy, May 22-24, 2019.

The online-only Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.025442.

Correspondence to Dearbhla Kelly, MBBChBAO, MSc, MRCPI, Center for Prevention of Stroke and Dementia, Nuffield Department of Clinical
Neurosciences, John Radcliffe Hospital, University of Oxford, United Kingdom. Email dearbhla.kelly @ndcn.ox.ac.uk

© 2019 The Authors. Stroke is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article
under the terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the original

work is properly cited.

Stroke is available at https://www.ahajournals.org/journal/str

DOI: 10.1161/STROKEAHA.119.025442


https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.119.025442
mailto:dearbhla.kelly@ndcn.ox.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://www.ahajournals.org/journal/str

3086 Stroke November 2019

were pooled, the risk of incident stroke increased by 43% in
patients with an eGFR below 60 mL/min per 1.73 m? with
risk of stroke increasing 7% for every 10 mL/min per 1.73
m? decrease in GFR.!®!" These associations were not different
across subtypes of stroke, sex and varying prevalence of car-
diovascular risk factors.

Increased vascular risk in individuals with CKD may,
however, be mostly attributable to coexistent or prior hyper-
tension, the most prevalent comorbidity in individuals with
CKD, occurring in 67% to 92% of patients.'” It is the lead-
ing modifiable risk factor for stroke in the general population,
regardless of age, sex, or stroke subtype.!* However, the ex-
tent of its contribution to increased stroke risk in patients with
CKD in the context of other potential mechanisms is not clear.

We aimed to determine if there is still an independent re-
lationship between CKD and stroke risk after adjusting for
traditional risk factors, particularly with more complete ad-
justment for confounding by blood pressure. We hypothesize
that the association between CKD and stroke is not inde-
pendent of long-term blood pressure burden.

Methods

The authors declare that all supporting data are available within the
article (and in the online-only Data Supplement).

Data Sources and Searches

Using the same protocol, we updated an earlier systematic review
and meta-analysis of randomized controlled trials and cohort stud-
ies that had estimated the association between GFR and the risk
of stroke.!" Our study protocol was registered prospectively on
PROSPERO (CRD42019126862) and conformed with PRISMA
guidelines (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses). We searched MEDLINE (2013-February 2018) and
EMBASE (2013-February 2018) databases using a search strategy
developed by a specialized librarian that combined text word and
medical subject headings without language restrictions (Materials
and Appendix Table I in the online-only Data Supplement).

Study Selection

We included all RCTs and cohort studies that measured GFR at base-
line and reported quantitative estimates with a measure of precision
(or original data which allowed their calculation) of the risk of in-
cident or recurrent stroke in relation to GFR. GFR had to be either
estimated using a validated formula (Cockcroft-Gault, modification
of diet in renal disease [MDRD], CKD epidemiology collaboration
[CKD-EPI]), measured directly, approximated from urinary creati-
nine clearance or estimable from serum creatinine. The outcome of
interest was symptomatic stroke confirmed by physician examina-
tion, hospital record review, or identified from data-linkage of admin-
istrative records. Eligible articles were evaluated for overlap based
on geographic setting, study period, sample size, and outcome. We
excluded cross-sectional and case—control studies due to the greater
risk of bias than in prospective cohort studies, studies where GFR was
measured using nonvalidated methods, studies that had mostly partic-
ipants with end-stage renal disease (by history of dialysis or an eGFR
<15 mL/min per 1.73 m?), studies where outcomes were measured
by self-reports or proxy reports and studies that reported radiological
but clinically silent stroke disease. Studies that used slightly varying
eGFR intervals were included if they were otherwise comparable.

Data Abstraction and Quality Assessment

Key descriptive and quantitative data were recorded for study char-
acteristics, participants, exposures, and outcomes. We collected
details of the year of study publication, location, size, and duration.

Abstracted participant characteristics included age, sex, race, and the
prevalence of diabetes mellitus, known vascular diseases, smoking,
and hypertension. We also noted if participants were recruited at a
time of high stroke risk, including around an acute coronary event,
coronary revascularization procedure, or carotid arterial intervention.
We recorded the GFR, the method of measurement, and the units of
quantification used. We then extracted data for the relative risk (RR),
odds, rate or hazard ratio of stroke associated with each specified
GFR and noted whether reported strokes were fatal or nonfatal, in-
cident or recurrent, as well as the subtype of stroke (hemorrhagic,
ischemic, or unspecified). We obtained effect estimates from both
the unadjusted (or minimally adjusted) and the most fully adjusted
model reported, noting which variables the model had adjusted for.
The SE of the estimate was also extracted or estimated from the re-
ported 95% CI. We assessed the quality of cohort studies using the
Newcastle-Ottawa Scale.'*

Statistical Analysis

The leading outcome of interest was the risk of stroke in patients
with an eGFR <60 mL/min per 1.73 m? When articles provided
estimates based on both the MDRD and CKD-EPI equations, we
used estimates from the CKD-EPI equation as these result in more
accurate risk prediction for adverse outcomes compared with the
MDRD study equation.” We converted RRs associated with aver-
aged GFR to their natural logarithms and combined log RRs and
standard errors using the DerSimonian and Laird method in a ran-
dom-effects model. A fixed-effect model was also used for com-
parison with the random effects model on the overall risk estimate.
Reported P values were 2-sided, with significance set at <0.05.
Heterogeneity among included studies was assessed by x? statistics
and the I* test. We regarded heterogeneity as possibly unimportant
when the > value was <40% and considerable when >75%.'® We
used subgroup analyses and meta-regression to explore sources of
inconsistency and heterogeneity. Subgroups were prespecified and
included study characteristics (study design, size, location, and
duration of follow-up), participant characteristics (age, sex, race,
prevalence of diabetes mellitus, hypertension, smoking, atrial fi-
brillation, undergoing cardiac, or carotid intervention, GFR defined
by CKD stage) and characteristics of stroke recorded (subtype, se-
verity, and whether incident or recurrent).

To evaluate the impact of the type of hypertension adjustment on
effect estimates, we derived and reported results according to a hier-
archy of adjustment from worst to best: no adjustment; adjustment for
single (or few) blood pressure readings at one sitting at study entry
alone; composite adjustment for a single blood pressure measure-
ment or historical or treated hypertension; adjustment for historical
or treated hypertension; and adjustment for multiple blood pressure
readings generally over months or years.

Publication bias was assessed by visual examination of funnel
plots. For all analyses, we used Stata software version 13 (Stat Corp,
College Station, TX).

Results
In addition to the earlier review of 61 studies,'" we identified
a further 107 eligible studies that assessed stroke risk in CKD,
resulting in 168 eligible studies reporting 115770 strokes in
5611939 participants. Eighty-five studies (3417098 partici-
pants) provided appropriate quantitative data to be included
in the meta-analysis of GFR and stroke risk (Figure 1 and
Materials and Appendix Table II in the online-only Data
Supplement). The data were derived from 67 cohort stud-
ies and 18 randomized controlled trials. Characteristics of
the included studies and randomized trials are described in
Materials and Appendix Tables II and III in the online-only
Data Supplement. GFR was most commonly estimated using
the MDRD formula (42 studies; 49.4%) followed by the
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18,425 Articles identified
8852 MEDLINE
9573 EMBASE

7898 Excluded (duplicate search results)

A 4

10527 Potentially relevant articles identified for title and abstract review

10106 Articles excluded:
Not RCT or cohort study
CKD not measured at baselines
> No estimate of effect for stroke
Other reasons

A 4

421 Articles identified for full text review

301 Articles excluded

30 Not RCT or cohort study

No validated GFR estimation
25 No estimate of effect for stroke
39 Repeat analysis of same study

154 Other reasons

A 4

combined with the earlier systematic review.!!

120 studies (3,482,543 Study participants) identified for inclusion.

168 eligible studies (5,611,939 participants) for the GFR analysis when

85 studies (3,417,098

Association Stroke Subtype Studies (n) Participants (n) % participants) included in the
GFR Unspecified 106 3,249,613 meta-analysis of GFR and
Ischemic 43 1,782,867 stroke risk
Hemorrhagic 23 835,100

Figure 1. Identification and inclusion of study reports of chronic kidney disease (CKD) and stroke risk. GFR indicates glomerular filtration rate; and RCT, ran-

domized controlled trial.

CKI-EPI formula (18 studies; 21.2%) and then the Cockcroft-
Gault equation (17 studies; 20%). Fifty-three of the included
studies (62.4%) were published from 2010 onwards. The ma-
jority of studies were based in Asia (31 studies; 36.5%) fol-
lowed by North America (24 studies; 28.2%).

In total, there were 72 996 stroke outcome events including
36085 which were not classified by pathological subtype (un-
specified), 35143 ischemic, and 1758 hemorrhagic strokes.
Sixty-three studies (74.1%) reported unspecified stroke types,
29 studies (34.1%) reported ischemic strokes, and 17 studies
(20%) reported hemorrhagic strokes (Materials and Appendix
Table III in the online-only Data Supplement). Pooling unad-
justed results from the random-effects model showed that in-
cident stroke risk was increased among patients with an eGFR
<60 mL/min per 1.72 m?* (RR=1.72; 95% CI, 1.57-1.90;

P<0.001; Materials and Appendix Figure I in the online-only
Data Supplement). In pooled multivariate adjusted analysis,
usually after adjustment for age, sex and cardiovascular risk
factors, this risk association attenuated to an RR of 1.36
(1.29-1.43; P<0.001; Materials and Appendix Figure II in the
online-only Data Supplement).

Significant heterogeneity existed between multivariate-
adjusted estimates among patients with an eGFR <60 mL/min
per 1.73 m? (P<0.001, ’=78.5%). The size of the estimate was
reduced in a fixed-effects model but similar when the anal-
ysis was confined to studies that provided both unadjusted and
adjusted risk estimates (Figure 2 and Materials and Appendix
Figure III in the online-only Data Supplement). There was a
similar association with ischemic (adjusted RR=1.25; 1.06—
1.44) and hemorrhagic (adjusted RR=1.33; 0.97-1.82) stroke
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Unadjusted analysis Adjusted analysis
% 9
Study Year RR (95% Cl) Weight  Study Year RR (95% Cl)  Weight
Baneriee 2013 e anll] 1.05 (0.76, 1.46) 2.98 Banerjee 2013 -1 1.06 (0.75, 1.49) 2.74
Bansal 2016 T 1.87 (0.88,2.87) 1.84 Bansal 2016 —_—T 1.37 (0.62, 3.02) 0.84
Bax 2008 —_—— 2.20 (1.20, 4.30) 1.68 Bax 2008 ——— 1.90 (1.00, 3.70) 1.15
Bedimo 2011 |- 2.95(2.40,3.62) 3.56 Bedimo 2011 —t— 1.80 (1.4, 2.24) 3.98
Bos 2007 —— 1.14 (0.84, 1.54) 3.09 Bos 2007 —— 1.04 (0.77, 1.41) 3.11
De Leeuw 2002 - 1.40 (1.18,1.65) 3.72 De Leeuw 2002 -t 1.25 (1.05, 1.50) 4.47
Deo 2008 -+ 1.19 (0.82,1.73) 275 Deo 2008 — 0.85 (0.55, 1.32) 2.06
Devbhandari 2006 — 3.00 (1.60, 5.40) Devbhandari 2006 — 2.00 (1.10,3.90) 1.21
Dong 2017 ! ———— 7.10(3.70, 13.50) 1.66 Dong 2017 1 —————  407(243,863) 121
Gelsomino 2017 - 1.55 (1.31,1.84) 3.71 Gelsomino 2017 -+ 1.39 (1.24, 1.56) 5.18
Holzmann 2012 - 1.65 (1.51,1.81) 3.98 Holzmann 2012 > 1.49 (1.36, 1.63) 5.40
Hwang 2014 —— 1.91(1.19,8.07) 2.29 Hwang 2014 ——— 1.33 (0.75, 2.36) 1.41
Irie 2006 - 1.99 (1.53,2.57) 3.31 Irie 2006 |—— 1.91(1.46,2.50) 3.45
Ix 2005 —— 2.90 (1.56, 5.67) 1.66 Ix 2005 —_———— 2.30 (1.15, 4.70) 1.02
Kobuko 2009 —_—— 1.83 (1.30, 2.58) 2.90 Kobuko 2009 —— 2.02 (1.42,2.87) 2.67
Konishi 2011 —— 1.97 (1.32,2.93) 2.63 Konishi 2011 —_— 1.66 (1.10, 2.48) 2.26
Kooiman 2014 -t 1.41(0.81,2.47) 1.96 Kooiman 2014 - 1.28 (0.76, 2.15) 1.63
Koren-Morag 2006 —r 1.51(1.15,1.98) 3.25 Koren-Morag 2006 —_— 1.53 (1.16, 2.01) 3.39
Kurth 2009 —— 1.20 (0.82, 1.77) 2.69 Kurth 2009 —_— 1.03 (0.70, 1.53) 2.37
Kuwashiro 2012 —r— 1.98 (1.24,3.16) 2.31 Kuwashiro 2012 ——— 1.73 (1.03, 2.90) 1.64
Lee 2016 —_—— 1,56 (0.69, 3.52) 1.23 Lee 2016 _— 1.01 (0.42, 2.41) 0.70
Li 2015 - 253 (2.16,2.98) 3.75 Li 2015 — 0.94 (0.78, 1.13) 4.39
Mann 2001 - 1.40 (1.16,1.69) 3.64 Mann 2001 e 1.59 (1.37, 1.84) 4.83
McAlister 2017 R 2.29 (2.19,2.40) 4.06 McAlister 2017 L 1.09 (1.05, 1.14) 5.73
McMullan 2015 —— 1.34(1.03, 1.74) 3.30 McMullan 2015 - 1.20 (0.82, 1.76) 2.44
Miceli 2011 ———r 2.90 (1.65,5.16) 1.91 Miceli 2011 —— 2.60 (1.47, 4.67) 1.39
Muntner 2012 - | 1.31(1.16, 1.48) 3.89 Muntner 2012 et 1.19 (1.05, 1.35) 5.06
Nakamura 2009 —_ 1.35(0.79,2.31) 2.04 Nakamura 2009 —_ 1.31(0.76, 2.24) 1.54
Nickolas 2008 —— 1.95 (1.48,2.57) 3.23 Nickolas 2008 —— 1.43 (1.02, 2.02) 2.76
Ruilope 2007 - 1.32(1.12,1.55) 3.75 Ruilope 2007 mat 1.21 (1.02, 1.43) 4.57
Sandsmark 2015 —— 2.33(1.63,3.34) 2.82 Sandsmark 2015 —r— 1.49 (1.03, 2.16) 2.53
Shih 2017 . 1.44 (1.37,1.52) 4.05 Shih 2017 . 1.18 (1.12, 1.24) 5.69
Shimizu 2011 —— 1.86 (1.27,2.74) 2.69 Shimizu 2011 —— 1.90 (1.27, 2.82) 2.32
Tonelli 2006 —— 1.07 (0.68, 1.69) 2.37 Tonelli 2006 e 1.25 (0.84, 1.84) 2.36
Zhang 2015 —t— 1.11 (0.66, 1.87) 2.10 Zhang 2015 —_— 0.70 (0.41,1.21) 1.54
Zheng 2012 —— 3.34 (1.61,6.93) 1.43 Zheng 2012 . —— 2.88 (1.40, 5.95) 0.97
Overall (l-squared = 90.1%, p = 0.000) ¢ 1.73 (1.55,1.92) 100.00 Overall (I-squared = 78.2%, p = 0.000) [ 1.37 (1.27, 1.49) 100.00
1 1
T . T . h :
A 1 10 A 1 10

Figure 2. Unadjusted and adjusted risk ratios (RR) reported for the association of chronic kidney disease (as defined by estimated glomerular filtration rate
<60 mL/min per 1.73 m?) and stroke risk using paired study estimates only. Risk ratios were adjusted for traditional cardiovascular risk factors (exact meth-

ods varied between studies).

risk (Data and Appendix Figures IV and V in the online-only
Data Supplement).

An eGFR <60 mL/min per 1.73 m? was associated with an
increased risk of subsequent stroke in all subgroups when esti-
mates were stratified by study design, location, size, quality,
duration of follow-up, GFR formula used, mean age groups,
sex, race, percentage of diabetes mellitus/hypertensives/atrial
fibrillation/smokers, setting of high-risk procedure, and stroke
type (Table). These subgroups were investigated for hetero-
geneity, and although not statistically significant, there was a
stronger association between CKD and stroke risk reported
in smaller studies (<2500 participants; RR=1.73; 1.46-2.01),
those with longer follow-up (296 months; RR=1.49; 1.31-
1.70), when the Cockcroft and Gault GFR estimating equa-
tion was used (RR=1.55; 1.34-1.79), when the study quality
was poor (RR=5.29; 2.25-12.40), when patients were
younger (<60 years; RR=1.57; 1.38-1.77), when studies in-
cluded a larger proportion (=30%) of smokers (RR=1.52;
1.32-1.76), or when the event type reported were all recur-
rent (RR=1.65; 1.18-2.32). In addition, in studies where
the participants were undergoing cardiac or carotid proce-
dures, the excess risk of stroke was much greater (RR=1.73
[1.41-2.12] versus 1.33 [1.26-1.40] and 2.2 [0.92-5.26]
versus 1.36 [1.29-1.43], respectively). The funnel plot also
showed some asymmetry consistent with publication bias
with smaller studies showing an exaggerated stroke risk in
CKD (Materials and Appendix Figure VI in the online-only
Data Supplement). Egger test confirms the presence of small-
study effects in adjusted analysis (P=0.001).

However, 2 meta-regression did reveal statistically signif-
icant heterogeneity. First, reported CKD severity (as defined

by eGFR category) appeared to account for some of the het-
erogeneity. There was a nonsignificant 5% increased risk of
stroke in participants with a GFR 60 to 89 mL/min per 1.73
m? (adjusted RR=1.05; 0.99-1.11). The risk of stroke was
increased by 20% in participants with a GFR of 30 to 59 mL/
min per 1.73 m? (adjusted RR=1.20; 1.11-1.29), rising to 54%
in those with a GFR of <30 mL/min per 1.73 m? (adjusted
RR=1.54; 1.36-1.74; P trend <0.001; see Figure 3A).

Second, based on our proposed hierarchy of how hyper-
tension was adjusted for in the included studies (Materials and
Appendix in the online-only Data Supplement), Figure 3B
demonstrates how the risk association between CKD and
stroke varied depending on the method of hypertension ad-
justment employed in the studies, with progressive attenuation
of risk with more complete adjustment (P for heterogeneity
=0.004; adjusted R*=13.7%). The risk estimate when only
studies adjusting for multiple prior blood pressure readings
are included was only 1.10 (1.02-1.18; I’=31.6%, P, =0.2).
Adjusting for only historical or treated hypertension appeared
to have a similar effect to a more composite definition with
minimal impact on the risk estimate when adjusting for single
(or few) blood pressure readings at study or trial entry.

Discussion
In this meta-analysis of 85 studies, which included 3417098
participants experiencing nearly 73000 stroke events, we
showed that patients with CKD (eGFR <60 mL/min per 1.73
m?) had a risk of stroke that was 36% greater than those without
in multivariate-adjusted analysis. There was a dose-response
relationship with the excess risk rising to 54% in those with
advanced CKD (eGFR <30 mL/min 1.73 m?). These findings
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Table. Subgroup Analysis and Meta-Regression: the Effect of Study, Participant
and Stroke Characteristics on the Association Between CKD and Adjusted Risk
of Stroke

PValue for
No. of Subgroup
Subgroups studies RR (95% Cl) Interaction
Study characteristics
Design
Cohort 54 1.35 (1.23-1.54) 0.81
Randomized 15 1.37 (1.23-1.54)
controlled trial
Location
North America 19 1.35(1.23-1.48) 0.5
Europe 13 1.36 (1.20-1.53)
Asia 25 1.46 (1.31-1.64)
Multinational 12 1.28 (1.15-1.42)
Size
0 to <2500 21 1.73 (1.46-2.01) 0.08
>2500 to <5000 15 1.35(1.19-1.52)
>5000 to <20000 16 1.50 (1.33-1.69)
>20000 17 1.20 (1.13-1.28)
Duration of follow-up (months)
0to<24 11 1.38 (1.17-1.63) 0.47
>24 to <60 30 1.30 (1.21-1.40)
>60 to <96 12 1.31 (1.20-1.43)
>96 14 1.49 (1.31-1.70)
GFR estimation
MDRD 31 1.34 (1.25-1.44) 0.9
CKD-EPI 16 1.2(1.12-1.29)
Cockeroft and Gault 16 1.55 (1.34-1.79)
Study quality
Good 65 1.33 (1.27-1.40) 0.93
Fair 2 2.49 (1.65-3.77)
Poor 2 5.29 (2.25-12.40)
Patient characteristics
Mean age (years)
<60 20 1.57 (1.38-1.77) 0.39
>60 to <65 15 1.42 (1.25-1.61)
>65 to <70 21 1.29 (1.21-1.39)
>70 13 1.19(1.07-1.32)
Gender
Mainly male 4 1.39 (1.30-1.48) 0.45
Mainly female 26 1.34 (1.21-1.50)
Race
Mainly Caucasian 27 1.29 (1.20-1.39) 0.5
Mainly Asian 25 1.46 (1.31-1.64)

(Continued)
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Table. Continued

PValue for
No. of Subgroup
Subgroups studies RR (95% Cl) Interaction
Diabetes mellitus (%)
<15 20 1.39 (1.22-1.57) 0.94
>15 0 <30 23 1.43 (1.28-1.59)
>30 20 1.33(1.23-1.44)
Hypertensives (%)
<25 5 1.34 (1.09-1.65) 0.87
>25 10 <50 15 1.34 (1.18-1.53)
>50 to <75 25 1.41 (1.29-1.55)
>75 18 1.26 (1.16-1.37)
Smokers (%)
<15 15 1.33(1.20-1.47) 0.39
>15t0 <20 10 1.36 (1.17-1.59)
>20 to <30 9 1.36 (1.15-1.62)
>30 20 1.52 (1.32-1.76)
Atrial fibrillation (%)
<10 5 1.18 (1.02-1.38) 0.85
>10 6 1.17 (1.05-1.31)
Undergoing cardiac procedure
No 59 1.33 (1.26-1.40) 0.06
Yes 10 1.73 (1.41-2.12)
Undergoing carotid procedure
No 66 1.36 (1.29-1.43) 0.66
Yes 3 2.2 (0.92-5.26)
Stroke characteristics
Stroke type
Incident 43 1.32 (1.24-1.40) 0.23
Recurrent 6 1.65(1.18-2.32)
Incident or recurrent 19 1.46 (1.29-1.65)

CKD indicates chronic kidney disease; EPI, epidemiology; GFR; glomerular
filtration rate; MDRD, modification of diet in renal disease; and RR, relative risk.
Materials in the online-only Data Supplement.

are consistent with stroke risk estimates from earlier, smaller
meta-analyses.'™'" The risk association was similar for is-
chemic and hemorrhagic stroke subtypes (albeit insignificant
in the latter) though this analysis was limited by lack of data
reported on specific stroke subtypes in the majority of studies.

We used subgroup analyses to assess the influence of sev-
eral factors on the association between CKD and stroke risk.
The magnitude of risk was larger in smaller or poor-quality
studies, in those with longer follow-up, in younger popula-
tions, in cardiac procedure-based studies, and in those that
reported recurrent event types. The association of CKD and
cerebrovascular disease (in the form of small vessel disease)
has been previously shown to attenuate with adjustment for
shared risk factors at older ages, but remained at younger ages,
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A GFR
Category StudiesParticipants
(ml/min) (n) (n) RR (95% CI)
60-89 17 570845 | 1.05(0.99, 1.11)
30-59 22 98948 —_— 1.20 (1.11,1.29)

<30 21 14315 —_— 1.54 (1.36,1.74) Figure 3. Pooled associations between CKD
and stroke risk. A, Adjusted relative risk (RR)
of stroke by glomerular filtration rate (GFR)
categories. B, Variation in the RR for the as-

T T sociation of chronic kidney disease (CKD) and
B 1 2 stroke risk depending on the method of hyper-
B Type of Hypertension Studies Participants RR (95% Cl) tension adjustment used in the studies. All stud-

Adjustment (n) (n) ies were also adjusted for other traditional risk
factors. BP indicates blood pressure; and HTN,
hypertension.

No adjustment for BP 51 1403605 —— 1.73(1.57,1.90)

Single baseline BP at stud

emgy Y 10 1230143 1.63 (1.34, 1.99)

History of HTN and/or 26 560913 —_— 1.37 (1.23, 1.52)

baseline BP

Historical or treated HTN 18 555055 —_—— 1.35(1.24, 1.46)

tMultiple BP readings over 6 371416 — 1.10(1.02, 1.18)

ime

T T
5 1 2

suggestive of a shared susceptibility to premature vascular di-
sease.!” Similar to the earlier meta-analyses,'®!! we also found
a higher stroke risk in Asian populations compared with white
ones. This may be due to their higher prevalence of uncon-
trolled hypertension that tends to develop at an earlier age than
other races.'®

We report a hierarchy of adjustment for hypertension. The
differential risk association between CKD and stroke depend-
ing on the method of hypertension adjustment used, particu-
larly the effect of adjusting for multiple prior blood pressure
readings, may have broader epidemiological implications for
how we interpret allegedly independent relationships when
the exact method of adjustment for confounding variables
may be important. Based on these results, long-term blood
pressure burden or control does appear to be a potentially im-
portant confounder of the CKD and stroke risk association.
The degree of risk attenuation would tend to refute the hypo-
thesis that low eGFR is a significant independent risk factor
for incident stroke, outside of traditional vascular risk factors,
particularly hypertension.

Adjusting for actual achieved blood pressure over time
better reflects blood pressure control and duration, and may
be a more meaningful method of considering this important
confounder in the relationship between CKD and stroke than a
single measurement or diagnostic label. A recently published
post hoc analysis of the China Stroke Primary Prevention Trial
aimed to test the impact of achieved blood pressure on first
stroke and renal function decline among hypertensive patients
with mild-to-moderate CKD.! In patients with a time-aver-
aged systolic blood pressure of <135 mmHg compared with

participants with a time-averaged on-treatment systolic blood
pressure of 135 to 140 mmHg, the incidence of total first
stroke (1.7% versus 3.3%; hazard ratio, 0.51; 95% CI, 0.26—
0.99) and ischemic stroke (1.3% versus 2.8%; hazard ratio,
0.46; 95% CI, 0.22-0.98) diminished significantly.

Understanding the long-term sequelae of middle life hy-
pertension beyond the typical duration of BP trials is impor-
tant as clinical practice shifts toward more intensive blood
pressure control.?”’ This is particularly true for patients with
CKD where the optimal blood pressure target is controversial
and for whom most of the evidence comes from short trials
insufficiently powered to assess cardiovascular outcomes.?'*
There have been concerns from SPRINT (Systolic Blood
Pressure Intervention Trial)® and other trials*'* that treating
to lower BP targets results in higher risk for acute kidney in-
jury and more rapid loss of eGFR. However, in a SPRINT
subgroup analysis of patients with CKD, those assigned to the
intensive systolic blood pressure arm did not experience an
increase in urinary biomarkers of tubule cell damage despite
loss of eGFR.* It is likely that eGFR declines in this setting
reflect hemodynamic changes rather than intrinsic kidney cell
damage in patients with CKD.

To the best of our knowledge, this study is the largest sys-
tematic review of CKD and stroke risk and the first to attempt
to address confounding by hypertension in detail. However, this
meta-analysis had several limitations. First, there was only one
reviewer, and thus, the results may be biased if the selection
criteria for including a study were applied in a subjective man-
ner. To mitigate this risk, any questionable studies for inclusion
were discussed with the senior author (Dr Rothwell). Second, a
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significant amount of heterogeneity was observed in the analysis
and sub-analyses did not fully explain the variance although dif-
ferential risk association depending on the type of hypertension
adjustment did appear to account for a large part with very little
heterogeneity in the subgroup with the most robust BP adjust-
ment (’=31.6%; P, =0.2). In addition, there was less statistical
heterogeneity in studies of older (=70 years) patients (RR=1.19,
1.07-1.32; P=40.7%; P, =0.062) where the association be-
tween CKD and stroke is more likely to be confounded by tra-
ditional cardiovascular risk factors such as BP. There may be
residual confounding in our results as we were unable to adjust
for other known renal vascular risk factors, which may play a
more important role in stroke causation in younger patients with
CKD, accounting for the greater heterogeneity observed in this
subgroup (’=70.2%, P, <0.001). In a recent systematic review
and meta-analysis of cardiovascular risk factors in CKD, serum
albumin, phosphate, urate, and hemoglobin were all found to
be statistically significant in their association with future cardi-
ovascular events in addition to traditional risk factors.” Third,
since included studies employed a variety of GFR estimating
equations, there was a risk of misclassification bias since the
MDRD and the Cockcroft-Gault equations under- and over-
estimate GFR, respectively. The adjusted stroke risk was lowest
in the CKD-EPI studies (RR=1.20) which is known to correlate
better with worse outcomes.'> Although albuminuria has been
independently associated with a higher risk of stroke,?® we did
not examine the interaction between eGFR and albuminuria.
Finally, very few studies categorized stroke subtypes according
to established stroke classification systems such as the modified
TOAST (Trial of ORG 10172 in Acute Stroke Treatment) crite-
ria.”’ Stroke is a heterogeneous disease with different subtypes
often reflecting different causes or mechanisms?*? which may
limit our ability to interpret a summary risk estimate for all-
cause stroke in the CKD population.

Our meta-analysis found a significant association between
CKD and increased stroke risk across various populations.
However, the degree of attenuation of this risk with adjust-
ment for traditional cardiovascular risk factors and then mul-
tiple prior blood pressure readings would question previous
assertions of an independent relationship. To better under-
stand the epidemiology of stroke risk in CKD, further studies
should comprehensively explore the impact of adjustment for
long-term blood pressure burden.

Sources of Funding
Prof Rothwell has received funding from Wellcome Trust, Wolfson
Foundation, British Heart Foundation, and the National Institute for
Health Research Oxford Biomedical Research Center. Dr Kelly has
received a scholarship from the Irish Nephrology Society.

Disclosures
None.

References

1. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH,
Heerspink HJ, Mann JF, et al. Chronic kidney disease and cardiovascular
risk: epidemiology, mechanisms, and prevention. Lancet. 2013;382:339—
352. doi: 10.1016/S0140-6736(13)60595-4

2. Hill NR, Fatoba ST, Oke JL, Hirst JA, O’Callaghan CA,
Lasserson DS, et al. Global prevalence of chronic kidney disease - a

10.

11.

14.

15.

16.

17.

20.

21.

Chronic Kidney Disease and Stroke Risk 3091

systematic review and meta-analysis. PLoS One. 2016;11:¢0158765. doi:
10.1371/journal.pone.0158765

. Ovbiagele B, Bath PM, Cotton D, Sha N, Diener HC; PROFESS

Investigators. Low glomerular filtration rate, recurrent stroke risk, and
effect of renin-angiotensin system modulation. Stroke. 2013;44:3223—
3225. doi: 10.1161/STROKEAHA.113.002463

. KumaiY, Kamouchi M, Hata J, Ago T, Kitayama J, Nakane H, et al; FSR

Investigators. Proteinuria and clinical outcomes after ischemic stroke.
Neurology. 2012;78:1909-1915. doi: 10.1212/WNL.0b013e318259¢110

. Molshatzki N, Orion D, Tsabari R, Schwammenthal Y, Merzeliak O,

Toashi M, et al. Chronic kidney disease in patients with acute intrace-
rebral hemorrhage: association with large hematoma volume and poor
outcome. Cerebrovasc Dis. 2011;31:271-277. doi: 10.1159/000322155

. Yahalom G, Schwartz R, Schwammenthal Y, Merzeliak O, Toashi M,

Orion D, et al. Chronic kidney disease and clinical outcome
in patients with acute stroke. Stroke. 2009:40:1296-1303. doi:
10.1161/STROKEAHA.108.520882

. van der Velde M, Matsushita K, Coresh J, Astor BC, Woodward M,

Levey A, et al; Chronic Kidney Disease Prognosis Consortium. Lower
estimated glomerular filtration rate and higher albuminuria are associated
with all-cause and cardiovascular mortality. A collaborative meta-analy-
sis of high-risk population cohorts. Kidney Int. 2011;79:1341-1352. doi:
10.1038/ki.2010.536

. Toyoda K, Ninomiya T. Stroke and cerebrovascular diseases in patients

with chronic kidney disease. Lancet Neurol. 2014;13:823-833. doi:
10.1016/S1474-4422(14)70026-2

. Weiner DE, Tighiouart H, Amin MG, Stark PC, MacLeod B,

Griffith JL, et al. Chronic kidney disease as a risk factor for cardi-
ovascular disease and all-cause mortality: a pooled analysis of com-
munity-based studies. J Am Soc Nephrol. 2004;15:1307-1315. doi:
10.1097/01.asn.0000123691.46138.e2

Lee M, Saver JL, Chang KH, Liao HW, Chang SC, Ovbiagele B.
Low glomerular filtration rate and risk of stroke: Meta-analysis. BMJ.
2010;341:c4249.

Masson P, Webster AC, Hong M, Turner R, Lindley RI, Craig JC.
Chronic kidney disease and the risk of stroke: a systematic review and
meta-analysis. Nephrol Dial Transplant. 2015;30:1162-1169. doi:
10.1093/ndt/gfv009

. Muntner P, Anderson A, Charleston J, Chen Z, Ford V, Makos G, et

al; Chronic Renal Insufficiency Cohort (CRIC) Study Investigators.
Hypertension awareness, treatment, and control in adults with CKD:
results from the Chronic Renal Insufficiency Cohort (CRIC) Study. Am J
Kidney Dis. 2010;55:441-451. doi: 10.1053/j.ajkd.2009.09.014

. O’Donnell MJ, Chin SL, Rangarajan S, Xavier D, Liu L, Zhang H, et

al; INTERSTROKE Investigators. Global and regional effects of poten-
tially modifiable risk factors associated with acute stroke in 32 countries
(INTERSTROKE): a case-control study. Lancet. 2016;388:761-775.
doi: 10.1016/S0140-6736(16)30506-2

The newcastle—ottawa scale (nos) for assessing the quality of nonran-
domised studies in meta-analyses. Ottawa hospital research institute
website.  http://www.Ohri.Ca/programs/clinical_epidemiology/oxford.
Asp. Accessed February 1, 2014.

Levey AS, Stevens LA. Estimating GFR using the CKD Epidemiology
Collaboration (CKD-EPI) creatinine equation: more accurate GFR esti-
mates, lower CKD prevalence estimates, and better risk predictions. Am
J Kidney Dis. 2010;55:622-627. doi: 10.1053/j.ajkd.2010.02.337
Higgins JPT, Green S, eds. Cochrane handbook for systematic reviews of
interventions. Hoboken, NJ: Wiley, 2008.

Liu B, Lau KK, Li L, Lovelock C, Liu M, Kuker W, et al. Age-specific
associations of renal impairment with magnetic resonance imaging mark-
ers of cerebral small vessel disease in transient ischemic attack and stroke.
Stroke. 2018;49:899-904. doi: 10.1161/STROKEAHA.117.019650

. Singh RB, Suh IL, Singh VP, Chaithiraphan S, Laothavorn P, Sy RG, et

al. Hypertension and stroke in Asia: prevalence, control and strategies in
developing countries for prevention. J Hum Hypertens. 2000;14:749-763.

. LiY, Liang M, Jiang C, Wang G, Li J, Zhang Y, et al. Impact of achieved

blood pressure on renal function decline and first stroke in hyperten-
sive patients with chronic kidney disease. Nephrol Dial Transplant.
2018;33:409-417. doi: 10.1093/ndt/gfx267

Wright JT Jr, Williamson JD, Whelton PK, Snyder JK, Sink KM,
Rocco MYV, et al. A randomized trial of intensive versus standard blood-
pressure control. N Engl J Med. 2015;373:2103-2116.

Klahr S, Levey AS, Beck GJ, Caggiula AW, Hunsicker L, Kusek JW,
et al. The effects of dietary protein restriction and blood-pressure con-
trol on the progression of chronic renal disease. Modification of Diet


http://www.Ohri.Ca/programs/clinical_epidemiology/oxford.Asp
http://www.Ohri.Ca/programs/clinical_epidemiology/oxford.Asp

3092

22.

23.

24.

Stroke November 2019

in Renal Disease Study Group. N Engl J Med. 1994;330:877-884. doi:
10.1056/NEJM199403313301301

Wright JT Jr, Bakris G, Greene T, Agodoa LY, Appel LJ, Charleston J, et
al; African American Study of Kidney Disease and Hypertension Study
Group. Effect of blood pressure lowering and antihypertensive drug class
on progression of hypertensive kidney disease: results from the AASK
trial. JAMA. 2002;288:2421-2431. doi: 10.1001/jama.288.19.2421
Peralta CA, McClure LA, Scherzer R, Odden MC, White CL,
Shlipak M, et al. Effect of intensive versus usual blood pressure con-
trol on kidney function among individuals with prior lacunar stroke:
a post hoc analysis of the Secondary Prevention of Small Subcortical
Strokes (SPS3) Randomized Trial. Circulation. 2016;133:584-591. doi:
10.1161/CIRCULATIONAHA.115.019657

Malhotra R, Craven T, Ambrosius WT, Killeen AA, Haley WE,
Cheung AK, et al; SPRINT Research Group. Effects of intensive blood
pressure lowering on kidney tubule injury in CKD: a longitudinal sub-
group analysis in SPRINT. Am J Kidney Dis. 2019;73:21-30. doi:
10.1053/j.ajkd.2018.07.015

26.

217.

28.

29.

. Major RW, Cheng MRI, Grant RA, Shantikumar S, Xu G, Oozeerally I,

et al. Cardiovascular disease risk factors in chronic kidney disease: a sys-
tematic review and meta-analysis. PLoS One. 2018;13:¢0192895. doi:
10.1371/journal.pone.0192895

Ninomiya T, Perkovic V, Verdon C, Barzi F, Cass A, Gallagher M, et al.
Proteinuria and stroke: a meta-analysis of cohort studies. Am J Kidney
Dis. 2009;53:417-425. doi: 10.1053/j.ajkd.2008.08.032

Adams HP Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL,
et al. Classification of subtype of acute ischemic stroke. Definitions for
use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute
Stroke Treatment. Stroke. 1993;24:35-41. doi: 10.1161/01.str.24.1.35
Schulz UG, Rothwell PM. Differences in vascular risk fac-
tors between etiological subtypes of ischemic stroke: importance
of population-based studies. Stroke. 2003;34:2050-2059. doi:
10.1161/01.STR.0000079818.08343.8C

Song YM, Kwon SU, Sung J, Ebrahim S, Smith GD, Sunwoo S, et al.
Different risk factor profiles between subtypes of ischemic stroke. A
case-control study in Korean men. Eur J Epidemiol. 2005;20:605-612.





