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Sex-Specific Relationship Between Serum Uric Acid and Risk of

Stroke: A Dose-Response Meta-Analysis of Prospective Studies
Chongke Zhong, MD;* Xiaoyan Zhong, MD;* Tian Xu, MD, PhD; Tan Xu, MD, PhD; Yonghong Zhang, MD, PhD

Background—Conflicting findings of the association between serum uric acid (UA) and stroke have been reported in both men and
women, and it is unclear whether this association was different between men and women. We preformed this meta-analysis to
assess the sex-specific effect of serum UA on the risk of stroke and its subtypes.

Methods and Results—Prospective studies that reported sex-specific association of UA levels with stroke or reported in a certain
sex were included. Dose-response relationships were assessed by the generalized least squares trend estimation, and summary
effect estimates were evaluated with random-effect models. Subgroup and sensitivity analyses were performed to assess the
potential sources of heterogeneity and the robustness of the pooled estimation. Altogether, 13 prospective studies were identified
in this study. The summary of relative risks (95% Cls) of stroke for a 1-mg/dL increase in serum UA levels were 1.10 (1.05-1.14)
for men and 1.11 (1.09—1.13) for women. There is no significant difference in the effect of UA on future stroke risk between men
and women (Pinteraction=0.736). Subgroup analyses showed that the significant associations persisted in most stratifications, and
sensitivity analyses according to various inclusion criteria yielded similar results. A nonlinear relationship was observed in men
(Pron-iinearity<0.001), with risk increasing significantly from a UA of 6 mg/dL and more steeply at higher UA levels.

Conclusions—Elevated serum UA levels were significantly associated with modestly increased risk of stroke in both men and
women and have similar adverse effects on development of stroke in both sexes. (/ Am Heart Assoc. 2017;6:e005042. DOI: 10.

1161/)JAHA.116.005042.)
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troke is the leading cause of death and long-term
disability worldwide." Because of longer life expectancy
of women and substantially increased rates of stroke events
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in the oldest age groups, stroke affects a greater number of
women than men.” Moreover, accumulating evidence sug-
gested sex differences in the effect of cardiovascular risk
factors on stroke.”?

Uric acid (UA), a product of purine metabolism in humans,
is known to be associated with many systemic risk factors of
stroke, such as hypertension, obesity, diabetes mellitus, and
insulin resistance.*® On the other hand, UA is a potent
endogenous antioxidant that effectively scavenges reactive
nitrogen and oxygen radicals.”® During the past decades,
epidemiological studies investigating the association between
serum UA levels and risk of stroke have yielded inconsistent
findings.(”’21 Some studies,g"w’18 but not aII,1°’20 demon-
strated significant and positive correlations. Two previous
meta-analyses indicated that hyperuricemia could modestly
increase the risks of both stroke incidence and mortality;?%?3
several prospective studies with conflicting results have been
published since then.”'®2° Moreover, the exact shapes of the
dose-response relationships of serum UA with risk of stroke
and its subtypes are unknown, and it is not clear whether
there are any threshold effects between serum UA and stroke
in men and women.

It is well known that UA levels are different in men and
women, and sex difference in the associations between serum
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UA and risk of vascular diseases, including stroke, had been
reported previously.'®'"?* For example, an analysis from the
Rotterdam Study found that serum UA was a risk factor for
stroke only in women,' and the Apolipoprotein MOrtality
RISk (AMORIS) Study suggested that UA was more strongly
related to stroke in women than in men.'® However, to date,
no studies have systematically assessed whether a sex
difference exists with respect to the effect of serum UA on the
development of stroke.

Clarifying this potential sex-specific association has impor-
tant clinical and public health implications to choose effective
treatments for prevention of stroke. We conducted this dose-
response meta-analysis of prospective studies to determine
whether sex modifies the association between serum UA
levels and risk of stroke and clarify the shape of the
relationship between serum UA and stroke.

Methods

Literature Search and Study Selection

This meta-analysis was performed and reported in accord with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) Statement, 2009.2° We conducted a
systematic literature search by using the electronic data-
bases, PubMed (from 1965 to September 2016), Embase
(from 1965 to September 2016), and Web of Science (from
1986 to September 2016). The following search terms were

” o« ” o«

used: “stroke”, “cerebrovascular disease”, “intracranial hem-
orrhage”, “cerebrovascular disorder”, “cerebral hemorrhage”,
“brain infarction” in combined with “UA”, “uric acid”, “urate”,
“hyperuricemia”, and “hyperuric” (Table S1). No language
restrictions were imposed. We also conducted manual
searches of the reference lists of relevant articles to identify
additional eligible studies.

Studies were considered eligible if they met the following
inclusion criteria: (1) reported sex-specific association of UA
levels with stroke or reported in a certain sex; (2) the study
design was a prospective study (prospective cohort or
prospective nested case-control study); (3) the study out-
comes were fatal or nonfatal total stroke, ischemic stroke, or
hemorrhagic stroke; (4) enrolled participants were free of
stroke at baseline; and (5) risk estimates (risk ratio [RR],
hazard ratio [HR], or odds ratio [OR]) and corresponding 95%
Cls of the association between UA and stroke were reported.

Data Collection and Quality Assessment

Data were collected using a standard electronic form. The
following data elements were extracted from each included
study: first author’s last name, publication year, location,
study design, follow-up duration, sample size, age at baseline,

percentage of male, number of events, exposure and outcome
assessment, and covariates in the adjusted model. In addition,
we extracted the number of cases/noncases or person-years,
effects of the different exposure categories, and the 95% Cls.
For the studies that reported several multivariable-adjusted
RRs, we selected the effect estimate that was maximally
adjusted for potential confounders. The Newcastle-Ottawa
Scale (NOS) was used to evaluate methodological quality.?®
The NOS is a comprehensive tool that has been partially
validated for evaluating the quality of observational studies in
meta-analyses, and a higher score represents better method-
ological quality. Literature search, data extraction, and quality
assessment were independently performed by C.K.Z. and
X.Y.Z. and independently checked for accuracy by Y.H.Z.

Statistical Analysis

We examined the relationships between serum UA levels and
risk of stroke based on the adjusted RRs and 95% Cls
published in each study. The ORs and HRs were considered
equivalent to RRs. The method described by Greenland and
Longnecker was used for the dose-response analysis and
study-specific slopes (linear trends) and 95% Cls were
computed from the natural logs of the RRs and Cls across
categories of serum UA levels.?”?® Possible nonlinear
relationships between serum UA levels and stroke risk in
men and women were examined by using restricted cubic
splines with 3 knots at fixed percentiles (10%, 50%, and 90%)
of the distribution.?? This method was used under the premise
of knowing the distributions of cases, controls or person-
years, effect estimates with the variance estimates in each
category, and at least 3 quantitative exposure categories. We
estimated the distribution of cases or person years in studies
that did not report these, but reported the total number of
cases or person years, if the results were analyzed by
quantiles (and could be approximated).>* We assigned the
dose of UA levels from every study to these categories based
on the calculated midpoint of UA levels if the median or mean
level per category was not reported. If the highest or lowest
category was open ended, we assumed the width of the
interval to be the same as in the closest category. A
heterogeneity test was performed by use of Q and I?
statistics. For the Q statistic, P<0.1 was considered a
statistically significant heterogeneity.®’ Forest plots were
produced to visually assess RR estimates and corresponding
95% Cls across studies for individual studies and all
combined.

To explore potential sources of heterogeneity, subgroup
analyses based on adjusted RRs were conducted according to
study endpoint, geographical area, sample size, length of
follow-up, adjusted body mass index, adjusted smoking
status, adjusted hypertension, adjusted diabetes mellitus,
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adjusted hyperlipidemia, and adjusted renal factors. To test
the robustness of the associations between serum UA levels
and risk of stroke, sensitivity analyses were performed
according to various inclusion criteria. Additional sensitivity
analyses were performed by removing each individual study
from the meta-analysis. Furthermore, because the Gerber
et al study'? found a protective effect of uric acid and was
entirely composed of men, another sensitivity analysis was
performed by removing this study from the cubic spline
analysis. Several methods were used to check for potential
publication bias, including visual inspection of funnel plots,
Begg rank correlation test, and Egger linear regression
test.>>*3 All reported P values were 2-sided, and P<0.05
was considered statistically significant. Statistical analyses
were performed using STATA software (version 12.0;
StataCorp LP, College Station, TX).

Results

Characteristics of Studies

Overall, a total 3256 articles were identified from the initial
database search. The results of the study selection process
are shown in Figure 1. After the first screening based on titles
and abstracts, we excluded 3184 records and retained 72
studies for further evaluation by reading the full text. After
detail evaluations, 13 prospective studies were finally
included in this meta-analysis. A manual search of the
reference lists of these studies did not yield any new eligible
studies.

Potential articles identified from
PubMed (n=767), Embase (n=1836),
and Web of science (n=653)

3184 records were excluded
Duplicate records
Not relevant outcomes

Not relevant exposure
Not cohort studies

h 4

Full-text articles retrieved for further
assessment (n=72)

39 records were excluded
17 no available datareported
12 not associated with stroke
7 not associated with uric acid

A 4

11 among stroke patients
12 not report sex-specific results
or in a certain gender

v

Articles included for final analysis (n=13)
For men (n=11), for women (n=10)

Figure 1. Flow chart of study selection.

The characteristics of the selected studies are presented in
Table 172" and Table S2. All studies were published between
2001 and 2016. Follow-up durations ranged from 2 to
23 years. Six studies were conducted in Asia,” '* 5 in
Europe,'®'? and 2 in the United States.?>?" Of the included
studies, 12 were prospective cohorts, whereas only 1 was a
prospective, nested case-control study.?® Study quality was
assessed by using the NOS (Table S3). Overall, 3 studies had
a score of 9, 2 had a score of 8, 5 had a score of 7, and the
remaining 3 had a score of 6.

Main Analysis

A total of 11 prospective cohort studies with 428 287
participants and 12 494 stroke cases reported an association
between UA levels and stroke among men. The summary RR
for an increase in UA levels of 1 mg/dL was 1.10 (95% Cl,
1.05—1.14), with moderate heterogeneity (P=0.043; 1?=46.8%;
Figure 2A). There was evidence of a nonlinear association
between UA levels and stroke risk (P for nonlinearity, <0.001;
Figure 2B; Table S4), with risk increasing significantly from a
UA of 6 mg/dL and more steeply at higher UA levels.

A total of 10 prospective studies with 359 243 partici-
pants and 10 229 stroke cases reported an association
between UA levels and stroke in women. The summary RR for
an increase in UA levels of 1 mg/dL was 1.11 (95% Cl, 1.09—
1.13), with no heterogeneity (P=0.606; 1=0.0%; Figure 3A).
There was no evidence of a nonlinear association between UA
levels and stroke risk (P for nonlinearity=0.51; Figure 3B;
Table S4).

No significant difference in effect of UA on future stroke
risk between men and women was observed (P for interac-
tion=0.736). There was no evidence of publication bias (Begg,
P=0.755 and Egger, P=0.759 for men; Begg, P=0.592 and
Egger, P=0.696 for women; Figure S1).

Subgroup and Sensitivity Analyses

Subgroup and sensitivity analyses were performed to assess
the potential sources of heterogeneity and robustness of the
pooled estimation (Table 2). The summary RRs of stroke did
not materially change when restricting to studies that were
prospective cohort studies and studies that had a high quality
(NOS score, >7). There was no evidence of heterogeneity
between subgroups when stratified by study endpoint, sample
size, length of follow-up, and adjusted for confounding factors
(all P for interaction, >0.05). However, only geographical area
was found to modify the association between UA and stroke
with a statistically significant positive association among
Asian and European studies, but not among those of
American (P for interaction=0.009). Also, the significantly
positive associations between UA levels and stroke risk
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ICD indicates International Classification of Diseases.

remained in subgroups that adjusted for potential confound-
ing factors, including body mass index, smoking status,
hypertension, diabetes mellitus, hyperlipidemia, and renal
factors. Moreover, no significant difference between men and
women was observed in all stratifications. Sensitivity analyses
by removing each individual study did not materially affect the
overall risk estimates, with a range from 1.08 (95% CI, 1.04—
1.13) to 1.11 (95% Cl, 1.07—1.15) among men and 1.08 (95%
Cl, 1.04-1.12) to 1.11 (95% CI, 1.09—1.14) among women. In
addition, the moderate heterogeneity of the association in
men was mainly attributed to 1 study,12 and the overall risk
estimate tended to be homogeneous, but still significant after
omitting this study (RR, 1.11; 95% CI, 1.07-1.14; P for
heterogeneity=0.252; 12=20.8%). Further sensitivity analysis
by removing the Gerber et al study from the cubic spline
analysis showed that the nonlinear association between UA
levels and stroke still existed in men (P for nonlinear-
ity=0.003).

Serum UA Levels and Risk of Ischemic Stroke in
Men and Women

Seven studies that reported the association between UA
levels and ischemic stroke in men and 7 studies in women
were included in this analysis. The summary RR for an
increase in UA levels of 1 mg/dL was 1.13 (95% CI, 1.08—
1.17) among men and 1.12 (95% Cl, 1.06—1.18) among
women, with no heterogeneity (Figures 4 and 5). A signif-
icant nonlinear association between UA levels and ischemic
stroke risk was observed in men (P for nonlinearity=0.003),
but not in women (P for nonlinearity=0.91). No significant
difference in the effect of UA on future ischemic stroke risk
between men and women was observed (P for interac-
tion=0.502), and there was no evidence of publication bias
(Figure S2).

Serum UA Levels and Risk of Hemorrhagic Stroke
in Men and Women

Five studies that reported the association between UA levels
and hemorrhagic stroke in men and 4 studies in women
were included in this analysis. The summary RR for an
increase in UA levels of 1 mg/dL was 1.05 (95% CI, 0.97—
1.14) among men and 1.07 (95% CIl, 1.01-1.14) among
women, with no heterogeneity (Figures 6 and 7). A signif-
icant nonlinear association between UA levels and hemor-
rhagic stroke risk was observed in men (P for
nonlinearity<0.001), but not in women (P for nonlinear-
ity=0.44). No significant difference in the effect of UA on
future hemorrhagic stroke risk between men and women
was observed (P for interaction=0.710), and there was no
evidence of publication bias (Figure S3).
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A Uric acid and risk of stroke, per 1 mg/dlincrease
Study Year Location BER (93%CT)

Kameietal 2016  Japan - 1.03 (097, 1.09)

|
Thangetzl 2016  Japan - 1.08 (0.96, 1.21)
Storhaugetal 2013  Norway i—-— 1.20(1.09,132)
Holme et al 2009 Sweden - 112(1.09,1.15)
Sakata et al. 2008 Austria —— 111(1.05,1.18)
Hozawa etal. 2006 United States i 118 (0.95, 1.48)
Bos etal. 2006  Netherlands ——i—-— 1.14 (093, 1.40)
Chien ef al 2003 Tarwan ——E—O— 1.13 (0.88, 1.46)
Gerber et al. 2003 Israel —_—— i 0.89(0.76, 1.04)
Jee etal 2004 Korea ——u:— 1.07(0.95, 1.20)
Sakataetal 2001  Japan B : 1.28 (098, 1.67)
Overall (I-squared = 46.8%, p = 0.043) @ 1.10(1.05, 1.14)

RR_ relative risk: CL confidence interval i
T * T
5 1 15

B Uric acid and risk of stroke, nonlinear dose-response
1.6 1 i
1.5 -

1.4 P for nonlinear trend <0.001

1.3

1.2 4

Relative risk

1.1

0.9 1

Uric acid, mg/dl

Figure 2. Uric acid and risk of stroke among men. A, Per 1-mg/dL
increase; (B) nonlinear dose response.

Discussion

To our knowledge, this is the first systematic review about the
potential sex-specific effects of serum UA levels on the
development of stroke. Based on data of 787 530 individuals
and 22 723 incident stroke cases, we found broadly similar
effects of UA increments on stroke between men and women.
Each 1-mg/dL increase in UA levels was significantly
associated with a 10% increased risk of stroke in men and
an 11% increased risk in women, respectively. These associ-
ations were robust in various sensitivity analyses and
persisted in stratifications by multiple study characteristics,
including adjustment for potential confounders, suggesting
that elevated serum UA was probably an independent risk
factor of stroke in both men and women.

During the past decades, conflicting findings of the
association between serum UA and stroke have been reported

A Uric acid and risk of stroKe, per 1 mg/dlincrease

Study Year Location RR (93% CI)
'
Kamei et al 2016  Japan ——O—i— 1.05 (0.96, 1.15)
Jiménezetal 2016 United States —*—é— 1.02(0.85,122)
'
Zhangetal 2016  Japan ——:r-— 113 (097,132)
Storhaugetal 2013 Norway ——ol:— 109 (0.96,123)
Holme et al 2009 Sweden -~ 112(1.10, 1.15)
Strasaketal 2008 Austria — 1.07 (101, 1.13)

'
'

Hozawaetal 2006 United States —_ 112093, 1.34)

'

.
'
'
'
'
T
'

Bosetal 2006 Netherlands 119(1.0L, 141)

Chien et al. 2005 Tatwan

132 (100, 1.73)

Sakata et al 2001 Japan

097 (0.63, 1.47)
Overall (I-squared =0.0%, p = 0.606) @ 111 (109, 1.13)

i
1
RE_ relative risk: CL confidence interval :

1 15

B Uric acid and risk of stroke, nonlinear dose-response

Relative risk

0.9

T
5 6 7

Uric acid, mg/dl

[
.

Figure 3. Uric acid and risk of stroke among women. A, Per
1-mg/dL increase; (B) nonlinear dose response.

in both men and women. A recent prospective study in the
Japanese population showed no significant association
between serum UA levels and stroke mortality in both men
and women.'® Also, another recent nested case-control study
by Jimenez et al found that UA levels were associated with
stroke risk factors, but not independently associated with
stroke, among generally healthy women.?° Although Storhaug
et al analyzed the data from The Tromsg Study and suggested
a sex-specific finding of the association between serum UA
and ischemic stroke, they found that serum UA is an
independent marker of ischemic stroke only in men.'® Judged
on these studies, there are some obvious weak points,
especially poor study design and small sample size, which
may induce some bias and limit statistical power to detect an
important association.

Meta-analysis allows for the pooling and quantification of
results from different studies to enhance statistical power and

DOI: 10.1161/JAHA.116.005042

Journal of the American Heart Association 5

SISATVNV-VLIW ANV MHIIATY DILVINHLSAS



Uric Acid and Risk of Stroke  Zhong et al

Table 2. Subgroup and Sensitivity Analyses of the Associations Between UA Levels and Stroke in Men and Women

Men Women
N | RR(95% Cl) | P Value* | I? (%) | PValue® | N | RR (95% Cl) | P Value* | 1 (%) | P Value! | P Value*
Sensitivity analyses
Prospective cohort studies | 11 | 1.10 (1.05-1.14) | 0.043 46.8 1.11 (1.09-1.13) | 0.598 0.0 0.686
High-quality studies® 8 1.12 (1.10-1.15) | 0.753 0.0 1.11 (1.09-1.14) | 0.644 0.0 0.608
Subgroup analyses

Endpoint

Incidence 6 1.11 (1.09-1.14) | 0.085 48.3 | 0.347 1.12 (1.09-1.14) | 0.550 0.0 0.194 0.762

Mortality 5 1.08 (1.04-1.13) | 0.083 51.5 1.08 (1.02-1.13) | 0.721 0.0 0.813
Geographical area

Asia 6 1.04 (1.00-1.09) | 0.201 31.3 | 0.009 1.08 (1.01-1.17) | 0.391 0.2 0.650 0.354

Europe 4 1.12 (1.10-1.15) | 0.561 0.0 1.11 (1.09-1.14) | 0.404 0.0 0.582

American 1 1.18 (0.95-1.47) 1.07 (0.94-1.22) | 0.476 0.0 0.447
Sample size

>10 000 5 1.10 (1.08-1.13) | 0.137 427 | 0518 1.11 (1.09-1.13) | 0.287 20.5 | 0.942 0.648

<10 000 6 1.13 (1.06-1.21) | 0.044 56.2 1.11 (1.03-1.20) | 0.620 0.0 0.792
Follow-up, y

>12 6 1.12 (1.07-1.17) | 0.042 56.5 | 0.601 1.07 (1.02-1.12) | 0.939 0.0 0.103 0.211

<12 5 1.10 (1.08-1.13) | 0.134 431 112 (1.10-1.14) | 0.427 0.0 0.353
Adjusted body mass index

Yes 8 1.08 (1.05-1.12) | 0.024 56.7 | 0.151 1.08 (1.03-1.12) | 0.820 0.0 0.075 0.793

No 3 1.12 (1.09-1.15) | 0.743 0.0 1.12 (1.10-1.15) | 0.480 0.0 0.862
Adjusted smoking status

Yes 9 1.08 (1.05-1.12) | 0.040 50.6 | 0.108 1.08 (1.03-1.12) | 0.820 0.0 0.075 0.818

No 2 1.12 (1.09-1.15) | 0.866 0.0 1.12 (1.10-1.15) | 0.480 0.0 0.966
Adjusted hypertension or blood pressure

Yes 10 | 1.11(1.08-1.13) | 0.028 51.9 | 0.764 1.11 (1.09-1.13) | 0.577 0.0 0.413 0.770

No 1 1.14 (0.93-1.40) 1.19 (1.01-1.41) 0.750
Adjusted diabetes mellitus or blood glucose

Yes 8 1.10 (1.08-1.13) | 0.029 55.1 | 0.253 1.11 (1.09-1.13) | 0.370 7.6 0.734 0.602

No 3 1.15 (1.07-1.23) | 0.389 0.0 1.13 (1.04-1.22) | 0.709 0.0 0.722
Adjusted hyperlipidemia or lipids

Yes 10 | 1.11 (1.08-1.13) | 0.028 519 | 0.764 1.11 (1.09-1.13) | 0.577 0.0 0.413 0.770

No 1 1.14 (0.93-1.40) 1.19 (1.01-1.41) 0.750
Adjusted renal factors

Yes 4 1.08 (1.03-1.14) | 0.025 67.9 | 0.390 1.06 (1.00-1.13) | 0.921 0.0 0.149 0.616

No 7 1.11 (1.09-1.14) | 0.189 31.3 1.12 (1.09-1.14) | 0.368 0.0 0.743

RR indicates relative risk; UA, uric acid.

*P value for heterogeneity.

P value for effect modification by study characteristics.

*P value for effect modification by sex.

SStudies with a Newcastle-Ottawa Scale (NOS) score >7 were considered to be high-quality studies.

associated with a 10% increased risk of stroke in men and an
11% increased risk in women. Our findings are in line with 2
previous meta-analyses, which suggested that hyperuricemia

provide more-precise and -reliable risk estimates. When this
meta-analysis of 13 prospective studies was preformed, we
found that a 1-mg/dL increase in UA levels was significantly
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A Uric acid and risk of ischemic stroke, per 1 mg/dlincrease

Study Year Location RR (95% CT
i
I

Zhangetal 2016 Japan —_ 108 (0.93,127)
|

Storhaugetal 2013 Norway - 1.20(1.09,1.32)
I

Holme etal 2009 Sweden — 1.13(1.09, 1.16)
i
|

Strasak et al 2008  Austria e 1.13(1.00, 1.27)
|

Hozawaetal 2006 United States ——:0— 1.18(0.93, 1.48)
|
i

Bos etal 2006  Netherland 1.13 (0.86, 1.50)
|
I

Gerber et al 2005 Israel —0——: 0.93 (0.79. 1.11)
i

Overall (I-squared = 14.6%, p = 0.319) <> 113(1.08,1.17)

RR. relative nsk: CL confidence mterval !

1.6

1.5 /

14— P for nonlinear trend=0.003

1.3+

Relative risk
—
=
|

1.0 5= 3

0.9+

Uric acid, mg/dl

Figure 4. Uric acid and risk of ischemic stroke among men. A,
Per 1-mg/dL increase; (B) nonlinear dose response.

could modestly increase the risk of stroke incidence and
mortality.?>?®> More important, our study extended these
studies. We first found a broadly similar effect of UA
increments on stroke between men and women, and a
nonlinear relationship was observed in men, with risk
increasing significantly from a UA of 6 mg/dL and more
steeply at higher UA levels. Although stroke is a sexually
dimorphic disease, and a possible sex difference in the
associations of serum UA with stroke-related risk factors and
development of cardiovascular diseases, elevated serum UA
levels have similar adverse effects on development of stroke
in both sexes.

The mechanisms underlying the association of UA with
development of stroke are not completely understood.
Several potential pathophysiological mechanisms have been
proposed, including enhancing lipid peroxidation and platelet
adhesiveness, stimulating vascular smooth cell proliferation,
causing vascular inflammation, damaging endothelial
cells, and accelerating atherosclerosis.**® A nonlinear

A Uric acid and risk of ischemic stroke, per 1 mg/dlincrease

Study Year Location RR (93% CT)
i
I

Timénez et al 2016 United States —_— 1.02(0.85,122)
|

Zhang et al 2016 Japan _—r 109 (087, 1.36)
|

Storhang etal 2013 Norway _— 1.09 (096, 123)
|
i

Holme et al 2009 Sweden | 116(1.12,1.19)
|

Strasak et al. 2008 Austria —0—: 1.02(091, 1.14)

Hozawa et al 2006 United States — 1.12(0.93, 1.34)

Bosetal 2006 Netherdands 1.29(1.03, 1.62)

Overall (I-squared =27.1%, p = 0.221) O 112 (106, 1.18)

RE, relative risk; CL, confidence interval.

Relative risk

0.9

T T
5 6 7
Uric acid, mg/dl

W
g

Figure 5. Uric acid and risk of ischemic stroke among women.
A, Per 1-mg/dL increase; (B) nonlinear dose response.

relationship was observed in men, whereas a linear relation-
ship was found in women. There are some plausible
explanations for the different patterns. Previous studies had
demonstrated that higher UA levels were more relevant with
hypertension, diabetes mellitus, and metabolic syndrome in
women than men, and risk factors like diabetes mellitus had
been found to confer a greater risk for cardiovascular disease
in women than in men.***' Because of the strong linear
relationships of high blood pressure and glucose with stroke
risk, it is reasonable to observe an obvious linear relation in
women. In addition, different estrogen levels between men
and women may also partially contribute to the different
patterns. Further studies are needed to clarify the potential
biological mechanisms for the sex different patterns and
verify our findings.

Moderate heterogeneity across studies of the association
of UA and stroke in men was observed. This is not
surprising because of variations in characteristics of
study populations, study designs, follow-up length, and
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A Uric acid and risk of hemorrhagicstroke, per 1 mg/dlincrease

Study Year  Location RR.(93% CT)
T
|
Zhangetal 2016  Japan _— 113 (0.92,139)
|
Holmeetal 2009 Sweden —_— 1.06(0.99,1.13)
Strasaketal. 2008 Austria —_— 1.06(0.93,1.20)
I
Bos etal 2006 Netherland ‘ 1.05 (0,59, 1.85)
i
|
i
Gerberetal 2005  Israel H.— | 0.69 (0.46, 1.01)
I
"
Overall (Isquared = 18.8%, p =0.295) 4 1.03 (0.97, 1.14)
j
I
|
RE. relative nisk; CL confidence interval |
i
I
T

B Uric acid and risk of hemorrhagic stroke, nonlinear dose-response

1.6

_| Pfor nonlinear trend <0.001

Relative risk

Uric acid, mg/dl

Figure 6. Uric acid and risk of hemorrhagic stroke among men.
A, Per 1-mg/dL increase; (B) nonlinear dose response.

adjustment for confounding factors. Our additional sensi-
tivity analyses suggested that the moderate heterogeneity
was mainly attributed to 1 study.'? After removing this
study, no significant heterogeneity was observed in the
combined risk estimate of the remained studies. Further-
more, we did not find subgroup heterogeneity when
stratified by sample size or any other study characteristics
examined, except for geographical area, which significantly
modified the association between UA and stroke in men.
Positive associations were found in the Asian and European
studies, but was not significant in the American study.
However, it is not clear whether this is a chance
finding, because there was only 1 American study in this
subgroup analysis, or if it is attributed to genetic or other
factors.

In this study, only prospective studies were included, which
should eliminate selection and recall bias. The comprehensive
subgroup and sensitivity analyses according to multiple study
characteristics and various inclusion criteria supported

A Uric acid and risk of hemorrhagic stroke, per 1 mg/dl increase
Study Year Location RR (95% CI)

Zhangetal 2016 Japan E— 112(0.86,147)

Holme et al 2009 Sweden 1.07 (1.00, 1.14)

Strasak etal 2008  Austra — 1.06(0.91,1.23)

Bos etal 2006  Netherlands 1.15(0.72,1.83)

Overall (I-squared =0.0%, p =0.975) 107 (L01, 1.14)

RR,_ relative risk; CL confidence interval.

1.6 e

Relative risk

Uric acid, mg/dl

Figure 7. Uric acid and risk of hemorrhagic stroke among
women. A, Per 1-mg/dL increase; (B) nonlinear dose response.

generalizability of our findings. Furthermore, the dose-
response analysis included a wide range of UA levels, which
allowed an accurate assessment of any nonlinear associations
between serum UA levels and stroke risk. However, several
potential limitations should be taken into consideration. First,
like any observational studies, a causal relationship could not
fully be established. Although these significant positive
subgroups that adjusted for important confounders (body
mass index, smoking status, hypertension, diabetes mellitus,
hyperlipidemia, and renal factors), we still could not rule out
the possibility that other unmeasured or inadequately mea-
sured factors could confound the true associations. Second,
we observed moderate heterogeneity across studies of the
association of UA and stroke in men. Nevertheless, the
possible source of heterogeneity was detected through the
sensitivity analyses. Finally, potential publication bias might
influence the findings. Although there was no evidence of
small study effects with the statistical tests in our analysis, it
is still possible that a number of studies with null results
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remained unpublished, and this could lead to exaggerated risk
estimates.

Conclusions

We found a broadly similar effect of UA increments on stroke
in men and women. Men and women with higher serum UA
levels had increased risk of stroke, especially ischemic stroke,
and these increases were probably independent of several
important confounders. Further randomized, controlled trials
are warranted to better understand the associations of serum
UA levels with future risk of stroke in both men and women.
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Table S1. Search Strategy.

Search Terms

1. (“stroke” OR “cerebrovascular disease” OR “intracranial hemorrhage” OR “cerebrovascular disorder” OR “cerebral hemorrhage” OR “brain infarction™)

2. ("UA" OR "uric acid" OR "urate" OR "hyperuricemia" OR "hyperuric")

3. 1AND2




Table S2. Quality scores of prospective studies using Newcastle-Ottawa Scale.

Selection Comparability Outcome NOS
Representativenes  Selection of the Ascertainment Demonstration that Comparability on Assessment  Adequate Adequate Overall
s of the exposed non-exposed of anthropometric outcomes was not present the basis of the of outcome follow-up  follow-up score
cohort cohort indexes at start of study design or analysis duration rate

Kamei et al.! 1 1 1 1 2 0 0 0 6
Jiménez et al.? 0 1 1 1 2 1 1 0 7
Zhang et al .’ 1 1 1 1 1 1 1 1 8
Storhaug et al.* 0 1 1 1 2 1 1 0 7
Holme et al. 1 1 1 1 1 1 1 0 7
Strasak et al.® 1 1 1 1 2 1 1 1 9
Strasak et al.” 1 1 1 1 2 1 1 1 9
Hozawa et al.® 0 1 1 1 2 1 1 1 8
Bos et al.’ 0 1 1 1 0 1 1 1 6
Chien et al.'? 0 1 1 1 1 1 1 1 7
Gerber et al.!! 0 1 1 1 1 1 1 0 6
Jee et al.!? 1 1 0 1 1 1 1 1 7
Sakata et al.!? 1 1 1 1 2 1 1 1 9




Table S3. Relative risks of stroke among men and women in the included prospective studies.

Uric acid Uric acid levels,
Study, year Assessment Sex mg/dl Effect size (95% CI) Variables adjusted for
Kamei et al., 2016! Enzymatic Men Total stroke Age, obesity, hypertension, diabetes, dyslipidemia,
method Ql: <49 1.12 (0.92-1.37) smoking, alcohol consumption, eGFR, and proteinuria.
Q2:5.0-5.6 1.07 (0.88-1.30)
Q3:5.7-6.2 1.00 (reference)
Q4:6.3-7.0 1.00 (0.81-1.21)
Q5:27.1 1.26 (1.04-1.54)
Women Total stroke
Q1:<3.7 1.12 (0.90-1.38)
Q2:3.8-4.3 1.09 (0.89-1.33)
Q3:4.4-48 1.00 (reference)
Q4:49-5.4 1.04 (0.85-1.29)
Q5:2>5.5 1.21 (1.00-1.48)
Jiménez et al., Colorimetric | Women IS Conditional on matching factors (age, menopausal status,
20162 enzyme assay Ql1:<3.9 1.00 (reference) smoking, postmenopausal hormone use, race/ethnicity,
Q2:3.94.5 1.26 (0.83-1.89) date of blood draw and fasting status); Adjusted BMI,
Q3:4.6-54 1.11 (0.73-1.68) physical activity, alcohol and aspirin use, eGFR, history
Q4:>5.5 1.13 (0.72-1.76) of diabetes, CHD, history of hypertension, total/HDL-C
and In(hsCRP).
Zhang et al., 20163 Colorimetric Men Total stroke IS HS Age, body mass index, smoking status, ethanol intake,
phosphotungstic Q1:0.6-4.6 1.00 (reference) | 1.00 (reference) | 1.00 (reference) | systolic blood pressure and total cholesterol.
acid Q2:4.7-5.2 0.83 (0.58-1.18) | 0.87 (0.54-1.40) | 0.90 (0.46-1.77)
Q3:53-5.8 0.77 (0.52-1.13) | 0.75(0.45-1.26) | 1.07 (0.54-2.14)
Q4:5.9-6.6 0.77 (0.52-1.13) | 0.91 (0.55-1.50) | 0.83 (0.41-1.68)




Q5:6.7-16.0 1.19 (0.84-1.68) | 1.19(0.75-1.90) | 1.41 (0.75-2.65)
Women Total stroke IS HS
Q1:04-3.3 1.00 (reference) | 1.00 (reference) | 1.00 (reference)
Q2:34-3.8 1.27 (0.90-2.01) | 1.42(0.74-2.74) | 1.41 (0.64-3.13)
Q3:3.94.3 0.98 (0.62-1.54) | 0.80 (0.40-1.61) | 1.33 (0.63-2.80)
Q4:4.4-5.0 1.05 (0.67-1.64) | 1.22(0.65-2.30) | 1.09 (0.48-2.43)
Q5:5.1-10.8 1.46 (0.98-2.19) | 1.35(0.75-2.44) | 1.54 (0.76-3.10)
Storhaug et al., Enzymatic Men IS Age, BMI, SBP, DBP, HDL-C, TC, renal factors, use of
20134 colorimetric test per SD (87 umol/L) 1.31 (1.14-1.50) diuretics and antihypertensive medication, current
Women IS smoking and physical activity.
per SD (87 umol/L) 1.13 (0.94-1.36)
Holme et al., 2009° Enzymatic Men Total stroke IS HS Age, TC, TG, hypertension and DM.
uricase method Ql:<4.7 1.00 (reference) | 1.00 (reference) | 1.00 (reference)
Q2:4.7-5.4 1.03 (0.97-1.09) | 1.08 (1.00-1.16) | 0.83 (0.71-0.96)
Q3:5.4-6.1 1.09 (1.02-1.15) | 1.10(1.02-1.18) | 0.92 (0.80-1.07)
Q4:>6.1 1.26 (1.19-1.34) | 1.30(1.22-1.40) | 1.10(0.96-1.27)
Women Total stroke IS HS
Q1:<3.5 1.00 (reference) | 1.00 (reference) | 1.00 (reference)
Q2:3.54.1 1.05 (0.97-1.15) | 1.12(1.00-1.24) | 0.81 (0.64-1.01)
Q3:4.1-5.5 1.16 (1.07-1.26) | 1.27 (1.15-1.40) | 1.01 (0.82-1.24)
Q4:>5.5 1.41 (1.31-1.53) | 1.56 (1.42-1.72) | 1.13 (0.92-1.37)
Strasak et al., Enzymatic Women Total stroke IS HS Age, body mass index, systolic and diastolic blood
2008°¢ method Q1:<3.70 1.00 (reference) | 1.00 (reference) | 1.00 (reference) | pressure, total
Q2:3.71-4.50 1.25(0.99-1.57) | 1.17 (0.76-1.79) | 1.14 (0.65-2.01) | cholesterol, triglycerides, gamma-glutamyltransferase,
Q3:4.51-5.40 1.48 (1.18-1.86) | 1.19(0.76-1.84) | 1.47 (0.83-2.52) | glucose, smoking status, occupational status and year of
Q4:>5.41 1.37 (1.09-1.74) | 1.15(0.74-1.79) | 1.29 (0.71-1.79) | examination.




Per unit increase

1.07 (1.01-1.13)

1.02 (0.91-1.14)

1.06 (0.91-1.23)

Strasak et al., Enzymatic Men Total stroke IS HS Age, body mass index, systolic and diastolic blood
2008 method Q1:<4.60 1.00 (reference) | 1.00 (reference) | 1.00 (reference) | pressure, total cholesterol, triglycerides, GGT, glucose,
Q2:4.60-5.30 1.00 (0.76-1.30) | 0.92 (0.52-1.63) | 1.02 (0.60-1.72) | smoking status, and year of examination (triglyceride and
Q3:5.30-5.90 1.05 (0.80-1.38) | 1.19(0.68-2.07) | 0.89 (0.51-1.57) | GGT data were log-transformed).
Q4:5.90-6.70 1.02 (0.78-1.34) | 1.01 (0.57-1.80) | 0.92 (0.53-1.60)
Q5:>6.70 1.59 (1.23-2.04) | 1.81(1.07-3.04) | 1.18 (0.70-2.01)
Per unit increase 1.11 (1.05-1.18) | 1.13 (1.00-1.27) | 1.06 (0.93-1.20)
Hozawa et al., Uricase method | Men IS Age, race, education, systolic blood pressure, diabetes
20068 Ql: 4.8 1.00 (reference) mellitus, anti-hypertensive medication, cigarette smoking
Q2:4.9-5.8 1.01 (0.48-2.13) status, ethanol intake, serum albumin, von Willebrand
Q3:5.9-6.8 1.30 (0.67-2.53) factor, BMI, WHR, and low HDL cholesterol.
Q4:>6.9 1.63 (0.83-3.19)
Women IS
Q1:<4.8 1.00 (reference)
Q2:4.9-5.8 0.85 (0.51-1.41)
Q3:5.9-6.8 1.22 (0.75-1.99)
Q4:>6.9 1.27 (0.70-2.30)
Bos et al., 2006° Kone Men Total stroke IS HS Age
Diagnostica T1:<5.21 1.00 (reference) | 1.00 (reference) | 1.00 (reference)
reagent kit T2:5.21-6.30 1.78 (1.16-2.74) | 1.57 (0.88-2.79) | 1.23 (0.38-4.04)
T3:>6.30 1.41(0.90-2.23) | 1.36 (0.74-2.48) | 1.11 (0.32-3.83)
Per SD 1.15(0.95-1.38) | 1.18 (0.92-1.51) | 0.97 (0.55-1.70)
Women Total stroke IS HS
T1:<4.42 1.00 (reference) | 1.00 (reference) | 1.00 (reference)
T2:4.42-5.39 1.45 (1.05-2.02) | 1.44(0.91-2.27) | 1.22(0.48-3.10)




T3:>5.39

1.45 (1.05-2.01)

1.68 (1.08-2.62)

1.32(0.53-3.26)

Per SD 1.18 (1.05-1.34) | 1.26 (1.07-1.49) | 1.23 (0.87-1.74)
Chien et al., 2005'° | Enzymatic with | Men Total stroke Age, SBP, BMI, diabetes, LDL-C, HDL-C, smoking,
commercial kits Per unit 1.13 (0.88-1.46) drinking, electrocardiographic left ventricular
Women Total stroke hypertrophy and AF history.
Per unit 1.32 (1.00-1.73)

Gerber et al., 2006!! Fister’s Men Total stroke IS HS Age, body mass index, systolic blood pressure, diabetes,
adaptation of Q1: <39 1.52 (1.04-2.23) | 1.34 (0.87-2.05) | 3.27 (1.14-9.33) | serum cholesterol, smoking, and left ventricular
colorimetric Q2:4.0-44 1.46 (1.00-2.12) | 1.33 (0.89-2.00) | 2.52(0.87-7.29) | hypertrophy on

method Q3:4.5-4.9 1.00 (reference) | 1.00 (reference) | 1.00 (reference) | electrocardiogram.
Q4:5.0-5.5 1.25(0.85-1.84) | 1.21(0.81-1.82) | 1.55(0.49-4.89)
Q5:>5.6 1.20 (0.81-1.78) | 1.15(0.75-1.74) | 1.62 (0.51-5.18)
Jee et al., 20042 NR Men Total stroke Age, diabetes, hypertension, hypercholesterolaemia and
Ql1:<4.45 1.00 (reference) smoking status.
Q2:4.45-5.14 0.97 (0.60-1.58)
Q3:5.14-5.97 1.03 (0.64-1.65)
Q4:5.97-6.96 1.35 (0.88-2.08)
Q5:>6.96 1.10 (0.71-1.72)
Sakata et al., 20013 Colorimetric Men Total stroke Age, body mass index, systolic blood pressure, use of
phosphotungstic Q1:<4.99 1.00 (reference) antihypertensive agents, serum total cholesterol level, serum
acid Q2:4.99-5.68 0.84 (0.45-1.59) creatinine level, serum glucose level, smoking status,
Q3:5.68-6.47 0.66 (0.33-1.33) alcohol intake, and left ventricular hypertrophy.
Q4: >6.47 1.71 (0.92-3.17)
Women Total stroke
Q1: <3.60 1.00 (reference)

Q2:

3.60-4.17

1.40 (0.54-3.63)




Q3: 4.17-4.87
Q4: >4.87

0.95 (0.37-2.45)
1.12 (0.46-2.74)




Table S4. Uric acid levels and stroke in men and women, nonlinear dose-response.

Men Women

Uric acid levels, mg/dl  RR  95% CI Uric acid levels, mg/dl RR 95% CI
3.5 1.00 - 3.0 1.00 -

4.0 1.00  0.98-1.00 3.5 1.10  1.00-1.10
4.5 1.00 0.95-1.10 4.0 1.10  1.10-1.20
5.0 1.00 0.94-1.10 4.5 1.20  1.10-1.30
5.5 1.00 0.95-1.10 5.0 1.20  1.10-1.30
6.0 1.10 1.02-1.20 5.5 1.30  1.20-1.40
6.5 1.20 1.12-1.30 6.0 1.40  1.30-1.50
7.0 1.30 1.24-1.50 6.5 1.50  1.40-1.60
7.5 1.50 1.36-1.60 7.0 1.60  1.40-1.70
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Figure S1. Funnel plots of uric acid and risk of stroke among men (A) and women (B).



Funnel plot with pseudo 95% confidence limits Funnel plot with pseudo 95% confidence limits
A , -+ B
7N PN
4 N
P N P TN
/7 N\ s hY
Vi N\ 7 N
p \ ’ \
s AY
’ \
s AN
// \\ s N
8 ’ LN & - 4 x
Fd A " *’ ~

e / ¢ \ - v N \
= / \ e ; N
2 / \ o0 s N
: // \\ :‘ // \\
© ’ . N e / \
o e 7 \ ] / N
wi Vs hY w Fd * *

- 7/ \ _ //

! y N i
/ N it
’ ® \ / .
/! AN *
/ \
/ N\
/ \
/ [ A
Z w
'2 0 5 h B . . ‘ ‘ .
- - B - ‘)
10gRR 1 0 1 2 3

logRR

Figure S2. Funnel plots of uric acid and risk of ischemic stroke among men (A) and women (B).
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Figure S3. Funnel plots of uric acid and risk of hemorrhagic stroke among men (A) and women (B).
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