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ARTICLE INFO SUMMARY
Article history: Background & aims: The association of high sodium intake with risk of stroke has been accepted. But
Received 4 January 2018 considering the proposed J/U-shaped association between sodium intake and risk of all-cause mortality,

Accepted 24 May 2018 the shape of the dose-response relationship has not been determined yet. This study aimed to test the

dose-response association of dietary sodium and sodium-to-potassium ratio with risk of stroke in adults
Keywords: ) aged 18 years or older.
g?;?;?"ic(‘l‘iljrrndlsease Methods: We performed a systematic search using PubMed and Scopus, from database inception up to
Hyperi,ension October 2017. Prospective and retrospective observational studies reporting risk estimates of stroke for
Meta-analysis three or more quantitative categories of dietary sodium or sodium-to-potassium ratio were included.
Stroke Studies that reported results as continuous were also included. Two independent authors extracted the
information and assessed the quality of included studies. Pooled relative risk (RR) was calculated using a

random-effects model. Publication bias was tested. Sensitivity and subgroup analyses were done.
Results: Of initial 20,412 studies identified, 14 prospective cohort studies, one case-cohort study, and one
case-control study (total n = 261,732) with 10,150 cases of stroke were included. The Pooled RRs of stroke
were 1.06 (95%CI: 1.02, 1.10; I? = 60%, n = 14 studies) for a 1 gr/d increment in dietary sodium intake, and
1.22 (95%Cl: 1.04, 1.41; I = 60%, n = 5 studies) for a one-unit increment in dietary sodium-to-potassium
ratio (mmol/mmol). The risk of stroke increased linearly with increasing dietary sodium intake, and also
along with the increase in dietary sodium-to-potassium ratio. No evidence of a J/U-shaped association
was found in the analyses of total stroke, stroke incidence, and stroke mortality. High sodium intake was
associated with a somewhat worse prognosis among Asian countries as compared to westerns.
Conclusion: Higher sodium intake and higher dietary sodium-to-potassium ratio were associated with a
higher risk of stroke. Reducing dietary sodium-to-potassium ratio can be considered as a supplementary
approach in parallel with the decrease in sodium intake in order to decrease stroke risk. The interpre-
tation of the results is limited by observational nature of studies examined.
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1. Introduction global prevalence of hemorrhagic and ischemic stroke among

younger adults aged 20—64 years increased almost 2-fold between

Prevalence of stroke and stroke-associated deaths and disabil- 1990 and 2013 [1]. Hypertension (HTN), has been proposed to be

ities has been increased substantially in recent decades [1]. The the main risk factor of stroke [2]; in a way that about 54%—62% of all

cases of stroke are attributable to HTN [3,4]. It has been proposed

that higher sodium consumption, both directly by increasing blood

pressure levels; and indirectly through several mechanism such as

Abbreviations: CVD, Cardiovascular diseases; HTN, Hypertension; PRISMA, oxidative stress, endothelial dysfunction, and left ventricular hy-

Preferred ReporFing I:tems for Systematic Reviews and Meta-Analyses; FFQ, Food pertrophy; is associated with a greater risk of stroke [3]. Further-
frequency questionnaire. . ..
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pressure and stroke risk as compared to other CVDs [7]. It is pro-
jected that reducing sodium intake by 1200 mg/day decreases the
annual number of new cases of stroke by 32,000 to 66,000 in the US
[8].

Several meta-analyses of randomized controlled trials have
indicated that reducing sodium intake can diminish blood pressure
levels [9,10], and therefore, it has been concluded that reducing
sodium intake can decrease the risk of CVDs. However, some in-
dications of a nonlinear association were found in observational
studies, in which both low and high sodium intake were associated
with higher risk of all-cause mortality and CVD events, in a J-sha-
ped or U-shaped fashion [11,12]. A recent meta-analysis of 25
cohort studies suggested that, as compared to low sodium intake
(<2.7 g/day), a moderate sodium intake (2.7—5 g/day) was associ-
ated with a 9% lower risk of all-cause mortality, and a 10% lower risk
of CVD events [5]. Regarding stroke risk, they did not observe such a
decreased risk, but shape of the dose-response relationship was not
determined. Considering the fact that major current guidelines
recommend different cut points for reducing sodium intake:
<1500 mg/d by American Heart Association [3], <2000 mg/d by
WHO [13], and <2300 mg/d by the U.S. Department of Agriculture
[14]; the possible changes in the risk within intake of <2700 mg/
day have not been determined yet. Thus, it seems that the nonlinear
dose-response meta-analysis may be an appropriate approach to
establish the association of different levels of sodium intake with
risk of stroke.

In contrast to sodium, higher potassium intake, mainly through
its lowering effects on blood pressure [15], is associated with a
lower risk of stroke [16]. Thus, it seems that higher sodium and
lower potassium intakes may have synergistic effects on the risk of
CVDs. In accordance with this hypothesis, some investigations have
suggested that, in comparison to higher sodium intake, higher di-
etary sodium-to-potassium ratio may be more strongly associated
with risk of CVD mortality [17,18]. To our knowledge, no systematic
review has assessed the association of dietary sodium-to-
potassium ratio and risk of any cardiovascular disease. Therefore,
the objective of this study was to test the dose-response association
of dietary sodium and sodium-to-potassium ratio with risk of
stroke in adults aged 18 years or older, with the use of prospective
and retrospective observational studies.

2. Materials and methods

We followed the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) statement to write the present
systematic review and report the results [19]. We also followed the
12-item PRISMA extension to write the Abstract [20].

2.1. Search strategy

A systematic literature search was conducted with the use of
PubMed and Scopus, with studies published from 1966 up to
October, 2017. The search included combinations of keywords
relevant to sodium intake, stroke, and study design
(Supplementary Table 1). The reference lists of all related articles
and reviews were also manually searched. The search was
restricted to only articles published in English.

2.2. Eligibility and study selection

Two independent authors (AJ, MSZ) reviewed the titles and
abstracts of all studies identified. Prospective and retrospective
cohort, nested case control, case-cohort, case-control, or prospec-
tive reports within interventional studies were obtained and
included in this review if they:1) conducted among adults aged 18

years or older; 2) measured and reported baseline sodium intake or
dietary sodium-to-potassium ratio as exposure and in at least three
quantitative categories; 3) reported the outcome of interest as
stroke incidence or mortality or total stroke at follow-up; 4) re-
ported adjusted risk estimates (relative risk (RR) or hazard ratio or
odds ratio) and the corresponding 95% confidence intervals (CIs) of
stroke for each category of dietary sodium or sodium-to-potassium
ratio; and 5) reported the number of cases and participants/per-
sonyears or non-cases in each category of dietary sodium or
sodium-to-potassium ratio. Studies that reported results per unit
increment in dietary sodium or sodium-to-potassium ratio were
also included. We excluded: 1) cross-sectional studies to avoid
reverse causation bias; 2) studies with only two categories of ex-
posures; 3) studies conducted among patients with specific dis-
eases such as kidney disease; and 4) studies with un-adjusted risk
estimates.

2.3. Data extraction and assessment for study quality

Two independent authors (A], FG) reviewed the full texts of
selected eligible studies, and extracted the following information:
first author's name, publication year, study design, study name,
location, follow-up duration, mean age and/or age range, gender,
dietary assessment method, covariates adjusted in the multivariate
analysis, exposure levels, number of participants/cases and the
reported risk estimates and the 95% Cls of stroke across categories
of dietary sodium or sodium-to-potassium ratio. The models with
the most covariates adjustment were selected and included in the
meta-analysis. The same two authors independently assessed the
quality of included studies using a 9-point Newcastle-Ottawa Scale
[21]. There were no quality criterias for study inclusion in the
present meta-analysis. Any discrepancies were resolved through
discussion under supervision a third author (SS-b).

2.4. Data synthesis and statistical analysis

The relative risk (RR) and 95% CI was considered the effect size
of all studies. The reported hazard ratios or odds ratios in the pri-
mary studies were considered as equal as RR. We measured the
linear dose-response relation using the generalized least squares
trend estimation, according to the methods developed by
Greenland and Longnecker [22,23]. The method needs distribution
of cases and personyears or non-cases across categories of dietary
sodium and sodium-to-potassium ratio, median value and adjusted
RR with its 95% CI for each category of exposures. If the reference
category was not the lowest one, we recalculated risk estimates
assuming the lowest category as reference [24]. If in a given study
number of personyears in each category has not been reported, we
estimated distribution of personyears across categories according
to method developed by Aune et al [25]. In the analysis of sodium-
to-potassium ratio, one study categorized participants into four
categories as follows: low sodium/high potassium (ref), low so-
dium/low potassium, high sodium/high potassium, and high so-
dium/low potassium (highest category) [26]; and we estimated the
median points of dietary sodium-to-potassium ratio in each cate-
gory according to the method described in Supplementary Table 2.
In the NHEANES I study [27], sodium intake was categorized ac-
cording to quartiles of sodium-to-energy ratio (mmol/7452 kJ), in
which 7452 k] was the average daily energy intake in the whole
study population. However, because that daily energy intake
differed significantly across quartiles of dietary sodium intake, we
recalculated median of sodium intake in each category assuming
the median of energy intake in that category as the average daily
energy intake. If studies reported results separately for men and
women or other subgroups, we combined the subgroup-specific
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estimates using a fixed-effects model to generate an overall esti-
mate so that each study was only represented once in the main
analysis. To test the potential effect of each study on pooled effect
size, influence analysis was done with one study removed at a time.
Subgroup analyses were conducted on the basis of some of the
study and participants characteristics. Between-study heteroge-
neity was explored using Cochrane's Q test of heterogeneity and
statistic (P < 0.05) [28]. Publication bias was assessed using funnel
plots asymmetry, and tested by Egger's asymmetry test [29] and
Begg's test [30] (P < 0.10). The pooled RR and 95%Cls were calcu-
lated for a 1 mg/d increment in dietary sodium intake, and a one-
unit increment in dietary sodium-to-potassium ratio (mmol/
mmol). For studies that reported the results for a one mg/mg
increment in dietary sodium-to-potassium ratio, we used the
scaling factor of 0.59 to translate a 1 mg/mg increment risk estimate
to a 1 mmol/mmol RR (1 mmol sodium = 23 mg, and 1 mmol
potassium = 39 mg, and therefore, a 1 mmol/mmol sodium-to-
potassium ratio = 0.59 mg/mg).

Potential nonlinear association was examined by modeling di-
etary sodium and sodium-to-potassium ratio levels using restricted
cubic splines with three knots at fixed percentiles (10, 50 and 95%)
of the distribution [31]. A P-value for nonlinearity of the meta-
analysis was calculated by testing the null hypothesis that the co-
efficient of the second spline was equal to zero. In the analysis of
sodium-to-potassium ratio, for studies that reported the doses as
mg/mg, we used the scaling factor of 1.69 to transform the doses to
mmol/mmol. All analyses were conducted with Stata software,
version 13 (Stata Corp, College Station, Texas, USA). A P value < 0.05
was considered statistically significant.

3. Results

The systematic search identified 25,277 articles. Of these, 4865
were duplicates and another 20,346 articles were not relevant on
the basis of screening of the title and abstract. Of the remaining 66
articles, another 50 articles were eliminated by full-test assessing.
Detailed reasons for study exclusion are provided in Fig. 1. Even-
tually, 16 studies with a total of 261,732 participants and 10,150

cases of stroke were included in the present meta-analysis
[26,27,32—45]. Six studies were conducted in the US
[27,32,33,35,36,45], four studies were from Europe [34,37,39,44],
five were from Asia [26,38,40,42,43], and one study was a pro-
spective evaluation within the two large international controlled
trials [41]. Two studies included only men [36,37], and the rest
included both sexes. One study was a case-control study [38], one
had a case-cohort design [34], two studies were prospective eval-
uations within interventional studies [37,41], and the remainders
were prospective cohort studies (median follow-up duration:
4.7—-28 years). All of the studies were at high quality (>7 scores).
Eight studies used a food frequency questionnaire (FFQ) to assess
dietary intakes [26,32,35,37,38,40,43,45], three studies used a sin-
gle 24-h dietary recall [27,33,36], three studies measured urinary
excretion [34,41,44], one study used 3-day weighing dietary re-
cords [42], and one study conducted dietary history interview [39].
Two different studies reported the results of the Northern Man-
hattan Study on dietary sodium and dietary sodium-to-potassium
ratio, and were separately included in the relevant analyses
[33,45]. Two studies reported age-adjusted risk estimates [36,42],
and the remainders reported multivariate risk estimates, in which
results were adjusted for much of the confounding variables
including body mass index (n = 14 studies), physical activity (n = 11
studies), educational level (n = 8 studies), alcohol consumption
(n = 10 studies), energy intake (n = 11 studies), blood pressure
(n = 12 studies), and history of diabetes or CVDs (n = 12 studies).
Fourteen studies were included in the analysis of sodium intake,
and five studies were included in the analysis of dietary sodium-to-
potassium ratio. The general characteristics of the studies are
provided in Table 1 and the number of participants/cases and re-
ported risk estimates of stroke across categories of dietary sodium
and sodium-to-potassium ratio in each study are presented in
Supplementary Tables 3 and 4, respectively.

3.1. Dietary sodium intake and risk of stroke

Fourteen studies (total n = 253,449) with 9877 cases of stroke
were included in the analysis of sodium intake [26,27,32—41,43,44].
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Fig. 1. Literature search and study selection process for inclusion in the meta-analysis of dietary sodium, sodium-to-potassium ratio and risk of stroke.



Table 1

General characteristics of included studies in meta-analysis of dietary sodium, sodium-to-potassium ratio and risk of stroke.

Author, year, study, country Study design Follow-up participants Mean Sex Cases Sodium intake Study Covariates
(years) age/age assessment quality
range (year)
Umesawa [26], 2008 Prospective cohort 12.7 58,730 56 W/M Stroke death: 986  FFQ 8 Age, BMI, smoking status, ethanol intake, history of HTN, history of DM,
JACC, Japan menopause, hormone replacement therapy, time spent on sports activity,
walking time, educational status, perceived mental stress, and calcium
intake.
He [27], 1999 Prospective cohort 19 9485 48 W/M Stroke incidence:  Single 24-hour 9 Stratified by birth cohort, and adjusted for age, sex, race, SBP, serum
NHANES [, US 680 dietary recall cholesterol, BMI, history of DM, diuretics use, physical activity, level of
education, alcohol use, cigarette smoking, and total energy intake.
Stroke mortality:
210
Cohen [32], 2006 Prospective cohort 13.7 7154 48 W/M Cerebrovascular Single 24-hour 8 Age, sex, race, smoking, alcohol use, SBP, anti-hypertensive treatment,
NHANES II, US disease death: 79  dietary recall BMI, educational level, physical activity, dietary potassium, DM, serum
cholesterol, and energy intake.
Gardener [33], 2012 Prospective cohort 10 2657 69 W/M Stroke incidence:  FFQ 8 Age, sex, race/ethnicity, education, alcohol use, smoking, physical activity,
Northern Manhattan Study, 235 total calories, total fat, saturated fat, carbohydrates, protein, DM,
us hypercholesterolemia, HTN, previous cardiac disease, and BMI.
Geleijnse [34], 2007 Case-cohort 5.5 1448 69 W/M Stroke incidence:  Single overnight 8 Age, sex, 24-h urinary creatinine excretion, BMI, smoking status, DM, use
The Rotterdam Study, 181 urine sample of diuretics, educational level, daily intake of total energy, alcohol,
Netherland calcium, saturated fat and 24-h urinary potassium excretion.
Judd [35], 2013 Prospective cohort 4.9 21,374 >45 W/M Stroke incidence: ~ FFQ 7 Age, race, sex, energy, BMI, HTN, DM, history of heart disease,
REGARDS, US 363 dyslipidemia, smoking, income, education, and bias in retrieving medical
records.
Kagan [36], 1985 Prospective cohort 10 7895 54 M Stroke incidence:  Single 24-hour 7 Age
The Hawaiian study cohort, 238 dietary recall
us
Larsson [37], 2008 Prospective cohort 13.6 26,556 50—69 M Cerebral infarctions FFQ 8 Age, supplementation, cigarettes, BMI, SBP, DBP, total cholesterol, HDL,
ATBC Study, Finland incidence: 2702 DM, CHD, physical activity, and intake of alcohol and energy.

Liang [38], 2011 Case-control — 464 69 W/M Ischemic stroke: FFQ 7 Age, weekly intake of iron, sodium, potassium, calcium, and magnesium,
Guangdong case-control controls 374 weekly energy intake, sex, BMI, education level, physical activity, smoking
study, China status, alcohol drinking, and presence of HTN, hyperlipidemia, or DM.
Montonen [39], 2009 Prospective cohort 28 3958 52 W/M Cerebrovascular Dietary history 7 Age, sex, energy intake, smoking, BMI, physical activity, geographic area,

Finnish Mobile Clinic disease incidence: interview HTN, occupation, DM, use of post-menopausal hormones, serum
Health Examination 659 cholesterol, and consumptions of butter, vegetables, fruits and berries.
Survey, Finland
Nagata [40], 2004 Prospective cohort 7 29,079 55 W/M Stroke death: 269  FFQ 8 Age, total energy, marital status, years of education, BMI, smoking status,
Takayama Study, Japan alcohol intake, exercise, histories of HTN and DM, and intake of protein,
potassium, and vitamin E.
O'Donnell [41], 2011 Prospective cohort 4.7 4729 67 W/M Stroke incidence:  24-h urinary 8 Age, sex, race/ethnicity, prior history of stroke or myocardial infarction,
ONTARGET and 1282 sodium excretion creatinine, BMI, HTN, DM, atrial fibrillation, smoking, LDL, HDL, treatment
TRANSCEND trials, allocation, fruit and vegetable consumption, level of exercise, baseline BP
Multinational and change in SBP from baseline to last follow-up, and urinary potassium.
Okayama [42], 2016 Prospective cohort 24 8283 49 W/M Stroke death: 273  3-day weighing 7 Age
NIPPON DATASO, Japan dietary record
Takachi [42], 2010 Prospective cohort 7.7 77,500 57 W/M Stroke incidence:  FFQ 8 Age, sex, BMI, smoking status, alcohol consumption, physical activity, and
JPHC, Japan 1745 intakes of energy, potassium, and calcium.
Tuomilehto [44], 2001 Prospective cohort 1982/ 2420 46 W/M Stroke incidence: ~ 24-h urinary 8 Age, sex, study year, smoking, serum total and HDL cholesterol, SBP, and
North Karelia, Kuopio, and 1987—-1995 84 sodium excretion BMI.
Turku-Liomaa study,
Finland
Willey [45], 2017 Prospective cohort 12 2570 69 W/M Stroke incidence:  FFQ 8 Age, sex, high-school completion, race ethnicity, total calories,

Northern Manhattan Study,
us

274

Mediterranean diet score, alcohol use, physical activity, smoking, eGFR,
BMI, HTN, DM hypercholesterolemia, and sodium intake.

Abbreviations: ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention; BMI, body mass index; CHD, coronary heart disease; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; FFQ, food frequency ques-
tionnaire; HDL, high density lipoprotein; HTN, hypertension; JACC, Japan Collaborative Cohort study; JPHC, Japan Public Health Center-based Prospective Study; M, men; NHANES, National Health and Nutrition Examination
Survey; NIPPON DATA, National Integrated Project for Prospective Observation of Non-communicable Disease And its Trends in the Aged; SBP, systolic blood pressure; ONTARGET, Ongoing Telmisartan Alone and in combination
with Ramipril Global Endpoint Trial; TRANSCEND, Telmisartan Randomized Assessment Study in ACE Intolerant Subjects With Cardiovascular Disease; W, women.
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The pooled RR of stroke for a 1 gr/d increment in dietary sodium
intake was 1.06 (95%Cl: 1.02, 1.10), with high heterogeneity,
I> = 60.4%, Pheterogeneity = 0.002 (Fig. 2).

3.2. Sensitivity analysis, subgroup analysis and publication bias

In the sensitivity analysis, the pooled RR ranged from 1.04 (95%
CI: 1.01, 1.06) with the exclusion of the Japan Collaborative Cohort
Study [26], to 1.07 (95%Cl: 1.02, 1.11) with the exclusion of the
ONTARGET and TRANSCEND trials [41] (Supplementary Table 5),
and the first study explained much of the heterogeneity, I* = 34.5%,
Pheterogeneity = 0.11. A subgroup analysis by study location showed a
significant positive association only among Asian studies, but not
among the US and European studies. A significant positive associ-
ation persisted even after adjustment for baseline blood pressure,
body mass index, smoking, physical activity, and intakes of alcohol,
energy, and potassium. The subgroup analyses yielded geograph-
ical location, follow-up duration, number of cases, dietary assess-
ment method, and adjustment for main confounders as the
potential sources of the heterogeneity (Table 2).

The pooled RRs were 1.03 (95%Cl: 1.01, 1.05; I*> = 22.1%,
Pheterogeneity = 0.23; n = 11 studies), 1.15 (95%Cl: 0.98, 1.31;
12 = 74.7%, Pheterogeneity = 0.008; n = 4 studies), and 1.14 (95%Cl:
1.00,1.27; I> = 82.5%, Pheterogeneity = 0.001; n = 4 studies) for stroke
incidence, stroke mortality, and ischemic stroke, respectively. In the
analysis of stroke mortality, when the NHANES II study was
excluded [32], the pooled RR altered to 1.20 (95%CI: 1.02, 1.38;
? = 75.7%, Pheterogeneity = 0.02; n = 3 studies). No evidence of
publication bias was found with Egger's test (P = 0.11) and Begg's
test (P = 0.27), but the funnel plot showed some indications of
asymmetry (Supplementary Fig. 1).

Ten studies reported sufficient information for inclusion in the
nonlinear dose-response meta-analysis [26,27,33,36—41,43], and
the result showed no evidence of departure from linearity in the
main analysis (P for nonlinearity = 0.23, n = 10 studies) (Fig. 3).
Nearly similar result with the main analysis was found in the
analysis of stroke incidence (P for nonlinearity = 0.06, n = 8
studies) [27,33,36—39,41,43], whereas the analysis of stroke mor-
tality showed a steeper increase in the risk with increasing sodium
intake (P for nonlinearity = 0.95, n = 3 studies) [26,27,40]. The

analysis of Asian studies demonstrated a steeper increase in the risk
in comparison to western studies (Fig. 3).

3.3. Dietary sodium-to-potassium ratio and risk of stroke

Five studies with a total of 92,405 participants and 2077 cases of
stroke were included in the analysis of dietary sodium-to-
potassium ratio [26,34,35,42,45]|. A one-unit increment in dietary
sodium-to-potassium ratio (mmol/mmol) was associated with a
22% higher risk of stroke (Pooled RR: 1.22, 95%CI: 1.04, 1.41), with
moderate-to-high evidence of heterogeneity, 1> = 60%,
Pheterogeneity = 0.04 (Fig. 4). In the sensitivity analysis, the pooled RR
ranged between 1.17 and 1.28 with the exclusion of each study in
turn (Supplementary Table 6). The pooled RR of ischemic stroke for
a one-unit increment in sodium-to-potassium ratio was 1.35 (95%
Cl: 1.14, 1.56; I? = 0%, Preterogeneity = 0.53; n = 3 studies).

Three studies were eligible for inclusion in the nonlinear dose-
response meta-analysis [26,35,42], and meta-analysis showed
that there was a linear association between dietary sodium-to-
potassium ratio and risk of stroke (P for nonlinearity = 0.08) (Fig. 3).

4. Discussion

The present study provides new summarized evidence
regarding the association of sodium intake and risk of stroke, and
indicates that higher sodium consumption (by 6%), as well as
higher dietary sodium-to-potassium ratio (by 22%) are associated
with a higher risk of stroke. A nonlinear dose-response meta-
analysis suggested that the risk of stroke increased linearly in the
both analyses. No evidence of a U-shaped or J-shaped association
was found in the analyses of total stroke, stroke incidence, and
stroke mortality.

In the analysis of sodium intake, a subgroup analysis by region
demonstrated a significant positive association only among Asian
studies as compared to western studies, possibly due to the higher
salt consumption, and higher rate of stroke mortality in Asian so-
cieties as compared to western countries [46]. Additionally, the
number of participants was substantially higher in Asian subgroup
than in western (173,668 vs 79,781), making it possible to show
greater effect size. A subgroup analysis by assessment method

Author Year Country Design ES (95% ClI)
Cohen 2006 US Cohort HI—Ef 0.95 (0.75, 1.21)
Montonen 2009  Finland Cohort +' 1.00 (0.92, 1.10)
Larsson 2008  Finland Cohort ; 1.00 (0.94, 1.06)
Kagan 1985 US Cohort 4:3* 1.00 (0.89, 1.14)
O’Donnell 2011 International ~ Cohort *> 1.02 (0.98, 1.06)
Takachi 2010  Japan Cohort .0 1.04 (1.00, 1.07)
Geleijnse 2007  Netherland Case-cohort # 1.05 (0.87, 1.27)
Tuomilehto 2001 Finland Cohort —IO:— 1.05 (0.93, 1.20)
Liang 2011 China Case-control o 1.05(0.99, 1.11)
He 1999 US Cohort i 1.05(0.98, 1.12)
Judd 2013 US Cohort 74:—% 1.19 (0.89, 1.58)
Nagata 2004  Japan Cohort E+ 1.27 (1.08, 1.47)
Umesawa 2008  Japan Cohort E — 1.30 (1.17, 1.44)
Gardener 2012 US Cohort E —— 1.37 (1.15, 1.61)
Overall (I-squared = 60.4%, p = 0.002) Q 1.06 (1.02, 1.10)

i
NOTE: Weights are from random effects analysis :

070 1.0 1?5

Fig. 2. Relative risk of stroke for a 1 gr/d increment in sodium intake.



A. Jayedi et al. / Clinical Nutrition 38 (2019) 1092—1100 1097

Table 2
Relative risk of stroke for a 1 gr/d increment in sodium intake.

Comparison n Pooled RRs 1 (%), Pheterogeneity” Ppetween”

All studies 14 1.06 (1.02—1.10) 62.7, 0.001 -

Sex

Men 3 1.05(0.91-1.19) 55.9,0.10 —

Women 2 1.18(1.00-1.36) 0.0,0.50

Region

us 5 1.08 (0.97-1.19) 57.2,0.05 0.18

Europe 4 1.01(0.96-1.05) 0.0,0.88

Asia 4 1.13(1.03—1.23) 83.3, <0.0001

Follow-up duration

< 13 years 10 1.09 (1.04—-1.14) 69.2, 0.001 0.15

> 13 years 4 1.01(0.97-1.05) 0.0, 0.66

Number of cases

< 500 9 1.07 (1.01-1.12) 45.3,0.07 033

> 500 5 1.05(0.99—-1.12) 76.9,0.002

Assessment of intake

Dietary assessment 11 1.07 (1.02—1.12) 68.3, <0.0001 0.30

Urinary excretion 3 1.02(0.99-1.06) 0.0,0.88

Weight

Nonoverweight 2 1.15(0.85—1.45) 91.9, <0.0001 —

Overweight 2 1.17(1.05-1.28) 0.0, 0.45

Adjustments

Smoking status Yes 13 1.06 (1.02—1.10) 63.0, 0.001 0.52
No 1 1.00(0.89-1.14) —

Blood pressure Yes 11 1.08 (1.02—1.13) 69.2, <0.0001 0.84

or HTN

No 3 1.04(1.00-1.07) 0.0,0.83

Physical activity Yes 10 1.07 (1.02-1.11) 71.6, <0.0001 0.93
No 4 1.04(0.96-1.12) 0.0,0.77

Body mass index Yes 13 1.06 (1.02—1.10) 63.0, 0.001 0.52
No 1 1.00(0.89-1.14) —

Educational levels  Yes 1.14 (1.05-1.23) 80.8,0.001 0.005
No 6 1.02(1.00-1.05) 0.0,0.85

Alcohol intake Yes 10 1.08 (1.03—1.14) 69.2, 0.001 0.12
No 4 1.02(0.98-1.05) 0.0,0.75

Energy intake Yes 10 1.05(1.01-1.09) 47.8,0.04 0.97
No 4 1.09(0.97-1.20) 80.8, 0.001

Potassium intake ~ Yes 6 1.04 (1.01-1.07) 28.1,0.22 0.64
No 8 1.09(1.01-1.16) 72.7,0.001

Abbreviations: HTN, hypertension; FFQ, food frequency questionnaire.
2 P-heterogeneity within subgroups with the use of a random-effects model.
b p-heterogeneity between subgroups with the use of a fixed-effects model.

yielded a significant positive association only among studies used
FFQ or dietary recall or record as compared to those studies
measured urinary sodium excretion, despite the fact that, as
compared to urinary excretion, dietary assessment methods tend to
underestimate sodium intake [47]. The large-scale cohort studies
generally use FFQ to assess sodium intake, and as a result, this
inconsistent finding may partly be due to the substantial higher
number of participants in the subgroup with dietary assessment
method (244,852 vs 8,597, respectively).

A nonlinear dose-response meta-analysis demonstrated that
there was no evidence of a nonlinear dose-response association
between dietary sodium and sodium-to-potassium ratio with risk
of stroke. As above mentioned, some investigations demonstrated a
J/U-shaped association between sodium intake with risk of all-
cause and CVD mortality and morbidity [5,11,12,48]. However, our
outcome is limited to stroke. Thus, our conclusion regarding the
absence of a J/U-shaped association cannot be generalized to other
CVD events. In addition, we observed a marginally significant dose-
dependent association in the analysis of sodium intake and stroke
incidence (P for nonlinearity = 0.06). This finding is very similar
with that of western studies, and this may be due to the fact that six
out of eight studies included in the analysis of stroke incidence
were from western countries. The analysis of western countries
demonstrated that the risk of stroke did not change within intake of
0-5 gr/day, and then increased linearly, with risk increasing
significantly at an intake of about 6 gr/day. The analysis of western

countries indicated that change in dietary sodium intake within
intake of 0—6 gr/day did not materially increase the risk of stroke,
whereas the analysis of Asian studies indicated that even a small
increase in dietary sodium intake is associated with a higher risk.

In the analysis of stroke mortality, the risk increased with an
evidently steeper trend in comparison to stroke incidence, espe-
cially at low and moderate intakes (<5 gr/d). Generally, because of
the fewer number of cases, the risk of stroke mortality is expected
to be less than stroke incidence. [27], This inconsistent finding may
be partially because that two of three studies included in the
analysis of stroke mortality were conducted in Japan, a country
with higher sodium intake and higher rate of stroke mortality as
compared to western countries [26,46|. Additionally, included
studies in the analysis of stroke mortality were large-scale pro-
spective cohort studies. Thus, it is reasonable to show stronger ef-
fect size.

Reducing sodium consumption is expected to decrease the risk
of CVD events. A recent meta-analysis of five randomised trials
suggested a nonsignificant trend toward a lower CVD risk with
decreasing sodium intake [49]. The national-based interventional
policies in some countries also yielded successful results, in which
reducing sodium content of foods in the national level resulted in a
substantial decrement in population sodium intake, and simulta-
neously, a substantial decrement in the rate of CVD events [50,51].
However, due to the wide distribution of sodium in different foods,
especially fast foods, food additives, seasonings, and condiments;
and also due to the great correlation between sodium and energy
intakes, it may be hard to comply efficiently with low-sodium diets,
especially in long term [52]. Current sodium and potassium intakes
among the US populations are estimated to be 2300—4500 mg/
d and 2400—3200 mg/d, respectively [53], suggesting a possible
dietary sodium-to-potassium ratio of more than one. A prospective
evaluation within the third NHANES study indicated that higher
dietary sodium-to-potassium ratio was associated with significant
higher risk of all-cause and CVD mortality [18]. Thus, it seems that
reducing dietary sodium-to-potassium ratio can be considered as a
supplementary approach along with the decrease in dietary sodium
intake. A recent meta-analysis of fifteen randomized controlled
trials indicated that potassium supplementation could decrease
blood pressure in both patients with and without HTN [54]. The
authors also found a significant correlation between urinary
sodium-to-potassium ratio and blood pressure level. Another
recent meta-analysis of 16 cohort studies showed that high vs low
potassium intake was associated with a 13% significant lower risk of
stroke in the blood pressure-adjusted analysis [55], which sug-
gested a possible blood pressure—independent effect of potassium
intake on stroke risk. Dietary potassium may inhibit formation of
free radicals [56], and has been shown to have protective effects
against the development of vascular damage induced by salt
loading, partially by suppression of the production of reactive ox-
ygen species [57]|. Another meta-analysis of 33 randomized
controlled trials indicated that blood pressure-lowering effects of
potassium supplementation were more evident among those with
higher dietary sodium intakes [58]. It seems that higher potassium
intake could mitigate unfavorable effects of high sodium con-
sumption, and has a possible mediatory effect on salt-CVD associ-
ation [59]. However, well-designed controlled trials are needed to
test the possible effects of reducing dietary sodium-to-potassium
ratio on the blood pressure levels, and possibly on the risk of
stroke and other CVD events.

4.1. Strength and limitations

The present study was the first try to show the nonlinear dose-
response association of dietary sodium intake and risk of stroke. We
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Fig. 3. Dose-response association of sodium intake and dietary sodium-to-potassium ratio with risk of stroke.

appropriately could show the association of different levels of di-
etary sodium intake with risk of stroke, with several subgroup and
sensitivity analyses. Furthermore, for the first time, we could show
the shape of the dose-response association of dietary sodium-to-
potassium ratio with risk of stroke.

Our work also was accompanied by several important limita-
tions. Our main limitation may be the observational nature of

studies examined, making it hard to conclude a causal relationship
from the results. Some important inherent limitations of observa-
tional studies assessing salt-CVD association are as follows: not
randomly classification of participants across categories of sodium
intake, the possible cofounding effects of other factors associated
with sodium consumption, not equal distribution of comorbidities
across categories of sodium intake, and poor measurement of
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dietary sodium and other effective variables in some studies
[60,61]. Second, the primary studies did not address within-
individual variations in sodium intake over the follow-up period,
as well as day-to-day variance in 24-hour urinary sodium excretion
[61], which might result in measurement error. Third, our results
were accompanied by high heterogeneity in the analysis of dietary
sodium. However, subgroup analyses suggested region, follow-up
duration, number of cases, dietary assessment method, and
adjustment for main confounders as the potential sources of the
heterogeneity. Additionally, ten of fourteen studies reported effect
size above 1, and only one study reported effect size below 1. Thus,
the observed heterogeneity may be largely attributable to differ-
ences in the effect size of the studies examined, rather than in-
consistencies in the direction of the association. Fourth, although
there was no evidence of publication bias with Egger's test and
Begg's test, but the funnel plot seemed to be asymmetric. Thus, our
results may have been affected by publication bias. Finally, in the
analysis of sodium-to-potassium ratio, the weights of the two
studies implemented in Japan are by far bigger compared with
other studies. Considering that significant associations between
dietary sodium-to-potassium ratio and risk of stroke were high-
lighted mainly in the two large-scale Japanese prospective cohort
studies, this could probably determine the final significant pooled
effects. This seems quite an important limitation of the present
meta-analysis and raises concerns about the generalization of the
results.

5. Conclusion

The present meta-analysis suggests that both higher dietary
sodium and higher dietary sodium-to-potassium ratio are associ-
ated with a higher risk of stroke. Therefore, reducing dietary
sodium-to-potassium ratio can be considered as a supplementary
approach along with the decrease in dietary sodium intake. Well-
controlled trials are needed to assess the possible effects of
reducing dietary sodium-to-potassium ratio on blood pressure
levels, as well as on the risk of stroke and other CVD events.
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