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Abstract
Objective To determine the effects of longer term modest salt reduction on blood pressure, hormones, and lipids.
Design Systematic review and meta-analysis.
Data sources Medline, Embase, Cochrane Hypertension Group Specialised Register, Cochrane Central Register of Controlled Trials, and reference list of relevant articles.
Inclusion criteria Randomised trials with a modest reduction in salt intake and duration of at least four weeks.
Data extraction and analysis Data were extracted independently by two reviewers. Random effects meta-analyses, subgroup analyses, and meta-regression were performed.
Results Thirty four trials (3230 participants) were included. Meta-analysis showed that the mean change in urinary sodium (reduced salt v usual salt) was −75 mmol/24 h (equivalent to a reduction of 4.4 g/day salt), and with this reduction in salt intake, the mean change in blood pressure was −4.18 mm Hg (95% confidence interval −5.18 to −3.18, I2=75%) for systolic blood pressure and −2.06 mm Hg (−2.67 to −1.45, I2=68%) for diastolic blood pressure. Meta-regression showed that age, ethnic group, blood pressure status (hypertensive or normotensive), and the change in 24 hour urinary sodium were all significantly associated with the fall in systolic blood pressure, explaining 68% of the variance between studies. A 100 mmol reduction in 24 hour urinary sodium (6 g/day salt) was associated with a fall in systolic blood pressure of 5.8 mm Hg (2.5 to 9.2, P=0.001) after adjustment for age, ethnic group, and blood pressure status. For diastolic blood pressure, age, ethnic group, blood pressure status, and the change in 24 hour urinary sodium explained 41% of the variance between studies. Meta-analysis by subgroup showed that in people with hypertension the mean effect was −5.39 mm Hg (−6.62 to −4.15, I2=61%) for systolic blood pressure and −2.82 mm Hg (−3.54 to −2.11, I2=52%) for diastolic blood pressure. In normotensive people, the figures were −2.42 mm Hg (−3.56 to −1.29, I2=66%) and −1.00 mm Hg (−1.85 to −0.15, I2=66%), respectively. Further subgroup analysis showed that the decrease in systolic blood pressure was significant in both white and black people and in men and women. Meta-analysis of data on hormones and lipids showed that the mean change was 0.26 ng/mL/h (0.17 to 0.36, I2=70%) for plasma renin activity, 73.20 pmol/L (44.92 to 101.48, I2=62%) for aldosterone, 187 pmol/L (39 to 336, I2=5%) for noradrenaline (norepinephrine), 37 pmol/L (−1 to 74, I2=12%) for adrenaline (epinephrine), 0.05 mmol/L (−0.02 to 0.11, I2=0%) for total cholesterol, 0.05 mmol/L (−0.01 to 0.12, I2=0%) for low density lipoprotein cholesterol, −0.02 mmol/L (−0.06 to 0.01, I2=16%) for high density lipoprotein cholesterol, and 0.04 mmol/L (−0.02 to 0.09, I2=0%) for triglycerides. 
Conclusions A modest reduction in salt intake for four or more weeks causes significant and, from a population viewpoint, important falls in blood pressure in both hypertensive and normotensive individuals, irrespective of sex and ethnic group. Salt reduction is associated with a small physiological increase in plasma renin activity, aldosterone, and noradrenaline and no significant change in lipid concentrations. These results support a reduction in population salt intake, which will lower population blood pressure and thereby reduce cardiovascular disease. The observed significant association between the reduction in 24 hour urinary sodium and the fall in systolic blood pressure, indicates that larger reductions in salt intake will lead to larger falls in systolic blood pressure. The current recommendations to reduce salt intake from 9-12 to 5-6 g/day will have a major effect on blood pressure, but a further reduction to 3 g/day will have a greater effect and should become the long term target for population salt intake.

Introduction
The current public health recommendations in most countries are to reduce salt intake from about 9-12 g/day to 5-6 g/day.1 2 Much evidence shows that such a reduction in salt intake lowers blood pressure.3 The evidence comes from different types of studies including epidemiological,4 migration,5 population based intervention,6 genetic,7 and animal studies,8 as well as treatment trials.9 As raised blood pressure throughout its range is a major cause of cardiovascular disease,10 a reduction in salt intake, if it lowered blood pressure, would reduce cardiovascular risk. Indeed, both prospective cohort studies and outcome trials have shown that a lower salt intake is related to a reduced risk of cardiovascular disease.11 12
A recent meta-analysis by Graudal and colleagues,13 14 however, claimed that salt reduction can have adverse effects on hormones and lipids, which might mitigate any benefit that occurs with the reduction in blood pressure. They also implied that the fall in blood pressure in normotensive people was doubtful of public health benefit. The meta-analysis, however, was flawed from a public health perspective, as they included a large number of short term trials with a large change in salt intake—for example, from 20 g/day to less than 1 g/day for only four to five days—and such metabolic studies are irrelevant to the current public health recommendations for a modest reduction in salt intake for a long period of time.
We carried out a meta-analysis to determine the effects of a longer term modest reduction in salt intake on blood pressure, plasma renin activity, aldosterone, noradrenaline (norepinephrine), adrenaline (epinephrine), total cholesterol, low density lipoprotein cholesterol, high density lipoprotein cholesterol, and triglycerides, as well as further subgroup analyses by ethnic group and sex.

Methods
Literature search
We developed a search strategy (see appendix 1) to search electronic databases for randomised salt reduction trials: Medline from 1950 to November 2012; Embase from 1980 to November 2012; Hypertension Group Specialised Register; and Cochrane Central Register of Controlled Trials. Additionally, we reviewed reference lists of relevant original and review articles to search for more trials. There were no language restrictions.

Inclusion criteria
For inclusion, trials needed to satisfy the following criteria:
	Random allocation either to a modestly reduced salt intake or usual salt intake (control)

	No concomitant interventions (such as non-pharmacological interventions, antihypertensive or other drugs) in either group

	The reduction in 24 hour urinary sodium had to be within the range of 40-120 mmol (equivalent to a reduction of 2.3-7.0 g/day salt). The reduction in 24 hour urinary sodium (UNa) was calculated as UNa(Post)−UNa(Pre) for crossover trials, where UNa(Post) designated to the average 24 hour urinary sodium at the end of the reduced salt intake period and UNa(Pre) designated to the average 24 hour urinary sodium at the end of the usual salt intake period (that is, the control period). In parallel trials the change in urinary sodium was calculated as [UNa(Post)−UNa(Pre)] reduced salt group−[UNa(Post)−UNa(Pre)] usual salt group, where UNa(Post) designated to the average 24 hour urinary sodium at the end of follow-up and UNa(Pre) designated to the average 24 hour urinary sodium at baseline.

	Duration of salt reduction had to be four weeks or more 

	Study participants were not children (that is, not aged <18) or pregnant women or individuals with other diseases other than hypertension, such as diabetes or heart failure.



Study quality
Criteria for the assessment of study quality were as follows.
Allocation concealment—The allocation sequences were defined as adequately concealed if participants and investigators could not foresee assignment—for example, a previously numbered or coded drug container of identical appearance prepared by an independent pharmacy or central randomisation—and as inadequately concealed if participants and investigators could foresee assignment—for example, open list of random numbers.
Blinding—We distinguished trials by the methods of blinding—that is, double blind, observer blind to blood pressure, or open study.
Completeness of follow-up—We defined trials as using intention to treat analysis if all participants were analysed in the groups to which they were randomly allocated and as not using intention to treat analysis if only participants who completed the trial were included in the analysis. We also recorded the number of participants who were lost to follow-up after randomisation.

Data extraction and outcome measures
Two authors (FJH and JL) independently extracted data using a standard form and resolved differences by discussion with the third author. Recorded data included characteristics of the study, design (parallel or crossover), type of the study (open, single blind, or double blind), method of randomisation, method of blinding (use of placebo, random zero or automated sphygmomanometers, or observer blind to blood pressure), study duration, and results before and after intervention. From each trial we extracted the changes in systolic and diastolic blood pressure, 24 hour urinary sodium excretion, plasma renin activity, and aldosterone, noradrenaline, adrenaline, total cholesterol, low density lipoprotein cholesterol, high density lipoprotein cholesterol, and triglyceride concentrations. For the purpose of pooled analyses, we also recorded statistics that could be used to estimate the variance of the outcome measures.

Statistical analyses
For each trial, we calculated the treatment effect for outcomes. In crossover trials, the treatment effect was the difference in outcomes between the end of the reduced salt period and the end of the usual salt (control) period. In parallel trials, the treatment effect was the difference between the two treatment groups in the change in outcomes from baseline to the end of follow-up.
For each trial, we also calculated the variance of the treatment effect for outcomes. This was derived from standard deviations or standard errors of paired differences between baseline and the end of follow-up for each group in a parallel trial15 or between the two treatment periods in a crossover trial or, if these statistics were not given, from confidence intervals and exact t or P values. If we could not derive the exact variance of paired difference, we imputed it by inverting a boundary P value (for example, P<0.05 became P=0.05) or assuming a correlation coefficient of 0.5 between the initial and final measurement.16
To assess the mean effect sizes, we pooled the data by the inverse variance method in random effects meta-analysis. We used the I2 test to examine heterogeneity, with I2>50% considered to be important.17 To explore the source of heterogeneity, we performed meta-regression analyses (multiple regression models) weighted by the inverse variance of the change in systolic or diastolic blood pressure. The meta-regression analysis was also used to examine whether there was a dose-response relation between the change in 24 hour urinary sodium and the change in blood pressure. We used funnel plot asymmetry to detect whether there was publication bias and Egger’s regression test to measure funnel plot asymmetry.18 19
Prespecified subgroupings included blood pressure status (that is, hypertensive or normotensive) and further subgroupings by ethnic group and sex. The purpose of the subgroup analysis was to determine whether there was a significant effect of salt reduction on blood pressure in each group itself rather than identifying difference in the effect between groups. For the analysis stratified by ethnic group, we included trials in the group of “white” if ≥85% of participants were white. If the information on ethnic group was not available, we excluded the trial from this subgroup analysis. For hormone and lipid data, subgroup analyses were not performed because of the small number of trials that reported such outcomes.
Statistical analyses were performed with Cochrane Collaboration RevMan 5.1 software and SPSS.


Results
Figure 1⇓ shows the number of studies assessed and excluded through the stages of the meta-analysis. A total of 30 papers met our inclusion criteria and were included in our meta-analysis.20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 Among these 30 papers, four included both hypertensive and normotensive individuals.24 35 37 40 In our meta-analysis, the main outcome data (blood pressure) were recorded for hypertensive and normotensive people separately. To avoid confusion in counting the number of trials, each of these four papers was counted as two trials. Therefore, our meta-analysis included a total of 34 trials, of which 22 were in hypertensive individuals and 12 in normotensive individuals. For two papers in which three levels of salt intake were studied,32 37 we included the high and intermediate levels (that is, urinary sodium reduced from 190 to 108 mmol/24 h) in one trial32 and in the other37 we included the high and low levels (that is, urinary sodium reduced from 145 to 65 mmol/24 h in hypertensive individuals and from 139 to 64 mmol/24 h in normotensive individuals on the normal American diet.37 In three studies in which only subgroup data were reported,21 42 47 they were entered for subgroups separately.
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Fig 1 PRISMA flow diagram of studies included in review of salt reduction on blood pressure
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Effect on blood pressure
Trials in all individuals
We included 34 trials with 3230 participants. Table 1 summarises the characteristics of the trials included in the meta-analysis⇓. The median age was 50 (range 22-73). Of the 34 trials, 23 used crossover design and 11 used paralleled comparisons. Twenty two of the 34 trials were double blind, in 11 the observer was blind to blood pressure, and one did not report any blinding procedure. The study duration varied from four weeks to three years (median four weeks). With the usual salt intake the median 24 hour urinary sodium was 160 mmol (range 125-200 mmol), equivalent to a salt intake of 9.4 g/day (range 7.3-11.7 g/day) and the median blood pressure was 141/86 mm Hg. The pooled estimate of the change in 24 hour urinary sodium from the usual to the reduced salt intake was −75 mmol (range −40-−118 mmol), equivalent to a reduction in salt intake of 4.4 g/day (range 2.3 to 6.9 g/day). This average reduction in salt intake is similar to that of the current public health recommendations.
Table 1  Characteristics of trials included in meta-analysis of studies on effect of salt reduction on blood pressure
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Figure 2⇓ shows the change in systolic blood pressure with salt reduction in individual trials included in the meta-analysis and the mean effect size. The pooled estimates of changes in blood pressure were −4.18 mm Hg (95% confidence interval −5.18 to −3.18, P<0.001, I2=75%) for systolic blood pressure and −2.06 mm Hg (−2.67 to −1.45, P<0.001, I2=68%) for diastolic blood pressure.
[image: Figure2]

Fig 2 Change in systolic blood pressure and corresponding 95% confidence interval in individual trials included in meta-analysis and mean effect size
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To explore the source of heterogeneity, we performed meta-regression analysis with the change of blood pressure (systolic or diastolic) as the dependent variable; the independent variables included age (mean age of the participants in individual trials), blood pressure status (hypertensive=1; normotensive=0), ethnic group (proportion of white people as a continuous variable), and the change in 24 hour urinary sodium. The results showed that the change in 24 hour urinary sodium, age, blood pressure status, and ethnic group were all significantly associated with the change in systolic blood pressure. The regression coefficients indicated that a 100 mmol reduction in 24 hour urinary sodium (6 g/day salt) was associated with a decrease of 5.8 mm Hg (95% confidence interval 2.5 to 9.2, P=0.001) in systolic blood pressure; a one year increase in age was associated with a 0.06 mm Hg (0.006 to 0.116, P=0.030) greater decrease in systolic blood pressure with salt reduction; being hypertensive was associated with a greater fall in systolic blood pressure (P=0.042) compared with having normal blood pressure; and a larger proportion of white people (or a smaller proportion of black people) was associated with a smaller fall in systolic blood pressure (P=0.001). These four variables together explained 68% of the variance between studies. In a separate regression model, sex (proportion of men as a continuous variable) was added to the list of independent variables, and there was little change to the adjusted R2 (R2=0.68 without sex and R2=0.70 with sex). Sex was not significantly associated with the change in systolic blood pressure. For diastolic blood pressure, age, ethnic group, blood pressure status, and 24 hour urinary sodium together explained 41% of the variance between studies. Among these four variables, only ethnic group was significant (P=0.021) and the three other variables were not significantly associated with the change in diastolic blood pressure. When sex was added to the regression model, there was little change in the adjusted R2 (R2=0.41 and 0.44 for the regression model with and without sex, respectively). Sex was not significantly associated with the change in diastolic blood pressure.

Trials in hypertensive individuals
Nine hundred and ninety people with hypertension were studied in 22 trials. The median age was 50 (range 24-73). The study duration varied from four weeks to one year (median five weeks). With usual salt intake the median 24 hour urinary sodium was 162 mmol (range 125-191 mmol), equivalent to a salt intake of 9.5 g/day (range 7.3-11.2 g/day) and the median blood pressure was 148/93 mm Hg. The pooled estimate of the change in 24 hour urinary sodium from the usual to the reduced salt intake was −75 mmol (range −53-−117 mmol), equivalent to a reduction in salt intake of 4.4 g/day (range 3.1-6.8 g/day). 
The pooled estimates of changes in blood pressure were −5.39 mm Hg (95% confidence interval −6.62 to −4.15, P<0.001, I2=61%) for systolic and −2.82 mm Hg (−3.54 to −2.11, P<0.001, I2=52%) for diastolic blood pressure. Meta-regression with the change in blood pressure as the dependent variable and age, ethnic group, and the change in 24 hour urinary sodium as independent variables, showed that the change in 24 hour urinary sodium and ethnic group were significantly associated with the fall in systolic blood pressure, whereas age was not significantly associated with the fall in systolic blood pressure. A 100 mmol reduction in 24 hour urinary sodium (6 g/day salt) was associated with a fall in systolic blood pressure of 10.8 mm Hg (3.5 to 18.2, P<0.01) after adjustment for age and ethnic group. All three variables together explained 46% of the variance between studies. For diastolic blood pressure, the three variables together explained 11% of the variance between studies and none of the three variables was significantly associated with the fall in diastolic blood pressure.

Trials in normotensive individuals
Two thousand two hundred and forty individuals with normal blood pressure were studied in 12 trials. The median age was 50 (range 22-67). The study duration varied from four weeks to three years (median four weeks). With usual salt intake the median 24 hour urinary sodium was 153 mmol (range 128-200 mmol), equivalent to a salt intake of 8.9 g/day (range 7.5-11.7 g/day) and the median blood pressure was 127/77 mm Hg. The pooled estimate of the change in 24 hour urinary sodium from the usual to the reduced salt intake was −75 mmol (range −40-−118 mmol), equivalent to a reduction in salt intake of 4.4 g/day (range 2.3 to 6.9 g/day). 
The pooled estimates of changes in blood pressure were −2.42 mm Hg (95% confidence interval −3.56 to −1.29, P<0.001, I2=66%) for systolic blood pressure and −1.00 mm Hg (−1.85 to −0.15, P=0.02, I2=66%) for diastolic blood pressure. Meta-regression with the change in blood pressure as the dependent variable and age, ethnic group, and the change in 24 hour urinary sodium as independent variables, showed that the change in 24 hour urinary sodium was significantly associated with the fall in systolic blood pressure, whereas age and ethnic group were not significantly associated with the fall in systolic blood pressure. A 100 mmol reduction in 24 hour urinary sodium (6 g/day salt) was associated with a fall in systolic blood pressure of 4.3 mm Hg (95% confidence interval 0.1 to 8.5, P<0.05) after adjustment for age and ethnic group. All three variables together explained 51% of the variance between studies. For diastolic blood pressure, the three variables together explained 43% of the variance between studies. Among these three variables, only ethnic group was significant (P=0.04) and the two other variables were not significantly associated with the change in diastolic blood pressure.

Further subgroup analysis
Table 2⇓ shows the pooled results of 24 hour urinary sodium and blood pressure by ethnic group and sex for hypertensive and normotensive people separately. There was a significant fall in systolic blood pressure in white and black people and in men and women. The fall in diastolic blood pressure was significant in most of the subgroups (table 2). There was only one trial in Asian people with hypertension, which showed a significant fall in both systolic and diastolic blood pressure with salt reduction (table 2).
Table 2  Change in 24 hour urinary sodium (UNa) and systolic and diastolic blood pressure (SBP, DBP) in hypertensive and normotensive individuals in salt reduction studies by ethnic group and sex


View this table:	View popup
	View inline








Effect on hormones and lipids
Appendix 2 shows the hormone and lipid data reported in individual trials included in the meta-analysis and table 3 shows the mean effects⇓. As one study reported plasma renin concentration rather than activity,40 we excluded it from the analysis. One trial33 was excluded from the aldosterone analysis as the plasma aldosterone was extremely high after the unit conversion (235 278 pmol/L with usual salt intake and 269 167 pmol/L with reduced salt intake). One other trial reported that “no changes were observed in plasma catecholamines” but did not provide the data.48 We therefore excluded this trial from the pooled analysis for noradrenaline and adrenaline. Two trials reported no significant change in cholesterol concentration,26 28 though no data were provided for the pooled analysis. One trial reported no significant change in plasma high density lipoprotein concentration but did not provide data26 so we excluded this trial from the pooled analysis.
Table 3  Effect of salt reduction on hormones and lipids in studies included in meta-analysis
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Study quality
Among the 34 trials included in our meta-analysis, 26 were judged to have adequate concealment of allocation of treatment. In eight trials, the information on concealment of allocation was not available. Despite the fact that only seven out of 34 trials performed intention to treat analysis, the percentage of participants lost to follow-up after randomisation was small (6.7% on average).
We included double blind, blood pressure observer blind, and open studies because some trials, such as the DASH (Dietary Approaches to Stop Hypertension)-Sodium,37 although non-double blinded, were well conducted with good compliance to different diets and it is difficult to make any dietary intervention study double blind. In relation to salt, this can be done only by the use of salt tablets (such as Slow Sodium and placebo). Among the 34 trials included in our meta-analysis, 22 were double blind, 11 were blood pressure observer blind, and only one small trial in people with hypertension was non-blind. Re-analysis of the data after exclusion of the non-blind study20 did not change the results. The pooled estimate of the change in blood pressure for hypertensive people was −5.35 mm Hg (95% confidence interval −6.62 to −4.09, P<0.001) for systolic blood pressure and −2.88 mm Hg (−3.58 to −2.18, P<0.001) for diastolic blood pressure after we excluded the non-blinded study.

Publication bias
We created funnel plots by plotting the treatment effect against the reciprocal of the standard error of the treatment effect. For diastolic blood pressure the funnel plot was symmetrical around the mean effect size line (asymmetry test P=0.416).18 For systolic blood pressure, the graphic plot was suggestive of bias (asymmetry test P=0.025) (fig 3⇓). This asymmetry of funnel plot might be because smaller studies showing no effect were under-reported in the literature, however, in our meta-analysis it is more likely to be caused by the smaller effects of two larger and longer term trials.44 49 The smaller effects in these two trials are attributable to the smaller reduction of salt intake achieved in the longer term trials. When we removed these two trials from the analysis, the asymmetry test was not significant (P=0.247).
[image: Figure3]

Fig 3 Funnel plot to explore publication bias. Vertical line is at mean effect size. Precision is reciprocal of standard error of change in systolic blood pressure
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Discussion
Our meta-analysis shows that a longer term modest reduction in salt intake of 4.4 g/day on average, causes significant and, from a population viewpoint, important falls in blood pressure in people with both raised and normal blood pressure. The blood pressure falls, on average, by 5/3 mm Hg in hypertensive people and 2/1 mm Hg in normotensive people. Further subgroup analyses show that a modest reduction in salt intake leads to a significant fall in systolic blood pressure in white and black people and in men and women. These results provide further strong support for a reduction in population salt intake, which will result in a lower population blood pressure and, thereby, a reduction in strokes, heart attacks, and heart failure.
The effect of a chronic high salt intake is a gradual increase in blood pressure throughout life. The INTERSALT study (International Study of Salt and Blood Pressure) suggested a strong relation between salt intake and a progressive increase in blood pressure with age—that is, 0.4 mm Hg per year for a 6 g/day salt intake.4 A reduction in salt intake is therefore likely to attenuate the rise of blood pressure with ageing, in addition to the immediate blood pressure lowering effect.
Dose-response to salt reduction
Our meta-regression analysis shows a significant dose-response relation between the reduction in salt intake and the fall in systolic blood pressure—that is, the greater the reduction in salt intake, the greater the fall in systolic blood pressure. A reduction of 6 g/day in salt intake predicts a decrease of 5.8 mm Hg in systolic blood pressure after adjustment for age, ethnic group, and blood pressure status.
It is acknowledged that the dose-response relation from meta-regression (that is, between study investigation) should be viewed as exploratory and could be prone to confounding. Meta-analysis with individual participant data would have an advantage both statistically and clinically50 51 and, if available, should be used in the future to explore the dose-response relation further. Nevertheless, the dose-response relation found in our study is consistent with that observed from rigorously controlled trials with multiple levels of salt intake, which provided the most persuasive evidence. There have been two trials that studied three levels of salt intake. The first one was the randomised double blind cross-over study in 20 individuals with untreated essential hypertension, where salt intake was reduced from 11.2 to 6.4 and to 2.9 g/day, each for one month.32 Blood pressure decreased from 163/100 to 155/95 and to 147/91 mm Hg with the reductions in salt intake. After the trial was completed, individuals continued the lowest salt intake. After one year, blood pressure remained controlled without any antihypertensive drugs in 16 individuals, and the average blood pressure was 142/87 mm Hg with a salt intake of 3.2 g/day.32 The other trial that studied the dose-response relation is the DASH-Sodium study. Over 400 individuals with normal or mildly raised blood pressure were randomised to receive either the normal American diet (control group) or the DASH diet, which is rich in fruits, vegetables, and low fat dairy products. Within each group, participants were given three levels of salt intake (8 to 6 and to 4 g/day) in a randomised crossover manner, each for four weeks. The results showed a clear dose-response relation both on the normal American diet and on the DASH diet. The fall in blood pressure was greater at a lower level of salt intake—that is, from 6 to 4 g/day compared with that from 8 to 6 g/day.37
From the evidence above, it is clear that the recommendations to reduce salt from the current levels of about 9-12 g/day to 5-6 g/day will have a significant effect on blood pressure but are not ideal. A further reduction to 3 g/day will have a much greater effect on blood pressure, and we consider that this should become the long term target for population salt intake. Indeed, the UK government’s health advisory agency, the National Institute for Health and Clinical Excellence (NICE) has recommended a reduction in the population’s salt consumption to 3 g/day by 2025.52 In the United States, it is recommended that sodium intake should be reduced to less than 2.3 g/day (equivalent to about 6 g/day salt) for most adults, with a further reduction to 1.5 g/day (4 g/d salt) for about half the population, including African Americans, all adults aged 51 and older, and individuals with hypertension, diabetes, or chronic kidney disease.53

Study duration
Despite inclusion of trials with duration of one month or longer, the median duration of salt reduction in our meta-analysis was only five weeks in the hypertensive people and four weeks in the normotensive people. Whether salt reduction has exerted its maximum effect by four to five weeks is not known, but evidence would suggest that this is unlikely. Among the 34 trials included in our meta-analysis, two had duration of over one year44 49 and both trials were in normotensive individuals. These two trials did not show a greater fall in blood pressure compared with other trials in normotensive individuals. The reduction in salt intake achieved in these two trials, however, was half that achieved in other trials. On average, salt intake was reduced by 2.4 g/day in these two longer term trials, whereas in the other trials in normotensive people, salt intake was reduced by 4.8 g/day. These studies clearly highlight the difficulty in keeping individuals on a lower salt intake for a long period of time because of the widespread presence of salt in nearly all processed, canteen, restaurant, and fast food.

Variations of blood pressure response to salt reduction
Previous studies have shown that for a given reduction in salt intake the fall in blood pressure was larger in individuals of African origin, in older people, and in those with raised blood pressure compared with white people, young people, and individuals with normal blood pressure, respectively.54 55 The results from our meta-regression analyses are consistent with these observations.
The term “salt sensitivity” has been commonly used to describe the variations of blood pressure response to salt reduction. Almost all of the studies on “salt sensitivity,” however, have used a protocol of large and sudden changes in salt intake. Such studies are irrelevant to the public health recommendations of more modest reduction in salt intake for a prolonged period of time. Our meta-analysis shows that a longer term modest reduction in salt intake has a significant effect on blood pressure in both hypertensive and normotensive individuals, men and women, and white and black people, although there is a variation in the extent of the fall in blood pressure. These results in conjunction with other evidence,3 particularly that a reduction in salt intake also lowers blood pressure in children,56 provide strong support that salt reduction should be carried out in the whole population. A reduction in population salt intake lowers population blood pressure. Even a small reduction of blood pressure across the entire population would have a large impact on reducing the burden of cardiovascular disease.

Effect on hormones and lipids 
A recent meta-analysis by Graudal and colleagues13 implied that salt reduction can have adverse effects on plasma hormones and lipids, which might mitigate any benefit that occurs with a long term fall in blood pressure. That meta-analysis, however, included a large number of short term trials with a large change in salt intake—for example, from 20 g/day to less than 1 g/day for only four to five days—and such metabolic studies are irrelevant to the current public health recommendations for a modest reduction in salt intake for a long period of time. Our meta-analysis shows that with such a reduction there is no significant change in plasma concentrations of total cholesterol, low density lipoprotein cholesterol, high density lipoprotein cholesterol, or triglycerides. Indeed, in the meta-analysis by Graudal and colleagues the changes in lipids occurred only with short term trials, and a subgroup analysis including trials with a duration of four or more weeks showed no significant change in lipid concentrations.13
When salt intake is reduced, there is a fall in extracellular volume and physiological stimulation of the renin-angiotensin-aldosterone system, as well as the sympathetic nervous system. These compensatory responses are bigger with sudden and large decreases in salt intake and much smaller or minimal with a longer term modest salt reduction. Our meta-analysis shows that with a longer term modest reduction in salt intake there was only a small physiological increase in plasma renin activity, aldosterone, and noradrenaline. It is worth noting that all of the studies included in our meta-analysis in which these hormones were measured had a duration of only four to six weeks (median duration four weeks). It is likely that such effects might attenuate over time. Indeed, a study by Beckmann and colleagues showed that a modest reduction in salt intake, along with a reduction in body weight and saturated fat for one year, significantly reduced arterial plasma noradrenaline and adrenaline in people with hypertension.57
Salt reduction lowers blood pressure by a similar mechanism to that of thiazide diuretics. Both stimulate the renin-angiotensin system and, in the short term, the sympathetic nervous system. Outcome trials have shown that long term treatment with thiazide diuretics significantly reduces cardiovascular morbidity and mortality in hypertensive individuals.58

Effect of salt reduction on cardiovascular risk
There is much evidence that raised blood pressure throughout its range starting at 115/75 mm Hg is a major cause of cardiovascular disease.10 A modest reduction in salt intake lowers blood pressure and, therefore, should reduce cardiovascular risk. It was estimated that a reduction of 6 g/day in salt intake could reduce stroke by 24% and coronary heart disease by 18%.9 This could prevent about 35 000 stroke and coronary heart disease deaths a year in the UK9 and about 2.5 million deaths worldwide.
Both prospective cohort studies and outcome trials have shown that a lower salt intake is related to a reduced risk of cardiovascular disease.11 59 Two recent papers in JAMA (Journal of the American Medical Association), however, claimed that, firstly, a lower salt intake was associated with higher cardiovascular mortality60 and, secondly, there was a J shaped association between salt intake and cardiovascular risk.61 These two papers have many methodological flaws, such as measurement error in assessing daily salt intake, confounding factors not controlled for, and reverse causality (that is, the low salt intake is the result rather than the cause of participants’ illness).62 63 Therefore, the results from these studies should be interpreted with great caution. A meta-analysis of 12 cohort studies showed that an increase of 5 g/day in salt intake was associated with a 23% increase in the risk of stroke and a 17% increase in the risk of cardiovascular disease.11
Evidence from outcome trials of long term salt reduction is limited because of the innate difficulty in conducting such trials. A recent meta-analysis of seven randomised trials by Taylor and colleagues, published simultaneously in the Cochrane Library64 and the American Journal of Hypertension,65 claimed that “Cutting down on the amount of salt has no clear benefits in terms of likelihood of dying or experiencing cardiovascular disease”64 and the Cochrane Library’s press release headline stated “Cutting down on salt does not reduce your chance of dying.”66 Both of these statements were incorrect and yet received misleading worldwide media publicity.
Among the seven trials included in the meta-analysis by Taylor and colleagues, one in heart failure67 should not have been included as the participants were already severely salt and water depleted from aggressive treatment with diuretics.67 Indeed, salt restriction without a reduction in the dose of diuretics is already known to be dangerous. Additionally, the findings in patients with severe heart failure who were receiving multiple drug treatments are not generalisable to the general population. In the six remaining trials in hypertensive and normotensive people, there was a reduction in all clinical outcomes (that is, all cause mortality, cardiovascular mortality, and events), although none of these were significant. The non-significant findings are most likely because of a lack of statistical power, particularly as Taylor and colleagues analysed the trials for hypertensive and normotensive people separately. A re-analysis of the data by combining these people, indeed, shows that there is a significant reduction in cardiovascular events by 20% (P<0.05) and a non-significant reduction in all cause mortality (5-7%), despite the small reduction in salt intake of 2.0-2.3 g/day. These results show that salt reduction has a major impact on reducing strokes, heart attacks, and heart failure.12
Several cost effectiveness analyses have shown that a reduction in salt intake is one of the most cost effective interventions to reduce cardiovascular disease in both developed and developing countries.68 69 70 71 72 73 74 For example, a paper in the Lancet showed that in 23 low and middle income countries that account for 80% of chronic disease burden in the developing world a 15% (about 1.5-2.3 g/day) reduction in mean population salt intake could avert 8.5 million cardiovascular deaths and a 20% reduction in smoking prevalence could avert 3.1 million cardiovascular deaths over 10 years.70 The costs for implementing a salt reduction strategy were estimated to be $0.09 (£0.06, €0.07) per person per year and the cost for tobacco control, including both price and non-price measures, was $0.26 per person per year.70 These figures clearly suggest that a reduction in salt intake is more or at the least just as cost effective as tobacco control in terms of reducing cardiovascular disease on its own, the leading cause of death and disability worldwide.
The UK salt reduction campaigns, which started in 2003-04 have been successful and the average salt intake, as measured by 24 hour urinary sodium, had fallen gradually from 9.5 to 8.1 g/day by 2011 (that is, a 15% reduction, P<0.05 for the downward trend).75 A cost effective analysis by NICE showed that the UK salt reduction campaigns cost £15m ($23m, €17m) and a 0.9 g/day reduction in salt intake that was achieved by 2008, led to about 6000 fewer deaths from cardiovascular disease a year, saving the UK economy about £1.5bn a year.52 76 Based on NICE’s estimation, the further reduction of 0.5 g/day from 2008 to 2011, would prevent about 3000 additional deaths from cardiovascular disease a year and result in even greater cost savings to the UK economy.

Conclusions
Our meta-analysis shows that a modest reduction in salt intake, as currently recommended, has a significant effect on blood pressure both in individuals with raised blood pressure and in those with normal blood pressure. The fall in blood pressure is seen in white and black people and in men and women. These findings provide further support for a reduction in population salt intake. This will lower population blood pressure and thereby reduce strokes, heart attacks, and heart failure. Furthermore, our analysis shows a dose-response relation—that is, the greater the reduction in salt intake, the greater the fall in blood pressure. The current recommendations to reduce salt intake to 5-6 g/day will have a major effect on blood pressure, but are not ideal. A further reduction to 3 g/day will have a greater effect. Therefore, 3 g/day should become the long term target for population salt intake. Indeed, NICE has recommended a reduction in salt intake to 3 g/day by 2025 for the UK adult population.52
Many developed countries are now adopting a policy of reducing salt intake, firstly by persuading the food industry to reformulate food with less salt, as is occurring successfully in the UK75 and Finland,77 and also encouraging people to use less salt in their own cooking and at the table. The major challenge now is to spread this out to all other countries, particularly the low and middle income countries, where often salt intake is high and about 80% of the global burden of disease related to blood pressure occurs. All countries should adopt a coherent and workable strategy to reduce salt intake. A reduction in population salt intake will have major beneficial effects on health along with major cost savings in all countries around the world.
What is already known on this topic
	A modest reduction in salt intake lowers blood pressure and thereby reduces cardiovascular risk

	A recent meta-analysis of salt reduction trials implied that salt reduction had adverse effects on hormones and lipids, which might mitigate any benefit that occurs with the reduction in blood pressure. This meta-analysis, however, included a large number of trials with a large change in salt intake for only a few days, which are irrelevant to the current public health recommendations for a modest reduction in salt intake for a long period of time



What this study adds
	A longer term modest reduction in salt intake leads to significant and, from a population viewpoint, important falls in blood pressure in both hypertensive and normotensive individuals, irrespective of sex and ethnic group

	With salt reduction, there is a small physiological increase in plasma renin activity, aldosterone, and noradrenaline and no significant change in lipid concentrations

	There is a dose-response relation between the reduction in salt intake and the fall in systolic blood pressure. The current recommendations to reduce salt intake from 9-12 to 5-6 g/day will have a major effect but a further reduction to 3 g/day will have a greater effect
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