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Aims Since dietary sodium intake has been identified as a risk factor for cardiovascular disease and premature death, a
high sodium intake can be expected to curtail life span. We tested this hypothesis by analysing the relationship
between sodium intake and life expectancy as well as survival in 181 countries worldwide.

Methods We correlated age-standardized estimates of country-specific average sodium consumption with healthy life ex-

and results pectancy at birth and at age of 60 years, death due to non-communicable diseases and all-cause mortality for the
year of 2010, after adjusting for potential confounders such as gross domestic product per capita and body mass
index. We considered global health estimates as provided by World Health Organization. Among the 181 coun-
tries included in this analysis, we found a positive correlation between sodium intake and healthy life expectancy
at birth (f=2.6years/g of daily sodium intake, R* = 0.66, P<0.001), as well as healthy life expectancy at age 60
(B =0.3years/g of daily sodium intake, R* = 0.60, P=0.048) but not for death due to non-communicable diseases
(B=17 events/g of daily sodium intake, R* = 0.43, P=0.100). Conversely, all-cause mortality correlated inversely
with sodium intake (8 = -131 events/g of daily sodium intake, R* = 0.60, P<0.001). In a sensitivity analysis
restricted to 46 countries in the highest income class, sodium intake continued to correlate positively with healthy
life expectancy at birth (=23.4years/g of daily sodium intake, R = 0.53, P<0.001) and inversely with all-cause
mortality (f = -168 events/g of daily sodium intake, R* = 0.50, P <0.001).

Conclusion Our observation of sodium intake correlating positively with life expectancy and inversely with all-cause mortality
worldwide and in high-income countries argues against dietary sodium intake being a culprit of curtailing life span
or a risk factor for premature death. These data are observational and should not be used as a base for nutritional
interventions.
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Introduction

For more than a century, ever since the pioneering work of Ambard
and Beaujart," the pathophysiological link between dietary salt intake
and blood pressure has been scrutinized. Numerous publications
claim to attest to the observation that a high sodium intake can
trigger hypertensive cardiovascular disease de novo or accelerate
pre-existing hypertension. For decades practicing physicians have
warned their patients about an excessive salt intake. Organizations
such as the World Health Organization (WHO), the American
Heart Association, the European Society of Cardiology, and the
Centers for Disease Control and Prevention (CDC) have published
guidelines to reduce habitual salt intake not only for patients with
hypertension but also for healthy normotensive subjects, commonly
below 2 g of sodium (which corresponds to 5 g of salt). Previous pub-
lications informed the medical community that ‘Reducing dietary salt
by 3 g per day is projected to reduce the annual number of new cases
of coronary heart disease (CHD) by 60,000 to 120,000, stroke by
32,000 to 66,000, and myocardial infarction by 54,000 to 99,000 and
to reduce the annual number of deaths from any cause by 44,000 to
92,000’ and that this intervention would ‘save $10 billion to $24 bil-
lion in health care costs annually’.2

Sodium intake ¢ Salt « Diet ¢ Life expectancy ¢ All-cause mortality * Cardiovascular disease * Hypertension ¢

If indeed salt has to be considered as a ‘cardiac nemesis™ and must
be held responsible for countless premature deaths, we can expect a
high dietary sodium intake to curtail life span. We tested this hypoth-
esis by analysing the relationship between sodium intake and life
expectancy as well as all-cause and cause-specific mortality in 181
countries worldwide in an ecological study.

Methods

Study design and data collection

In an ecological study design, we evaluated any relationship of age-
standardized estimates of country average sodium intake with outcome
measures. We used several sources of data. In particular United Nations
(UN) global health estimates (Supplementary material online, Table S7)
were summarized, which include the WHO Global Health Observatory
data repository for healthy life expectancy (http://apps.who.int/gho/data/
view.main.HALEXv, last accessed 2 October 2018),4 the age-
standardized body mass index (BMI) (http://apps.who.int/gho/data/node.
main.A904?lang=en, last accessed 2 October 2018),> the WHO global
health estimates (http://www.who.int/healthinfo/global_burden_disease/
estimates/en/, last accessed 11 July 2018), the UN data for gross domes-
tic product (GDP) estimates (http://data.un.org, last accessed 8 July
2018),” and the world bank analytic classifications for country-level
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classification in different income groups (gross national income per capita
in US$) for 20108 For sodium intake, 2010 age-standardized estimated
sodium intakes were taken from Powles et al.’

Outcomes

We considered the outcomes of healthy life expectancy at birth (years),
healthy life expectancy at 60years (years), death due to non-
communicable diseases, and all-cause mortality for the year of 2010. For
death due to non-communicable diseases and all-cause mortality, we
used the age-standardized death rates (ASDR), which correspond to a
weighted average of the age-specific mortality rates per 100 000 persons,
where the weights are the proportions of persons in the corresponding
age groups of the WHO standard population.’® The calculation of healthy
life expectancy and healthy life expectancy at 60 years has been described
in detail elsewhere."""? In short, healthy life expectancy is the average
number of years that a person can expect to live in ‘full health’ at a given
age by taking into account years lived in less than full health due to disease
and/or injury. This calculation is based on estimates of years lost to dis-
ability adjusted for comorbidity, age, and sex. Thus, in contrast to ASDR,

Quantiles of sodium intake
1.48 - 2.62 grams/day
2.62 - 3.15 grams/day
3.15 - 3.68 grams/day
3.68 - 4.17 grams/day
4.17 - 5.98 grams/day
No data

Quantities of healthy life expectancy
at birth

Highest
Second
Third
Fourth
Lowest
No data

healthy life expectancy also reflects disability caused by cardiovascular
disease, e.g. stroke. We divided the GDP by the WHO population counts
per thousand and omitted all data from Haiti because of the excessive
death toll following the earthquake on 12 January 2010. To test the valid-
ity of our findings we used a falsification hypothesis, i.e. a claim that is dis-
tinct from the one being tested that is highly unlikely to be causally
related to the intervention in question."® Our falsification hypothesis con-
sisted in possibility that sodium intake could also be associated with the
increased risk of death from non-communicable diseases.

Statistical analysis

We initially used linear regression analyses to assess the association of
sodium intake and the above-mentioned outcomes. However, we
found a non-linear relationship between daily sodium intake in country
level and the outcomes of interest. Therefore, we also applied quantile
regression analyses to investigate the robustness of our initial findings
and evaluate whether the influence of sodium intake is different for
countries with lower life expectancy or mortality rates from those
with average or higher ends of our outcomes distribution. The quantile

Figure | Distribution of quintiles of sodium intake (g/day) (A) and healthy life expectancy at birth (B) for the year of 2010 in 181 countries

worldwide.
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ardized death rates of death due to non-communicable diseases and all-cause mortality in 181 countries worldwide (A-D, respectively).
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Figure 3 Scatterplots of sodium intake (g/day) for the year of 2010 and healthy life expectancy at birth, healthy life expectancy at age 60, age-stand-
ardized death rates of death due to non-communicable diseases and all-cause mortality in 46 high-income countries (A-D, respectively).
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Figure 4 Quantile regression of sodium intake (g/day) in 181 countries worldwide for the year of 2010 and healthy life expectancy at birth (A),
healthy life expectancy at age 60 (B), age-standardized death rates of death due to non-communicable diseases (C) and all-cause mortality (D)
adjusted for gross domestic product per capita and age-standardized body mass index.

regression parameter estimates the change in a specified quantile of
the outcome of interest produced by one unit change in the sodium in-
take. This approach allows comparing how some percentiles of the
outcome may be more affected by sodium intake than other percen-
tiles. This is reflected in the change in the size of the regression coeffi-
cient. In addition, because quantile regression models the median
rather than the mean, quantile regression generally yields more accur-
ate coefficients for skewed datasets, with fewer covariates emerging as
significant. Since life expectancy has been previously shown to correl-
ate with the GDP'* and sodium intake correlates with BIVII,15 we
adjusted our analyses for both and their interaction term. We consid-
ered GDP in 2010 US dollars and the age-standardized BMI as a surro-
gate for calorie intake to control for country-level socio-economic
development. For each explanatory variable tested, we used data from
the same year (2010) that the information on sodium intake and out-
comes was undertaken.

To further account for unadjusted confounders due to inequality be-
tween high- and low-income countries and since communicable, mater-
nal, perinatal, and nutritional conditions and injuries are more prevalent
causes of death in low-income countries, we performed a sensitivity ana-
lysis restricted to high-income countries (gross national income per

capita) as defined by the World Bank® Out of 181 countries, 46 with the
highest gross national income per capita were included in this sensitivity
analysis (Supplementary material online, Table S7). All analyses were per-
formed using Stata 15.0 (StataCorp. 2017. Stata Statistical Software:
Release 15. College Station, TX: StataCorp LLC).

Results

Distribution of sodium consumption and

life expectancy

Figure 1A delineates the distribution of quintiles of sodium consump-
tion across the 181 countries worldwide. Overall, sodium consump-
tion varied from a high of 5.98 g in Kazakhstan to a low of 1.48 g in
Kenya (Supplementary material online, Table ST). Figure 1B shows the
distribution of quintiles of life expectancy across the 181 countries
worldwide. Overall, healthy life expectancy at birth varied from a
high of 74.8years in Singapore to a low of 42.7 years in Central
African Republic and healthy life expectancy at age 60 varied from a
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Table I Multivariable regression for sodium intake for the year of 2010 adjusted for gross domestic product per capita
and age-standardized body mass index for 181 countries worldwide

Sodium intake (g/day)

181 countries worldwide

Healthy life
expectancy
at birth

Healthy life
expectancy
at age 60

Death due to
non-communicable
diseases

All-cause mortality

Linear regression
B-Coefficient (95% Cl)
P-value
R?
Quantile regression
25th percentile
B-Coefficient (95% Cl)
P-value
R?

50th percentile
B-Coefficient (95% Cl)
P-value
R?

75th percentile
B-Coefficient (95% Cl)
P-value
R?

257 (1.82 to 3.33)
<0.001
0.66

251 (1.58 to 3.44)
<0.001
048

2.05 (1.04 to 3.06)
<0.001
043

1.64 (0.76 to 2.52)
<0.001
0.40

027 (0.01 to 0.54)
0048
0.60

041 (0.03 to 0.79)
0.035
034

0.27 (-0.07 to 0.62)
0.120
0.40

-0.17 (-0.65 to 0.30)
0.470
0.42

17 (-3.13 0 37)
0.100
043

25 (-2.21 0 52)
0.071
032

23 (-129 to 47)
0.063
028

3.72 (-33 to 40)
0.842
0.20

131 (-176 to -87)
<0.001
0.60

-99 (-142 to -56)
<0.001
037

-104 (-157 to -52)
<0.001
039

121 (-184 to -58)
<0.001
0.41

Cl, confidence interval.

high of 20.3years in Japan to a low of 9.8years in Sierra Leone
(Supplementary material online, Table ST).

Sodium consumption and outcomes

In the unadjusted analysis (Supplementary material online, Tables S2
and S3), we found a positive correlation between sodium intake and
life expectancy at birth as well as life expectancy at age 60 (Figure 2).
A non-linear exponential model provided a better fit'® indicating that
life expectancy increased up to a sodium intake of 4-5 g/day (corre-
sponding to a salt intake of 10—-12.5 g/day), flattened out, and slightly
decreased with higher values. We found no correlation between
sodium intake and death due to non-communicable diseases. In con-
trast, all-cause mortality was negatively correlated with sodium intake
(Figures 2 and 3).

In the multivariable regression models after adjustment for GDP
and BMI, correlations between sodium intake and life expectancy at
birth, life expectancy at age 60, and all-cause mortality remained
strong, consistent, and significant (Figure 4 and Table 1). In a sensitivity
analysis, we focused on the 46 countries with the highest gross
national income per capita (according to the World Bank®) only.
Sodium intake, adjusted for GDP and BMI continued to correlate
positively with life expectancy at birth (R* = 0.53, P< 0.001) and nega-
tively with all-cause mortality (R* = 0.50, P<0.001), but the correl-
ation with life expectancy at age 60 was no longer significant (Figure 5
and Table 2). Similarly, sodium intake, adjusted for GDP and BMI, was
correlated with life expectancy at birth in high, lower-middle, and
low-income countries (correlation coefficients of 0.43, 0.47, and 0.42

respectively) but not in upper-middle-income countries (correlation
coefficient of 0.07) according to the World Bank Classification.
Sodium intake was found not to be correlated with death due to
non-communicable diseases neither in the main nor in the sensitivity
adjusted analysis (Tables 1 and 2).

Discussion

The principal findings of the present analysis are daily sodium intake
correlates positively with healthy life expectancy at birth as well as
healthy life expectancy after age 60 and inversely with all-cause mor-
tality in 181 countries worldwide. With regard to life expectancy, a
better fitting non-linear exponential model'® documented a progres-
sive increase up to a peak sodium intake of 4-5 g/day (corresponding
to a salt intake of 10-12.5 g/day) and a slight decrease with higher
values. Since healthy life expectancy, whether at birth or at age
60, by definition covers a much longer time span than does
estimated daily sodium intake, we also related daily sodium con-
sumption to age-standardized all-cause mortality and found a sig-
nificant inverse correlation. Adjustment of these correlations for
possible confounders such as GDP and BMl as a surrogate for cal-
orie intake did only minimally change their significance. Only in
the subgroup with the highest life expectancy after age 60 (75th
percentile) there was no statistical significance with sodium
intake. Similarly, the adjusted correlations between sodium intake
and life expectancy at birth and all-cause mortality remained
significant in the subgroup of countries with the highest per capita
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Figure 5 Quantile regression of sodium intake (g/day) in 46 high-income countries for the year of 2010 and healthy life expectancy at birth (A),
healthy life expectancy at age 60 (B), age-standardized death rates of death due to non-communicable diseases (C), and all-cause mortality (D)
adjusted for gross domestic product per capita and age-standardized body mass index.

income. As can be seen on the graphical abstract current recom-
mendations of sodium intake by AHA, WHO and ESC are associated
with rather low life expectancy and high mortality. Attesting to the
specificity and validity of the above findings is the tested falsification
analysis,13 which failed to document a correlation between sodium
intake and death due to non-communicable disease.

The present findings are startling in view of the numerous studies
showing a direct association between dietary sodium intake and
blood pressure. However, in most studies, the slope of the correl-
ation between sodium intake and blood pressure is rather shallow."”
In a recent comprehensive Cochrane meta-analysis,'® sodium reduc-
tion from an average high usual intake (203 mmol/day) to an average
level of 65 mmol/day resulted in a decrease in the systolic/diastolic
blood pressure of 1.1/0 and 5.7/2.9 mmHg in participants with nor-
motension and hypertension, respectively. Weak evidence indicated
that these effects may be a little greater in black and Asian subjects.

In this context, we should mention that blood pressure merely
remains a surrogate endpoint that not consistently parallels outcome
endpoints of death, heart attack, and stroke. Attesting to this is the

documents'®22

showing that too low sodium intake may increase
morbidity and mortality despite the fact that blood pressure contin-
ues to decline. Graudal et al."® recently reported a significant increase
in renin, aldosterone, noradrenaline, cholesterol, and triglyceride
with low sodium intake as compared with high sodium intake. In add-
ition, a reduced dietary sodium intake has been shown to increase
resting heart rate, a well-known cardiovascular risk factor, as it
decreases blood pressure.”> Not surprisingly, as reported in a
meta-analysis, a U-shape curve seems to best describe the rela-
tionship between sodium intake and health outcomes.?* Thus, for
sodium as for any other nutrient, such U-shape curve simply
reflects that both an excessively low and an excessively high in-
take may prove to be harmful. However, what increasingly
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Table 2 Multivariable regression for sodium intake for the year of 2010 adjusted for gross domestic product per capita
and age-standardized body mass index for 46 countries classified as high-income countries by the World Bank

Sodium intake (g/day)

46 countries of high income

Healthy life
expectancy at birth

Healthy life
expectancy at age 60

Death due to non-

communicable diseases

All-cause mortality

Linear regression
B-Coefficient (95% Cl)
P-value
R?
Quantile regression
25th percentile
B-Coefficient (95% Cl)
P-value
R?

50th percentile

p-Coefficient (95% Cl)

P-value
R?

75th percentile
B-Coefficient (95% Cl)
P-value
R?

341 (179 to 5.02)
<0.001
053

3.02 (0.01 to 6.03)
0050
028

179 (-0.45 to 4.04)
0.115
023

2.17 (0.58 to 3.75)
0.009
0.15

034 (-0.64 o 1.31)
0.488
038

0.66 (-0.67 t0 2.0)
0321
032

031(-120t0 1.82)
0.681
021

143 (0.15t0 2.72)
0.029
0.14

-52 (-106 to 1.17)
0.055
043

51 (94 t0 -7.78)
0.020
0.17

26 (-94 to 44)
0.460
022

-66 (-156 to 25)
0.150
029

-168 (-251 to -86)
<0.001
050

-83 (-148 to -19)
0013
0.11

-26 (12310 71)
0.600
0.18

-36 (-193 to 121)
0.640
024

Cl, confidence interval.

becomes clear in the sodium saga is that, although blood pressure
correlates to some extent with sodium intake, there may be a
paradoxical discrepancy between blood pressure and hard end-
points such as life expectancy and death. As the present data
document, life expectancy increases (up to a point) and mortality
decreases with sodium intake.

A recent review? encompassing a total of 277 trials, 24 interven-
tions, and 992 129 participants purported moderate-certainty evi-
dence that reduced salt intake decreased the risk for all-cause
mortality in normotensive participants and cardiovascular mortality
in hypertensive participants. However, after a pointed letter to the
editor,?® the effect of low salt intake had to be changed from being
protective to non-significant.”” Whereas the benefits of a low salt
diet were prominently displayed in the original article, their absence
is hardly mentioned in the corrected version. Such unexpected van-
ishing of benefits due to statistical manipulations further attest to
the muddiness of the waters regarding outcomes with sodium
restriction.

How to optimally estimate sodium intake has been a matter of hot
debate for years. Urine collections however done are prone to
random measurement error, which give rise to dilution bias. Such di-
lution bias will tend to lessen statistical significance of the results.”®
The mere fact that our sodium-life expectancy/mortality correlations
remain significant, despite possible dilution bias because of urinary so-
dium values attests to their strength.

Current evidence, despite methodological limitations, suggests
that most of the world’s population consume a moderate range of
dietary sodium (2.3-4.6 g/day; 1-2 teaspoons of salt) that is not

associated with increased cardiovascular risk, and that the risk of car-
diovascular disease only increases when sodium intakes exceed 5 g/
day.”

Of note however, our data are strictly observational and should
not be used as a base for nutritional interventions. We therefore pur-
posefully refrain from making any projections or dietary recommen-
dations as time and again were inappropriately made>*®
to reducing sodium intake despite the lack of evidence of hard end-
points. Whether changing sodium intake ultimately will affect life ex-
pectancy or all-cause mortality, individually or at country level

remains unknown and cannot be inferred from the present data.

with regard

Limitations

Our study has several limitations inherent to ecological studies. In an
ecological analysis, there is a significant risk of committing the
‘Simpson’s paradox, i.e. the risk that the overall association is the op-
posite of the association in the individual countries or groups of
countries, the extent of which in this analysis cannot be quantified.
Estimation of sodium intake based on one 24-h urine collection may
not represent the average sodium consumption during lifetime and
Powles et al.’ reported a larger statistical uncertainty around the esti-
mated intakes for the individual countries, especially for estimates for
countries without primary data. Restricting the analysis to high-
income countries where primary data sources were available for 70%
of the countries minimizes this potential confounder. The limitations
of calculating healthy life expectancy have been described in detail
elsewhere.*° Furthermore, the estimation of healthy life expectancy
at birth is, in part, determined by dietary variables and, thus,
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potentially by sodium intake. Thus, the variables of the correlation
between sodium intake and healthy life expectancy may not be en-
tirely independent. Although our sensitivity analysis restricted to
high-income countries showed the same correlation, reverse causal-
ity underlying these results cannot entirely been ruled out. In lower-
middle- and low-income countries, malnutrition will result in greater
mortality and reduced lifespan associated but not caused by reduced
sodium intake. In addition, determinants such as GDP and BMI are
prone to fluctuate during lifetime. In our analysis, dietary sodium
intake is estimated at a single time point whereas life expectancy
and mortality potentially reflect the effects of sodium intake over
many years and decades. However, it has been well documented
that sodium intake is remarkably consistent over time.”! Finally,
we used country-level aggregate data with correlation and regres-
sion analysis to investigate any associations, which is an over-
simplification of a complex problem®? and our findings should not
be considered to be representative at an individuals’ level. In our
data set, the number of potential confounders is infinite, which is
notable among the countries identified as ‘low sodium countries’
and ‘low life expectancy’, which are in sub-Saharan Africa where
the causes for low life expectancy are manifold, a clustering of low
sodium and high mortality countries, which accounts for the non-
linear relationships observed in this study. However, as experi-
mentally shown by the group of Folkow,*? too low a sodium in-
take may exert deleterious effects particularly when there is a risk
of dehydration and volume depletion.

Conclusions

Our observation of sodium intake correlating positively with life ex-
pectancy at birth and at age 60, and inversely with all-cause mortality
in 181 countries worldwide and in the 46 countries with the highest
per capita income, argues against dietary sodium intake being a culprit
of curtailing life span or being a risk factor for premature deaths. Our
data are observational and should not be used as a base for nutrition-
alinterventions.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Corrigendum to: Long-term outcomes in young patients with atrioventricular block of unknown aetiology

In the originally published version of this manuscript, errors were noted and listed in this corrigendum.

In the Funding section, the section should read: “This work was supported by unrestricted research grants from Skibsreder Per
Henriksen, R. og hustrus Foundation, the Danish Heart Foundation (16-R107-A6707-22988), Novo Nordisk Foundation, Denmark
(NNF180C0031258), and A. P. Mgller Foundation for the Advancement of Medical Science.” instead of “This work was supported
by unrestricted research grants from Skibsreder Per Henriksen, R. og hustrus Foundation, the Danish Heart Foundation (16-R107-
A6707-22988), Novo Nordisk Foundation, Denmark (NNF160OC0018658), and A. P. Mgller Foundation for the Advancement of

Medical Science.”

In Figure 1, the lower text box “Matched control cohort* n=>5,170" should read: ““Matched control cohort® n=>5,170".

These errors have now been corrected.
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