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ABSTRACT

BACKGROUND/OBJECTIVES: Sodium intake is positively associated with blood pressure,
which may increase the risk for cardiovascular disease (CVD). Therefore, we assessed the
disease burden of CVD attributable to sodium intakes above 2,000 mg/day and prospectively
investigated the association between dietary/urinary sodium levels and the risk of all-cause and
CVD-mortality using the Korea National Health and Nutrition Examination Survey (KNHNES).
SUBJECTS/METHODS: A total of 68,578 and 33,113 participants were included for comparative
risk assessment (CRA) analysis and mortality analysis, respectively, and mean follow-up time
for mortality was 5.4 years. CRA analysis was used to quantify attributable incidences of
stroke, ischemic heart disease (IHD), and deaths attributable to sodium intake between 1998
and 2016. Cox proportional hazard regression model was used to determine the association
between sodium intake and all-cause and CVD-mortality.

RESULTS: Mean dietary sodium intake decreased over time, reaching 3,647 mg/day in 2016.
Similarly, the population attributable fractions of stroke and IHD, and the number of CVD-
associated deaths attributable to high sodium intake/excretion also decreased. In terms of
association with mortality, when participants were grouped into quartiles (Q) by energy-
adjusted sodium intake, those in Q2 had a lower risk of all-cause mortality than those in Q1
with lower intakes. The risk of CVD-associated mortality was higher only in females with
high sodium intake in Q4 than those in Q1.

CONCLUSIONS: This nationwide data indicates that, in line with previous studies of multiple
cohorts, both low and high sodium intakes may be associated with an increased risk of
mortality; therefore, the optimal sodium intake for Koreans needs to be revised.
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INTRODUCTION

It is well known that, increased sodium intake elevates blood pressure, whereas decreased
sodium intake attenuates blood pressure [1,2]. A previous meta-analysis revealed that a decrease
in blood pressure by 5 mmHg was associated with a 9% and 14% decreased risk of mortality

due to coronary heart disease and stroke, respectively [3]. Similarly, a 20-year follow-up of 2
sodium reduction trials identified a linear relationship between sodium intake and mortality
[4]. Therefore, it has been suggested that increased sodium intake results in an increased risk of
hypertension and thus cardiovascular disease (CVD)-associated morbidity and mortality [5].

The 2015 Dietary Reference Intakes for Koreans (KDRIs) recommends a sodium intake
1,500 mg/day for most adults and even less for adults > 65 years of age [6]. However, as the
mean sodium intake of the Korean population was > 4,000 mg/day at the time at which the
KDRI was developed, the committee set a “Goal intake” of 2,000 mg/day according to the
World Health Organization (WHO) guidelines (< 2,000 mg/day [7]), to make the reference
intake more applicable to the public. Among 187 countries worldwide, Korea was in the top
ten countries for sodium intake (mean, 4.92 g/day) in 1990 [8]. As a population, this intake
peaked in 2005 (5,691.8 mg/day) and then decreased to 3,740.4 mg/day in 2017 [9]. This
decrease in sodium intake is considered to be predominantly due to the reduction of sodium
content in traditional foods with high sodium content, including kimchi, soy sauce, soy bean
paste, and instant noodles (ramyun) [10]. However, the mean sodium intake of Koreans
remains far above the WHO guidelines of 2,000 mg/day.

Despite traditional belief that lower sodium intake is better, recent reports point to evidence
of'a U- or J-shaped association between sodium intake and CVD risk in adults, rather than a
continuously positive association [11,12]. Although the association between dietary sodium
intake and blood pressure has been corroborated, the association between sodium intake and
morbidity and mortality has not yet been examined in the Korean population, whose sodium
intakes are markedly higher than those of other populations. The burden of disease from
high sodium intake in Koreans has been reported in a previous study, which analyzed urinary
sodium and sodium intake data from 2 studies conducted in 1986 and 2005, respectively

[13]. However, the previous study used minimum data two decades apart, which does not
accurately reflect the national decrease in sodium intake over time and the resulting decrease
in disease burden from high sodium intake in Korea. In addition, it is important to determine
the risk of mortality from high sodium intake at an individual level.

Therefore, we comprehensively examined the trends in sodium intake (assessed by both 24-h
diet recall and urinary sodium excretion) and determined the number of cases of all-cause- and
CVD-related deaths attributable to high sodium intake in Koreans during the last 19 years using
the Korea National Health and Nutrition Examination Survey (KNHANES) and the Korean
Statistical Information Service (KOSIS) data. Furthermore, by directly linking sodium intake data
with mortality data, we also assessed the risk of mortality according to sodium intake quartiles.

SUBJECTS AND METHODS

Comparative risk assessment (CRA) framework
We conducted CRA analysis to quantify deaths attributable to high sodium intake between
1998 and 2016. Details of the CRA method have been described previously [14]. Briefly, we
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applied the following inputs to the CRA framework: 1) the present exposure distribution, 2)
the relative risks of risk factors in relation to CVD, 3) the number of deaths attributed to CVD,
and 4) the counterfactual exposure distribution.

Study population and dietary sodium intake

To determine the current exposure level in terms of sodium intake, we used data from

the KNHANES that is being conducted by the Korea Centers for Disease Control and
Prevention since 1998. KNHANES is a large-scale, cross-sectional survey of the Korean
civilian population, which comprises detailed health examinations, health interviews, and
nutrition surveys [15]. For the current analysis, 7 KNHANES datasets (1998-2016) were

used. The participants completed an interviewer-assisted 24-h recall. Daily sodium intake
was measured from the reported foods using the Food Composition Table developed by the
National Rural Resources Development Institute (ninth revision). Unadjusted and adjusted
sodium intake was used for the analysis, with the latter adjusted for total energy intake using
the residual method. We included participants aged > 25 years who provided information on
dietary sodium intake (n = 71,091) and/or a fasting urine sample (n = 33,271). Participants
were excluded from the study if they were determined as outliers for sodium intake, defined
as > 3 standard deviations away from the mean. We also excluded participants who have
implausible data on daily energy intake (< 500 kcal or > 5,000 kcal) or rice consumption
frequency (less than once per day), given that participants who consumed rice less than once
a day on a regular basis is not common as rice is a staple food in Korea. Rice consumption
frequency was calculated as the sum of the intake frequency of the all forms of rice (such

as steamed rice, steamed rice with barley, bibimbab, gimbab, and curry rice) using the Food
Frequency Questionnaire with 9-10 frequency scales (ranging from “almost never” to “3 times
or more a day”). Following exclusion, data from 68,578 individuals for sodium intake and
33,113 for urinary sodium excretion were available for subsequent analyses (Fig. 1). For CRA
analysis, these participants were categorized into 10 sex- and age-specific groups for men
and women: 25-34, 35-44, 45-54, 55-64, and > 65 years. The survey and data were reviewed
by the Institutional Review Board of the Korea Centers for Disease Control and Prevention
and were approved by the Ethics Committee of the Korea Centers for Disease Control and
Prevention (2007-02CON-04-P, 2008-04EXP-01-C, 2009-01COM-03-2C, 2010-02CON-21-C,
2011-02CON-06-C, 2012-01EXP-01-2C, 2013-07CON-03-4C, and 2013-12EXP-03-5C).

Exposure distribution for estimated 24-h sodium excretion

We estimated 24-h urinary sodium excretion according to the sodium and creatinine
concentrations in spot urine samples collected during the KNHANES. According to the
KNHANES protocol, urine samples were collected after an 8-h fast, stored in cold storage at
2°C-8°C, and then transported to a clinical laboratory (Seegene Medical Foundation, Seoul,
Korea). Within 24 h, urine laboratory values for sodium and creatinine were calibrated using
the Hitachi Automatic Analyzer 7600 (Hitachi High-Technologies, Tokyo, Japan). The 24-h
urinary sodium excretion was estimated using the Tanaka formula [16]: estimated 24-h
urinary sodium (mmol/day) = 21.9 x [spot urine sodium (mmol/L)/[10 x spot urine creatinine
(mg/dL)] x estimated 24-h urinary creatinine (mg)]°**, where estimated 24-h urinary
creatinine was calculated as follows: -2.04 x age (year) + 14.89 x body weight (kg) +16.14 x
height (cm) - 2,244.45.

Relative risk, cause-specific mortality, and optimal sodium intake

The CVDs of interest were hemorrhagic stroke (HSTK), ischemic stroke (ISTK), and ischemic
heart disease (IHD). The relative risks associated with sodium intake for each CVD including
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mediated effects of systolic blood pressure were accessed from a previous disease burden
study using the CRA method, which were referenced from systematic reviews and meta-
analyses [17]. We obtained data regarding the number of deaths by a specific disease cause
from KOSIS. A daily sodium intake of 2,000 mg was defined as an optimal sodium intake that
represents the minimum risk of CVD mortality [13].

the KNHANES at
1998-2016
(n =192,586)

Enrolled population of

Excluded
- Subjects with age < 25
- Having no sodium consumption data

Eligible subjects
(n =71,091)

Enrolled population of
the KNHANES at
2008-2011, 2014-2016

(n = 60,833)
Excluded
»| - Subjects with age < 25
- Having no urinary sodium data
Eligible subjects
(n =33,271)

Excluded for analysis

- Outliers from sodium data

- Daily energy intake < 500 or > 5,000 kcal
- Rice consumption frequency < once/day

Final subjects for
CRA analysis
(n = 68,578)

©

the KNHANES at
9007-2015
(n =73,353)

Enrolled population of

Excluded for analysis

- Outliers from sodium data
- Daily energy intake < 500 or > 5,000 kcal
- Rice consumption frequency < once/day

Final subjects for
CRA analysis
(n =33,113)

Excluded
- Subjects with age < 25

- Having no sodium consumption and mortality data

Eligible subjects
(n = 42,233)

Excluded for analysis

- Outliers from sodium data

- Daily energy intake < 500 or > 5,000 kcal
- Rice consumption frequency < once/day
- Cancer patients

Final subjects for

(n =36,909)

mortality analysis

Fig. 1. Flow chart of study subject selection for the CRA analysis and mortality association analysis. The number of study participants were represented as a
range because there were differences in survey questionnaire and number of participants every year. (A) Flow chart for CRA analysis about dietary sodium
intake. (B) Flow chart for CRA analysis about urinary sodium excretion. Urinary sodium excretion was only available in 2008-2011 and 2014-2016. (C) Flow chart
for mortality association analysis about dietary sodium intake. Mortality data were available in 2007-2015.
KNHANES, Korea National Health and Nutrition Examination Survey; CRA, comparative risk assessment.
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Statistical analysis

We calculated population attributable fractions (PAFs) as the proportion of avoidable
deaths contributed to by an optimal level of sodium intake. The PAFs were derived using the
following equation:

J,

pap _ FoRROIPG) = [ RRGP'G)

X

S RR(X)P(x)

where xis the sodium intake or estimated sodium excretion level; m is the maximum
exposure level; P(x) and P'(x) are current and counterfactual distributions of the sodium level,
respectively; and RR(x) is the relative risk for CVD associated with sodium intake or estimated
sodium excretion level. Finally, the PAFs were multiplied by the number of disease-specific
deaths, and its figures were then combined to estimate the total disease burden, represented
as CVD-associated mortality attributable to high sodium intake. Additionally, Cuzick's
nonparametric trend test was used to assess the trend of temporal changes in sodium

intake and the high sodium-attributable fraction of CVD across years [18]. All analyses were
performed separately by sex- and age-specific group each year, and the values obtained from
analyses by sex or age category were then combined. STATA statistical software, version 13
(StataCorp, College Station, Texas, USA) was used for all statistical analyses.

Mortality association

Data source and study participants

The KNHANES dietary and urinary sodium data were linked to mortality files for examining the
association between dietary sodium and all-cause and CVD-associated mortality. The baseline
intake data collected between 2007 and 2015 were followed through to December 31, 2016 for
mortality by matching death certificates and medical records based on the resident registration
number. In the end, data from 73,353 subjects were matched with death records. For the
association analysis, we applied the same abovementioned exclusion criteria. Additionally, in
line with previous studies [19-21], subjects with cancer at baseline were excluded for analyses

of all-cause mortality and CVD-associated mortality to prevent reverse causality as cancer
patients may drastically change their eating habits after disease diagnosis. Participants with
CVD at baseline were also excluded when assessing CVD-associated mortality. Following these
exclusions, 36,909 and 35,120 subjects remained for the evaluation of the effect of sodium on
all-cause mortality and CVD-associated mortality, respectively (Fig. 1). All participants provided
written informed consent to the KNHANES protocol and to link ones' health and nutrition data
with KOSIS data.

Dietary sodium intake
As described above, data on sodium intake were collected using a 24-h recall method. The
participants were divided into sodium intake quartiles for this analysis.

Mortality

Causes of death in the KOSIS database were coded according to the International
Classification of Disease, 10th revision. Unnatural deaths (suicide, accidental deaths,
homicide, etc.; VO1-Y89) were excluded from all-cause mortality (A0O0-R99). Deaths specific
to CVD were selected by combining the number of deaths coded as I00-199.

Covariates
Residence was defined as either urban or rural. Education level was classified into 4 groups:
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elementary school graduate or below, middle school graduate, high school graduate, and
university or higher education. Household income was divided by quartiles; lowest, lower
middle, upper middle, and highest. Smoking was defined by calculating the pack-year in the
past year. Nonsmokers were assigned zero pack-years. Drinking status was defined based on
self-reporting to the question: “How often did you drink alcohol in the past 12 months?” The
participant was considered a current drinker if he/she had answered “once a month or more.”
Those who answered “less than once a month” or “never” were categorized as nondrinkers.
Physical activity was expressed in weekly metabolic equivalent of task (MET). Participants
reported time spent on activities by the level of intensity, as either light, moderate, or heavy
activity. The reported time for each activity was multiplied by the MET values determined for
each level of intensity: 2.4 for very light, 5.0 for light moderate, and 7.5 for heavy activities
[22,23]. The total MET-min per week was computed as the sum of the METs for the 3
intensity levels. Body mass index (BMI) was calculated as the weight divided by the height
squared (kg/m?), and then categorized into 3 groups according to the Asian-Pacific criteria for
obesity [24,25]: lean (< 18.5 kg/m?), normal and overweight (18.5-24.9 kg/m?), and obese (>
25 kg/m?). Diabetes was defined as fasting plasma glucose > 126 mg/dL, use of insulin or oral
hypoglycemic drugs, or self-reported history of diagnosis [26]. Hypertension was defined as
systolic/diastolic blood pressure of > 140/90 mmHg, use of antihypertensive drugs, or self-
reported history of diagnosis [27].

Statistical analysis

Cox proportional hazard regression model was used to estimate hazard ratios (HRs) and
95% confidence intervals (CIs) for mortality risk in relation to sodium intake in the diet. The
person-year follow-up time was calculated from study entry to the date of death or date of
mortality follow-up (December 2016), whichever came first, for each participant. If no record
of mortality was available by the end of 2016, the date last considered to be alive was used to
calculate the person-year follow-up. Age was used as the underlying time-scale. Stratification
analysis was also performed to determine any difference according to sex using the Cox
model. All Cox models were controlled for age, sex, residence, education, income, tobacco
use, drinking, physical activity, BMI, daily total energy intake, diabetes, and hypertension.
STATA statistical software, version 13 (StataCorp) was used for all statistical analyses.

RESULTS

Sodium intake and PAFs trends in Korea

The trend of dietary sodium intake decreased between 1998 and 2016, which peaked in 2001
(mean intake, 5,550 mg/day) and decreased in 2016 (mean intake, 3,647 mg/day; P = 0.0006;
Fig. 2). During these years, males had consistently higher sodium intake than females (P
<0.001 for all years). Dietary sodium intake also differed between age groups (P < 0.001),
with adults > 55 years tending to have higher sodium intakes between 1998 and 2005, but
lower sodium intakes from 2007 onward. The estimated 24-h urinary sodium excretion also
decreased between 2008 and 2016 (mean intake, 3,359 mg/day in 2008 and 3,082 mg/day

in 2016; P= 0.019), which was significant for both males and females (P= 0.030 and 0.019,
respectively). In contrast to sodium intake, the estimated 24-h urinary sodium excretion was
lower in younger adults (age, 25-44 years) throughout the study period.

Regardless of sex and age, the PAFs of sodium intake decreased, reaching a mean of 17.4%
and 12.5% for HSTK and IHD, respectively, in 2016 (P = 0.003 for both; Fig. 3). The PAFs
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Fig. 2. Trend in sodium exposure determined by (A) dietary sodium intake and (B) estimated 24-h urinary sodium excretion between 1998 and 2016 by sex and age.

P, P for trend.

by estimated 24-h urinary sodium excretion also decreased for both outcomes (P = 0.017)
reaching 5.2% and 3.7% for HSTK and IHD, respectively, in 2016 (Fig. 4). The total number
of cases of CVD-associated mortality attributable to sodium intake increased from 6,806 in
1998 to 12,165 in 2005, but then steadily decreased to 5,435 in 2016 (Table 1and Fig. 5). No
difference was found between males and females. The number of cases of CVD-associated
mortality attributable to dietary sodium intake followed a pattern of increase with age and
decrease with time (Table 1). Similar trends were found when using 24-h urinary sodium
excretion. Deaths associated with HSTK, ISTK, and IHD due to high sodium intake decreased
in proportion to the decrease in the total number of cases of CVD-associated deaths due to
high sodium intake between 2005 and 2016 or due to high sodium excretion between 2008

and 2016 (Fig. 5).

https://e-nrp.org https://doi.org/10.4162/nrp.2020.14.5.501 507



Dietary sodium and chronic disease in Korea

Nutrition
[ ) Research and
Practice

(A) Stroke
—8— Male --A-- Female
40 + P=0.002 P=0.003
~ 30
X
w20 4
=
10
0 T T T T T T T T T T T T T T T T T T T
> N o D O QN LD W 0 o
o N IS TSI P ANPRO N AN AN ANCAN
F S SHESTEEE S
Year
Age —@— 25-34 --A--35-44 -4 45-54 @ 55-64 A 265
P=0.003 P=0.009 P=0.007 P=0.002 P=0.002
O
40 g 4444444 L TP g ...... Eu L)
- i g S T A UQQ
S AT e,
o Dptp gy P
L 204 A 'Pod
PAS
10
0 T T T T T T T T T T T T T T T T T T T
® N ) D D QN D\ 0 o
o N IR TSI AN RO AN ANCAN ANAN
F S ST

(B) IHD
—8— Male --A-- Female
40 + P=0.003 P=0.002
- 30
S -
L 204 E -
=
10 TR
0 T T T T T T T T T T T T T T T T T T T
> N %) D O QN DX 0 o
() Q Q QNN NN
F S SIS
Year
Age —B— 25-34 -&--35-44 @ 45-54 @ 55-64 A 265
P=0.002 P=0.007 P=0.008 P=0.002 P=0.002
40
- 30
>
w204
=
10
0 T T T T T T T T T T T T T T T T T T T
> N %) D D QN DM 0 o
) Q Q INEO O AN R BTNANCANANAN
F P SIS

Fig. 3. PAFs of (A) stroke and (B) IHD by high sodium intake between 1998 and 2016 according to sex and age.

PAF, population attributable fraction; IHD, ischemic heart disease; P, P for trend.

General characteristics of study population according to dietary sodium

intake

Table 2 shows the characteristics of the study population according to dietary sodium intake
quartiles (Q1-Q4). Among the participants, 40% were males, the mean age was 52.1 + 0.1 years,
and the mean sodium intake at baseline (2007-2015) was 4,628 + 12 mg/day. Subjects with
higher sodium intake were more likely to be male, younger, have higher levels of education and
household income; were physically active and smokers; and consumed alcohol (all P < 0.001).
Subjects in Q4 had a lower systolic blood pressure than those in Q1 (P=0.002).

The association of sodium intake with mortality

Regarding the association between dietary sodium intake and mortality in KNHANES,

the mean duration of follow-up for mortality was 5.4 years. A total of 1,339 deaths from all
diseases and 237 deaths from CVD were obtained. When the participants were allocated by
energy-adjusted sodium intake quartiles, Q1 consumed up to 3,015 mg/day (mean, 2,239
mg/day; Fig. 6), which exceeded the recommended intakes (range, 2,000-2,300 mg/day)
by the WHO [7], International Organization for Migration [28], and the Ministry of Health
and Welfare of the Republic of Korea [6]. The mean sodium intake for Q2 was 3,590 mg/
day (range, 3,015-4,182 mg/day), for Q3 was 4,887 mg/day (range, 4,182-5,709 mg/day),
and for Q4 was 7,713 mg/day (> 5,709 mg/day). The HR for all-cause mortality was lower in
participants in Q2 than in the entire population (Fig. 6). When stratified by sex, men in Q2
had a 21% lower risk of all-cause mortality than those in Q1 (P < 0.05). When sodium intake
was not adjusted for energy intake, men in Q3 had a 19% lower risk for all-cause mortality
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Fig. 4. PAFs of (A) stroke and (B) IHD by high levels of estimated 24-h urinary sodium excretion between 2008 and 2016 according to sex and age.

PAF, population attributable fraction; IHD, ischemic heart disease; P, P for trend.

than those in Q1 (Supplementary Table 1). No association was found in women for all-cause
mortality regardless of adjustment for energy intake. Although there was no significant
association between sodium intakes and risk of CVD-associated mortality in the total
population, a J-shaped association was observed (Fig. 7 and Supplementary Table 1). When

Dietary sodium intake
B HSTK ®ISTK @ IHD

1998
2001
2005
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

Year

0 4,000 8,000 12,000
No. of deaths attributable to high sodium intake (n)

Estimated 24-h urinary sodium excretion
B HSTK M ISTK [ IHD
2008
2009
2010
2011
2014

Year

2015
2016

0 1,000 2,000 3,000

No. of deaths attributable to
estimated 24-h urinary sodium excretion (n)

Fig. 5. Estimated number of deaths due to high sodium intake or excretion by disease and year.

HSTK, hemorrhagic stroke; IHD, ischemic heart disease; ISTK, ischemic stroke.
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Table 1. CVD-associated deaths attributable to high sodium intake and high estimated sodium excretion by sex, age, and year
Year Total Sex Age group (yrs)
Male Female 95-34 35-44 45-54 55-64 > 65
Estimated 1998 6,806.3 3,610.7 3,195.6 7.2 3711 764.9 17347 3,864.4
number (U1) of (5,246.7-8,330.3) (1,863.5-5,306.6) (1,669.5-4,731.4) (36.9-104.5) (198.7-542.4) (412.7-1,094.1) (915.4-2,526.1) (1,969.3-5,770.9)
CvD-associated 2001 1,074.1 5,391.7 5,682.4 66.3 406.6 988.5 92,163.8 7,448.9
deaths (8,402.9-13,560.0) (2,902.8-7,765.4) (2,972.7-8,015.9)  (35.0-96.2) (218.2-579.5) (513.3-1,407.3) (11871-3,042.9) (3,921.8-10,655.4)
attributable 2005 12,164.7 6,013.9 6150.8 474 353.8 910.8 1,768.1 9,084.6
to high dietary (9,020.7-15,058.7) (3,193.5-8,611.9) (3,282.4-8,782.6) (24.6-68.6) (192.9-507.1) (489.8-1,289.3) (973.3-2,504.9) (4,795.3-13,023.8)
sodiumintake 57 10,189.8 5,297.9 4,891.9 437 270.1 8411 1,367.7 7,667.2
(95% 1) (7,407.0-13,001.8) (2,703.7-7,764.3) (2,390.3-7,269.7)  (23.9-641) (148.0-385.6) (444.7-1,2061) (699.7-1,979.0) (3,777.8-11,399.1)
2008 9,361.8 4,882.6 4,479.3 32.6 260.3 858.0 1,236.6 6,974.3
(7,051.6-11,736.5) (2,598.6-7,062.7) (2,431.0-6,518.3)  (16.5-481)  (1371-3757) (470.2-1,216.4) (652.0-1,775.2) (3,753.8-10,165.5)
2009 9,101.2 4,903.8 41975 315 947.2 803.4 1179.3 6,839.8
(6,764.8-11,455.9) (2,598.4-7,086.6) (2,243.9-6]185.4)  (161-46.5) (133.4-358.8) (424.8-1137.9) (656.7-1,689.4) (3,611.3-10,039.5)
2010 8,723.7 4,627.9 4,095.8 27.6 216.9 707.5 1101.2 6,670.4
(6,.256.4-11,043.9) (2,361.2-6,732.3) (2,121.8-5,996.3)  (14.0-407) (117.6-313.7) (373.3-1,010.0) (595.2-1,580.1) (3,383.0-9,784.9)
o0m 8,796.2 4,449.5 4,976.7 247 189.5 6971 1,042.4 6,772.4
(6,.264.6-111437) (2,165.2-6,489.7) (2,186.9-6,275.6)  (13.0-36.0)  (101.8-273.2) (375.4-1,000.3) (5371-1,518.3) (3,324.7-9,937.5)
2012 8,840.9 4,515.8 4,395.0 9267 198.8 665.8 1,009.5 6,940.1
(6,490.0-11,266.6) (2,361.4-6,5011) (2,2481-6,402.2)  (13.8-39.6) (104.8-288.9) (341.9-967.2) (522.6-1,447.7) (3,626.4-10,249.9)
2013 5,660.0 2,861.9 2,798.1 17.8 127.4 446.8 672.2 4,395.9
(4137.6-7159.4) (1,489.3-4,206.6) (1,457.9-4141.2)  (91-26.6)  (677-186.5)  (2281-655.4)  (344.9-989.7) (2,297.5-6,489.5)
2014 5,409.7 2,807.2 2,602.5 17.6 1202.9 490.4 667.6 47811
(3,940.0-6,908.5) (1,457.9-4,130.7) (1,3287-3,9271)  (91-261)  (64.0-181.2)  (295.3-6207)  (344.0-989.2) (2,144.9-6,240.6)
2015 5,826.8 2,955.8 2,871.0 15.0 192.5 416.9 650.7 4,6217
(4,204.9-7,497.4) (1,463.4-4,350.6) (1,430.6-4,277.9)  (7.8-22.3)  (651-182.6) (218.3-604.0)  (327.2-9587)  (2,275.8-6,861.0)
2016 5,434.7 2,935.1 2,499.6 16.0 121.3 358.0 740.8 4198.6
(3.8611-6,989.9) (1,496.3-4,409.8) (1,2431-3,719.5)  (81-241)  (62.3-180.9) (189.2-503.2) (385.6-1,092.3) (2,094.2-6,308.8)
Estimated 2008 9,365.2 1,219.1 1,146, 61 44.9 180.3 392.8 1,811.7
number (U1) of (2188.2-2,552.0) (1,060.7-1,386.7) (992.0-1,309.0)  (5.4-6.9)  (38.2-50.9)  (158.5-203.7)  (280.1-367.8) (1,570.5-2,066.3)
CvD-associated 2009 2,199.3 1,159.4 969.9 5.8 48.2 169.1 976.9 1,629.2
deaths (2,068.3-2,192.9) (1,099.0-1,220.4) (921.0-1,022.8) (54-61)  (45.8-50.8)  (160.6-177.9)  (262.2-292.6) (1,546.0-1,715.9)
attributableto 9079 92,9871 1,203.5 1,083.6 5.4 461 172.9 268.6 1,794.2
high estimated (2,214.3-2,357.3)  (1138.5-1,270.4) (1,024.8-1145.6)  (5.0-5.8)  (437-48.5)  (163.8-181.8)  (252.7-285.9) (1,698.1-1,894.7)
PEANUGIES) gy 2,063.9 1,093 970.8 43 35.5 1471 246.8 1,630.2
SOdO'”m SACiEton (1,997.4-2,132.1)  (1,027.2-1,159.7)  (916.6-1,025.6) (4.0-47)  (33.5-37.5)  (138.8-155.7)  (231.8-262.3)  (1,535.7-1,795.1)
(959 Ul) 2014 1,9M.2 1,048.8 862.4 43 33.4 139.8 9299.3 1,504.2
(1,847.5-1,9761)  (987.0-1112.0)  (808.9-913.7) (3.9-47)  (31.4-355)  (131.6-148.2)  (214.6-2441)  (1,414.5-1,593.1)
2015 2,049.2 119.7 929.4 37 331 120.5 239.7 1,652.1
(1,989.0-2,114.3)  (1,062.1-1180)  (880.3-979.8) (3.4-4.0) (311-35.9)  (1131-128.3)  (226.4-2537)  (1,568.4-1,738.7)
2016 1,885.3 1,0317 853.6 4.0 31.3 14.5 2411 1,494.4
(1,832.9-1,9417)  (977.4-1,087.3)  (811.7-896.4) (3.7-4.3) (29.5-331)  (108.5-120.8)  (226.6-255.6) (1,420.7-1,570.0)

The values were expressed as population attributable deaths for each risk factor. CvD-associated deaths were defined as deaths associated with hemorrhagic
stroke, ischemic stroke, or ischemic heart disease.
Ul, Uncertainty Intervals; CVD, cardiovascular disease.
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stratified by sex, no association was observed in men, but the HR in women increased with
higher energy-adjusted sodium intake (HR, 1.67; 95% CI, 1.02-2.74, P < 0.05). No association
was found between CVD-associated mortality and dietary sodium intake in a subanalysis

of adults aged > 40 years (Supplementary Table 2). No association was detected between
mortality and estimated 24-h urinary sodium excretion quartiles (data not shown).

DISCUSSION

Using national data, we observed a decrease in sodium intake and a corresponding decrease
in PAF for stroke and IHD attributable to high sodium intake during the last two decades in

Koreans aged > 25 years. The risk of all-cause mortality was lowest in those with 3,000-4,200
mg/day of energy-adjusted sodium intake. In addition, the risk of CVD-associated mortality
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Table 2. Baseline characteristics of the study population for association between sodium level and mortality

Total (n = 36,909)

Energy-adjusted sodium intake

Q1 (n = 9,070) Q2 (n = 9,239) Q3 (n = 9,249) Q4 (n =9,351) P-value

Mean intake of sodium (mg/day) 4,627.5 £ 12.1 2,238.5 + 6.0 3,590.4 £ 3.4 4,886.9 = 4.5 7,713 £ 21.7
Age (yrs) 521+ 0.1 551+ 0.9° 51.4 + 0.2 50.3 + 0.2 51.5+ 0.2 <0.001
Male 40.0 (14,744) 34.9 (3,101) 39.9 (3,689) 43.2 (3,994) 49.4 (3,960) <0.001
Region <0.001

Urban 65.4 (24,128) 63.9 (5,792) 66.5 (6,147) 66.8 (6,180) 64.3 (6,009)

Rural 34.6 (12,781) 36.1(3,278) 33.5 (3,092) 33.2 (3,069) 35.7 (3,349)
Body mass index (kg/m?) 23.77 + 0.02 23.67 + 0.04 23.71 £ 0.03 23.79 = 0.03 23.92 + 0.03 0.487
Systolic blood pressure (mmHg) 119.5 0.1 120.5 + 0.2¢ 119.1+0.2° 118.8 + 0.2*° 119.6 = 0.2 0.032
Diastolic blood pressure (mmHg) 75.8+0.1 75.0 £ 0.1 75.8+0.1 76.2 £ 0.1 76.4 0.1 0.083
Education level <0.001

< Elementary school 28.0 (10,324) 35.2 (3,192) 95.8 (2,387) 93.9 (2,209) 971 (2,536)

< Middle school 11.5 (4,255) 11.9 (1,080) 11.1 (1,029) 11.1 (1,029) 12.0 (1,117)

< High school 311 (11,486) 97.5 (2,496) 31.0 (2,867) 32.6 (3,013) 33.3 (3,110)

> University 99.4 (10,844) 95.4 (2,302) 32.0 (2,956) 32.4 (2,998) 7.7 (2,588)
Income level <0.001

Lowest 20.6 (7,588) 95.9 (2,352) 18.5 (1,711) 18.1 (1,675) 19.8 (1,850)

Lower middle 95.3 (9,331) 95.3 (2,295) 26.0 (2,403) 95.0 (2,310) 24.8 (2,323)

Upper middle 27.0 (9,960) 24.5 (2,222) 26.9 (2,482) 28.4 (2,629) 28.1(2,627)

Highest 927.2 (10,030) 924.3 (2,201) 28.6 (2,643) 28.5 (2,635) 97.3 (2,551)
Cigarette smoking (pack/yr) 51.3+ 0.7 441 +1.9° 50.4 £1.3° 56.1 +1.4° 54.3+1.3° <0.001
Current drinker 50.6 (18,689) 44.5 (4,035) 51.7 (4,776) 53.8 (4,971) 592.5 (4,907) <0.001
Metabolic equivalent, MET-min/week 2,014.7 £19.2 1,763.9 + 36.0* 1,888.7 + 35.6% 2,083.8 + 39.4° 2,314.1 + 41.6° <0.001
Diabetes 11.7 (4,154) 13.9 (1,194) 11.2 (998) 10.1 (906) 11.7 (1,056) <0.001
Hypertension 33.7 (12,431) 37.5 (3,398) 32.5 (2,998) 32.0 (2,960) 32.9 (3,075) <0.001

Data are represented as mean = standard error for continuous variables or as percentages for categorical variables. Differences among sodium intake quartiles
were determined using analysis of variance and y? tests. Different alphabets indicate they are significantly different from each other.
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Energy-adjusted sodium intake (mg/d)

Mean Range Subjects (death) HR (95% CI) All-cause mortality

Total

Q1 2,238.5 0-3,014.5 9,070 (398) 1 (ref) ®

Q2 3,590.4 3,014.8-4,181.6 9,239 (273)  0.84 (0.72-0.99) *  —e—

Q3 4,886.9 4,181.9-5,708.6 9,249 (307)  0.96 (0.82-1.12) —or—

Q4 7,713.0 5,708.7-30,830.1 9,351 (361)  0.89 (0.76-1.03) ——
Men

Q1 2,399.4 0-3,201.1 3,617 (244) 1 (ref) ®

Q2 3,762.2  3,201.5-4,348.4 3,668 (149) 0.79(0.64-0.98) * —e——

Q3 5,026.5  4,348.4-5815.8 3,708 (179)  0.93 (0.76-1.13) ——

Q4 7,626.5 5,816.5-30,830.1 3,751 (213)  0.83 (0.69-1.01) ——
Women

Q1 2,146.2 99.0-2,895.9 5,453 (172) 1 (ref) ®

Q2 3,4749  2,895.9-4,065.5 5,563 (119)  0.92 (0.71-1.18) ——

Q3 4,784.7 4,065.8-5,626.2 5,658 (121)  0.97 (0.76-1.25) ——

Q4 7,770.8 5,627.0-27,302.2 5,591 (142) 1.01 (0.79-1.27) —

T T T 1

0.4 0.7 1.0 1.3 1.6
HR (95% ClI)
Fig. 6. HRs for all-cause mortality according to the quartile of energy-adjusted sodium intake. HRs were obtained
by Cox regression analysis controlled for age, sex, region, education, income, tobacco use, alcohol use, physical
activity, body mass index, total energy intake, presence of diabetes or hypertension at baseline.

Cl, confidence interval; HR, hazard ratio; Q, quartiles.
*P<0.05.

was higher only in females with energy-standardized sodium intakes of 5,625-27,147 mg/day
in the Korean population.
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Energy-adjusted sodium intake (mg/d)

Mean Range Subjects (death) HR (95% CI) CVD mortality
Total
Q1 2,249.9 98.7-3,023.7 8,632 (68) 1 (ref)
Q2 3,598.2  3,024.1-4,186.5 8,786 (43) 0.79 (0.53-1.18)
Q3 4,888.9  4,186.7-5,707.1 8,809 (50) 1.06 (0.73-1.55)
Q4 7,7082  5707.2-30,692.4 8,901 (76) 1.16 (0.82-1.64) —fo——
Men
Q1 2,417.5 251.5-3,221.9 3,390 (37) 1 (ref) )
Q2 3,777.3  3,222.3-4,359.6 3,447 (17) 0.71 (0.40-1.28) —eo——
Q3 5,030.1  4,360.2-5,816.4 3,487 (25) 0.96 (0.57-1.64) —e&———
Q4 7,611.8  5817.0-30,692.4 3525(33)  0.91(0.56-1.49) —e——
Women
Q1 2,155.8 98.7-2,903.9 5,236 (30) 1 (ref) )
Q2 3,479.2 2,904.0-4,070.9 5,335 (30) 1.21 (0.71-2.08) —T
Q3 47861  4,071.0-5,624.7 5,338 (23) 1.18(0.68-2.04) —f-0——
Q4 7,7704  5,625.3-27,147.4 5,370 (42) 1.67 (1.02-2.74) ————————— »
T T 1

T
0.4 1.0 1.6 2.2 2.8
HR (95% ClI)
Fig. 7. HRs for CVD-associated mortality according to the quartile of energy-adjusted sodium intake. HRs were
obtained with Cox regression analysis controlled for age, sex, region, education, income, tobacco use, alcohol
use, physical activity, body mass index, total energy intake, presence of diabetes or hypertension at baseline.

Cl, confidence interval; CVD, cardiovascular disease; HR, hazard ratio; Q, quartiles.
*P<0.05.

The continuous declines in dietary sodium intake and CVD burden attributable to high
sodium intake indicate that the efforts of the Ministry of Food and Drug Safety (MFDS) of
Korea to reduce sodium intake have been effective. As sodium intake has decreased in recent
decades, the Korean population has reached the 2017 target sodium intake (< 3,900 mg/day)
4 years in advance. Our report on sodium intakes in 2016 indicate that Koreans may reach
the 2020 goal (< 3,500 mg/day) in time [29]. According to KNHANES, a decrease in blood
pressure appears to be highly associated with the decrease in dietary sodium intake during
the last decade at the population level [30]. These results are most likely attributable to
nationwide programs conducted for lowering dietary sodium in the Korean population. The
MFDS has provided technical support to food manufacturers, restaurants, and foodservices
to decrease sodium content in foods, in addition to promoting several nutrition education
programs for the community and individuals [29]. The socioeconomic benefit of decreasing
daily sodium intake from 4,900 mg (the mean intake of Koreans in 2009) to 3,000 mg has
been estimated to be 12.6 trillion Korean Won (< 1.1 billion US dollars) due to reduced
morbidity, mortality, and related expenses [31]. Collectively, the decreased sodium intake and
corresponding decrease in PAFs attributable to high sodium intake, as shown in the present
study, indicate the success of national efforts to decrease sodium intake.

In the present study, we subsequently assessed whether a high sodium intake was associated
with the all-cause and CVD-associated mortality in the general Korean population. It is generally
known that dietary sodium is associated with morbidity and mortality of chronic diseases,
predominantly mediated by its effect on blood pressure [32]. Whether high blood pressure can
be directly translated to higher risk of CVD-associated mortality is controversial. An inverse
association between sodium intake and (all-cause and CVD-associated) mortality has been
subsequently reported from data of NHANES I, II, and III [33-35]. These results indicate a
possible negative effect of low sodium intake (< 2,300 mg/day). In more recent prospective
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cohort studies, aJ-shaped curve was identified between urinary sodium excretion and
cardiovascular events from the Ongoing Telmisartan alone and in combination with Ramipril
Global Endpoint Trial (ONTARGET) and Telmisartan Randomised Assessment Study in ACE
Intolerant Subjects With Cardiovascular Disease (TRANSCEND) trials [21]. The Prospective
Urban Rural Epidemiology (PURE) study, of which 42% of the study population was Chinese,
also found that an estimated sodium excretion between 3,000 and 6,000 mg/day led to the
lowest risk of death and cardiovascular events [36]. When pooling 4 studies (ONTARGET,
TRANSCEND, PURE, and EPIDREAM), a positive linear association was found between
sodium intake and blood pressure; however, this did not lead to a linear association with
CVD [11]. Rather, a U-shaped curve between sodium excretion and CVD persisted in
hypertensive participants, whereas a negative association was found in subjects without

CVD [11]. The nadir of the U-shaped curve was between 4,000 and 5,000 mg/day of urinary
sodium excretion. Our observation in Koreans is consistent with these previous results, in
which energy-adjusted sodium intakes between 3,014 and 4,182 mg/day led to lower HR
values for all-cause mortality than sodium intake of < 3,014 mg/day. The mean sodium intake
of Koreans in 2016 (3,647 mg/day) is within this range, raising the question as to whether
further reductions in sodium intake are required at the population level. In addition, previous
studies observe an increased risk in mortality with high sodium intake or excretion, but only
when sodium excretion was > 6,500 mg/day. We identified a higher risk of CVD-associated
mortality when energy-adjusted sodium intake was > 5,625 mg/day in women. In contrast

to our results and those of others, the American Heart Association recommends a sodium
intake of < 2,300 mg/day, with an ideal intake of < 1,500 mg/day [37]. Few countries meet this
recommendation or those suggested in the WHO guidelines (< 2,000 mg/day), and countries
with sodium intakes close to the WHO guidelines (< 2,000 mg/day) have predominantly been
developing countries with concerns for malnutrition [8]. Therefore, the balance of intake of
sodium and other nutrients must also be considered when establishing nutrition guidelines.
In addition, very low sodium intake can alter homeostasis and induce renin activity, which

is known to be a risk factor for CVD [38]. Although reducing sodium intake can lower

blood pressure in the short term, as observed in randomized clinical trials, these results

are considered to be difficult to apply to the free-living population as individuals have a
physiological set point and sodium appetite. Recent scientific evidence must be incorporated
when establishing the recommendations for sodium intake for Koreans.

Of interest is the finding that, despite the lower sodium intake in adults aged > 65 years,
the estimated 24-h urinary sodium excretion was highest in this population, suggesting a
possible physiological effect of aging on sodium balance. The equation developed by Tanaka
et al. [16], which was used to estimate 24-h urinary sodium excretion in our subjects, was
developed from the analysis of samples of Japanese adults aged between 20 and 59 years.
Therefore, the equation may not capture the physiology of adults aged > 60 years. Other
equations developed in Whites have been reported to have weaker correlations with Asians
[17]. With lower sodium intake and higher urinary sodium excretion, sodium retention
may be lower in this age group. Although the PAF of sodium tends to increase with age, the
attribution of sodium to CVD-associated mortality in adults > 65 years old appears to be
similar to, or lower than, the mean of the total population. In addition, although sodium
sensitivity is known to increase with age [39], this did not translate to increased mortality
risk in our population, possibly due to the increased excretion of urinary sodium. The lack
of relative consistency between dietary sodium intake and estimated 24-h urinary sodium
excretion among age groups also indicates that caution is required when using the latter as
a surrogate for sodium intake in Korean adult populations with a wide range of ages. As the
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influence of sodium may differ between older and younger adults, recommendations for
sodium intake should be determined according to age.

Dietary sodium and chronic disease in Korea

There are a number of limitations to the present study. Precise recall of sodium intake is difficult,
as sodium content among similar dishes differs according to the method of preparation.
Although we utilized urinary sodium excretion to indirectly calculate sodium intake, the urine
samples available from KNHANES were fasting spot urine collections, which have a higher
degree of measurement error than 24-h urine collections. In addition, the calculation used

to estimate 24-h urinary sodium was not verified for adults aged > 60 years. We were not able

to exclude those with other underlying diseases or familial history that would motivate the
individual to decrease sodium due to increased risk of mortality. On the other hand, the large
sample size, prospective nature, and the inclusion of only individuals without cancer or prior
CVD events are strengths of the present study, as long-term randomized controlled trials require
extensive resources. The present study is the first to combine national dietary and mortality
data to understand the association between sodium intake and risk of mortality in the Korean
population. Our results are distinct in that it was possible to monitor a trend in disease burden
due to high sodium intake during nutrition transition in a Korean population.

In conclusion, sodium intake, PAFs of CVD, and the number of deaths attributable to
inappropriate dietary sodium intake have decreased over the last few decades in the Korean
population. The association between sodium intake and mortality risk is contrary to the
current recommendations, where those with intakes of < 2,500 mg/day have higher risk of
mortality. These results indicate that the optimal sodium intake for Koreans may differ by age
and may be higher than the current recommendations.

SUPPLEMENTARY MATERIALS

Supplementary Table 1
Associations of dietary sodium intake with all-cause and cardiovascular disease mortality in
adults 25 years and older

Click here to view

Supplementary Table 2
Associations of sodium intake with all-cause and cardiovascular disease mortality among
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