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Abstract: Reducing population dietary salt intake is expected to help prevent cardiovascular dis-
ease and thus constrain increasing national healthcare expenditures in Japan’s super-aged society.
We aimed to estimate the impact of achieving global and national salt-reduction targets (8, <6,
and <5 grams/day) on cardiovascular events and national healthcare spending in Japan. Using
published data including mean salt intake and systolic blood pressure from the 2019 National Health
and Nutrition Survey, we developed a Markov model of a closed cohort of adults aged 40-79 years in
2019 (n = 66,955,000) transitioning among six health states based on the disease course of ischemic
heart disease (IHD) and stroke. If mean salt intake were to remain at 2019 levels over 10 years,
cumulative incident cases in the cohort would be approximately 2.0 million for IHD and 2.6 million
for stroke, costing USD 61.6 billion for IHD and USD 104.6 billion for stroke. Compared with the
status quo, reducing mean salt intake towards the targets over 10 years would avert 1-3% of IHD and
stroke events and save up to 2% of related national healthcare costs. Attaining dietary salt-reduction
goals among adults would yield moderate health economic benefits in Japan.

Keywords: salt intake; blood pressure; cardiovascular disease; ischemic heart disease; stroke;
simulation; Markov model; healthcare costs; incidence; mortality

1. Introduction

Chronic exposure to a diet high in salt increases blood pressure and the risk for
subsequent cardiovascular disease, chiefly ischemic heart disease (IHD) and stroke, which
are the leading causes of death and disability worldwide [1]. The average dietary salt
consumption of the global adult population in 2010 was estimated to be 10 grams per
day [2], twice as high as the value recommended by the World Health Organization (WHO)
of less than 5 grams per day [3]. A high salt intake ranked as a leading dietary risk factor
for the global burden of noncommunicable diseases in 2017 [4].

Reduction of population-level dietary salt consumption is a priority intervention
for the prevention and control of noncommunicable diseases through lowering blood
pressure [5,6]. Salt reduction is also expected to ultimately save national healthcare ex-
penditures by decreasing the need for the treatment of cardiovascular events. To project
future health and economic impacts of interventions for dietary salt reduction, a number of
modeling studies have been conducted in global and local settings [7-16]. Such information
is increasingly important for the planning and execution of nutrition policies to improve
public health.

In Japan, mean dietary salt intake decreased between the late twentieth and the
early twenty-first centuries [17,18], but it remained at 9.7 grams per day among adults
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as of 2019 [19]. The incidence of stroke in Japan is the third highest among Organisation
for Economic Co-operation and Development (OECD) member countries (after Latvia
and Lithuania), and the incidence of IHD is approximately the OECD average [20]. The
economic burden of cardiovascular disease is substantial, accounting for one-fifth of na-
tional healthcare expenditures [21]. To prevent cardiovascular disease and restrain future
increases in national healthcare expenditures in Japan’s super-aged society, in which approx-
imately 29% of the population is aged 65 years and older [22], a national health-promotion
campaign in 2012 set a dietary salt-reduction goal for the Japanese population at 8 grams
per day [23]. Dietary salt-reduction targets have also been recommended at <6 grams
per day by the Japanese Society of Hypertension’s guidelines in 2019 [24] and <7.5 grams
per day for men and <6.5 grams per day for women by the Dietary Reference Intakes for
Japanese in 2020 [25]. However, the health economic consequences of nutrition policies,
including such salt-reduction programs, have rarely been evaluated in Japan.

The objective of this study was to develop a simulation model for projecting the health
and economic benefits of dietary salt reduction policies in Japan. Using a simulation model,
we estimated the cardiovascular morbidity and mortality that would be prevented and the
national healthcare expenditures that would be saved by achieving the global and national
targets for dietary salt reduction in the adult population of Japan.

2. Materials and Methods
2.1. Modeling Framework and Study Population

We projected the effects of reducing population-level dietary salt intake to recom-
mended targets on the incidence and mortality of IHD and stroke and national healthcare
expenditures through lowering blood pressure. We defined IHD (I20-125) and stroke
(I60-169) by the International Classification of Diseases, 10th Revision codes. We developed
a discrete-time Markov cohort macro-simulation model by using TreeAge Pro Healthcare
2021 (TreeAge Software, Williamstown, MA, USA) [26]. We simulated a closed cohort of
total population aged 40 to 79 years in Japan in 2019 (n = 66,955,000) [27] over 10 years.
We excluded adults aged under 40 years due to low cardiovascular mortality in this age
range [28] and those aged 80 years and older to avoid unstable estimates resulting from
relatively small survey samples for dietary salt intake and systolic blood pressure (SBP) [19].
We selected 2019 as the baseline year of simulation because it was the most recent year hav-
ing all the data available for the input parameters described below. We restricted the time
horizon to 10 years to ensure the robustness of the study results without being influenced
by potential long-term social changes that might occur. We divided the simulation period
into annual cycles and conducted the simulation from the perspective of the healthcare
sector. We stratified the Markov model by sex and 10-year age group.

The model consisted of six mutually exclusive health states: being healthy, chronic
IHD, chronic stroke, death from IHD, death from stroke, and death from other causes
(Figure 1). The healthy state represented people who had no history of IHD or stroke. The
states of chronic IHD and chronic stroke had survivors of each disease who continued a
treatment on an outpatient basis. The three death states were absorbing terminal states.

At the beginning of the Markov process, the cohort was split among the three health
states of being healthy, chronic IHD, and chronic stroke on the basis of the prevalence of
IHD and stroke. In each successive year, people in the cohort moved among the six health
states according to annual transition probabilities determined by incidence, acute case
fatality, and mortality. People in a healthy state either maintained good health, developed
a first-ever IHD or stroke event, or died from other causes; they could not return to the
healthy state after leaving with an occurrence of IHD or stroke. Outpatients in the chronic
states either stayed in the same condition, experienced a recurrent event, or died from other
causes. Following the onset of a first-ever or recurrent event, patients exited the healthy or
chronic states upon receiving inpatient care in the acute phase. Acute patients entered the
states of IHD and stroke death if they died from the disease by the end of the current cycle,
or they moved to the chronic states if they survived to discharge for continuing outpatient
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care in the next annual cycle. To simplify the model, we made two assumptions according
to previous studies: (1) mortality rates from other causes were equal among the healthy
and chronic states [12]; and (2) the full effect of dietary salt reduction on IHD and stroke
was achieved immediately without any phase-in period [10,11].

Death from
stroke
5

Death from
other causes
6

Death from
IHD
4

C Healthy
1

Chronic IHD
2

Chronic stroke
3

Figure 1. State-transition diagram of the Markov model. Ovals represent the six health states. Direct
arrows represent directions of transitions of the cohort between health states. Circular arrows indicate
the cohort remaining in each health state. Each arrow has a transition probability. IHD, ischemic
heart disease.

2.2. Scenarios

We considered three scenarios of reducing mean dietary salt intake towards global
and national targets over 10 years: 8 grams per day as set by the national health promotion
campaign [23]; <6 grams per day as recommended by the Japanese Society of Hyperten-
sion’s guidelines [24]; and <5 grams per day as recommended by the WHO guidelines [3].
For assessing health gains and savings of national healthcare expenditures under these
scenarios, we set the base-case scenario of mean dietary salt consumption staying at the
levels of 2019 as a comparator. We adopted this reference scenario of the status quo, consid-
ering that mean dietary salt intake had remained virtually constant for the previous five
years in the Japan National Health and Nutrition Surveys [19]. We assessed the health and
economic impacts of reducing dietary salt intake as differences in projected values of the
incidence, mortality, and national health expenditures between the base-case scenario and
each scenario of dietary salt reduction.

We supposed that mean dietary salt intake decreased annually at a constant rate under
each scenario so that age-adjusted mean dietary salt intake would reach the targets in 2029.
We used the standard population of Japan in 2010 [29] for age adjustment. We calculated
annual reduction rates in mean dietary salt intake at 2.1% for 8 grams per day, 4.9% for
<6 grams per day, and 6.8% for <5 grams per day across all sex and age groups. Mean
dietary salt intake to be attained over time under each scenario is illustrated in Figure S1.

2.3. Input Parameters

We obtained data on input parameters from existing databases, survey reports, and
previous studies (Table 1).
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Table 1. Input parameters and data sources used in the Markov model.

Input Parameters Data Sources Values

Total population Population Estimates [27] Table S1

Mean dietary salt intake National Health and Nutrition Survey in Japan, 2019 [19] Table S1

Mean SBP National Health and Nutrition Survey in Japan, 2019 [19] Table S1

Prevalence rates of IHD and stroke Global Burden of Disease Study 2019 [20] Table S2
Incidence rates of IHD and stroke Global Burden of Disease Study 2019 [20] Table S2
Mortality rates of IHD, stroke, and all causes Global Burden of Disease Study 2019 [20] Table S2

Proportion of first-ever events in incident cases

Japan Thrombosis Registry for Atrial Fibrillation, Coronary,

THD or Cerebrovascular Events (J-TRACE) [30] Table S3

Stroke Shiga Stroke Registry [31] Table S3

28-day case fatality rates of IHD and stroke Takashima Cardiovascular Disease Registration System [32] Table S3
Changes in SBP associated with changes in salt intake Analysis of observational studies in 24 communities [33] Table S4
Relative risks for IHD and stroke associated with SBP Global Burden of Disease Study 2019 [20] Table S4
National healthcare expenditures Survey on Medical Care Benefit, 2019 [34], Survey on Table S5

Prescription Drug Expenditure, 2019 [35]

IHD, ischemic heart disease; SBP, systolic blood pressure.

We obtained data on mean dietary salt intake and mean SBP from the Japan National
Health and Nutrition Survey in 2019 [19] (Table S1). This survey used a stratified two-stage
cluster sample design to obtain a nationally representative sample of the non-institutionalized
Japanese population [36]. Household representatives reported food intake of household
members with a 1-day semi-weighted household dietary record. The Standard Tables of
Food Composition in Japan 2015 [37] was applied to quantify salt intake of participants from
their food intake records. At a physical examination site, health professionals used a Riva-
Rocci mercury manometer to measure blood pressure twice in the right upper arm of seated
participants after 5 min of rest. Population-level mean SBP was estimated from averages of
two readings or single readings if measured only once on individual participants.

We multiplied proportions of first-ever events (Table S3) with the incidence to divide
incident cases in the cohort into first-ever events in the healthy state and recurrent ones in
the chronic states. We used 28-day case fatality rates (Table S3) as transition hazards from
an incident IHD and stroke to death.

We assumed that the cardiovascular health benefits of salt reduction were mediated
through blood pressure reductions. To calculate changes in mean SBPs associated with
reductions in salt intake, we applied epidemiological associations estimated from previous
regression analyses using the same 10-year age groups with those in the present study [33]
(Table S4). Mean SBP to be expected over time under each scenario is demonstrated in
Figure 52. We used relative risks for IHD and stroke associated with raised SBP (Table 54)
to quantify changes in the incidence of IHD and stroke through decreased mean SBP. We
supposed that lowered SBP through dietary salt reduction would affect incidence but
would not impact survival after the onset.

Regarding national healthcare expenditures (Table S5), we assigned the sum of outpa-
tient care costs and drug prescription costs to the transitions of staying in the chronic IHD
and stroke and inpatient care costs to the transitions of developing first-ever and recurrent
events. We converted national healthcare expenditures from Japanese yen to U.S. dollars
(USD) according to the annual average exchange rate in 2019 published by the International
Monetary Fund (109.01 yen per U.S. dollar) [38]. We discounted national healthcare expen-
ditures at 2% annually, according to the guidelines for economic evaluation of healthcare
technologies in Japan [39].

2.4. Model Validation and Sensitivity Analyses

We validated the model by checking if it reproduced national healthcare expenditures
for IHD and stroke among the population aged 40 to 79 years in 2019. We compared actual
data to projected national healthcare expenditures for outpatient and inpatient care in the
first annual cycle of the base-case scenario.
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We conducted multiple deterministic one-way sensitivity analyses to assess the im-
pact of uncertainty surrounding model input parameters on expected savings of national
healthcare expenditures. Parameters examined in the sensitivity analyses were the discount
rate (0—4%), associations between salt intake and SBP, and the incidence, prevalence, and
relative risks of IHD and stroke (lower and upper bounds of 95% confidence intervals in
Tables S2 and S4).

3. Results
3.1. Projected Incidence, Mortality, and National Healthcare Expenditures on the Base Case

In the model validation, projected national healthcare expenditures on outpatient and
inpatient care for IHD and stroke in the first annual cycle under the base-case scenario
equaled actual values in 2019 across all age groups and both sexes. We therefore consid-
ered our simulation model to be sufficiently accurate to reproduce the baseline national
healthcare expenditures.

Table 2 shows the projected cumulative total of incidence, mortality, and national
healthcare expenditures for IHD and stroke at the end of the simulation period under the
base-case scenario. If mean dietary salt intake was maintained at the baseline levels of 2019
over a decade, the number of first-ever and recurrent incident cases in the cohort would
total 2,000,792 (3.0%) for IHD and 2,595,308 (3.9%) for stroke. The number of accumulated
deaths would reach 747,314 (1.1%) for IHD and 398,255 (0.6%) for stroke. The cumulative
total of discounted national healthcare expenditures would amount to USD 61.6 billion
for IHD (USD 36.2 billion for outpatient care and USD 25.4 billion for inpatient care) and
USD 104.6 billion for stroke (USD 43.1 billion for outpatient care and USD 61.5 billion for
inpatient care).

Table 2. Projected cumulative incidence, mortality, and national healthcare expenditures for ischemic
heart disease (IHD) and stroke over 10 years from 2019 under the base-case scenario of mean dietary
salt intake remaining at the levels of 2019.

Sex, Age Population, Incidence Deaths National Healthcare
(Years) 2019 Expenditures, Million USD
IHD Stroke IHD Stroke Outpatient Inpatient
No. No. (%) No. (%) No. (%) No. (%) IHD Stroke IHD Stroke
Men
40-79 32,795,000 1,322,550 (4.0) 1,151,035 (3.5) 453,635 (1.4) 171,504 (0.5) 24,671 21,160 20,001 36,052
40-49 9,373,000 125,027 (1.3) 201,224 (21) 42884 (0.5 29982  (0.3) 1504 2060 1314 2798
50-59 8,160,000 263,831 (3.2) 292985 (3.6) 90494  (1.1) 43,655 0.5) 3560 3814 3227 5418
60-69 7,930,000 403,995 (5.1) 340586 (43) 138570 (1.7) 50,747  (0.6) 7642 6298 6416 10,520
70-79 7,332,000 529,697 (72) 316240 (43) 181686 (25) 47,120 0.6) 11,965 8989 9043 17,317
Women
40-79 34,160,000 678,243 (2.0) 1444273 (42) 293,679 (09) 226,751 (0.7) 11,514 21,908 5448 25479
40-49 9,147,000 25,083 0.3) 170,857  (1.9) 10,861 0.1) 26,825 0.3) 603 1855 160 1842
50-59 8,118,000 64,238 0.8) 291,997 (36) 27815 0.3) 45844  (0.6) 1174 3608 439 3267
60-69 8,302,000 171,860 (2.1) 443201 (5.3) 74,415 0.9) 69582 (0.8) 2953 6421 1410 6252
70-79 8,593,000 417,062 (49) 538218 (6.3) 180,588 (2.1) 84,500 (1.0) 6783 10,024 3439 14,118

3.2. Health Gains by Achieving Dietary Salt Reduction Targets

Figures 2 and 3 demonstrate cumulative totals of incidence and mortality prevented
through achieving population-level dietary salt-reduction targets over 10 years compared
with the base-case scenario. If mean dietary salt intake declined to 8, <6, and <5 grams
per day over 10 years, the accumulated total number of averted incident cases in the
whole cohort would be 51,201 (1.1%; 21,594 for IHD and 29,607 for stroke), 106,055 (2.3%;
44,852 for IHD and 61,203 for stroke), and 134,633 (2.9%; 50,734 for IHD and 77,599 for
stroke), respectively. Relative reductions of incident cases of both IHD and stroke under
the salt targets of 8, <6, and <5 grams per day were larger in men at 1.2%, 2.5%, and 3.1%,
respectively, than in women at 1.0%, 2.1%, and 2.7%, respectively.
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Figure 2. Projected cumulative totals of incident cases from ischemic heart disease and stroke

prevented by reducing mean dietary salt intake to 8 g/day, <6 g/day, and <5 g/day between the

years 2019 and 2029 in a closed cohort of population aged 40-79 years in 2019.
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Figure 3. Projected cumulative prevented deaths from ischemic heart disease and stroke by reducing

mean dietary salt intake to 8 g/day, <6 g/day, and <5 g/day between the years 2019 and 2029 in a

closed cohort of population aged 40-79 years in 2019.

The cumulative total number of averted deaths in the whole cohort was projected to
be 12,524 (1.1%; 7990 for IHD and 4534 for stroke) for 8 grams per day, 25,964 (2.3%; 16,593
for IHD and 9371 for stroke) for <6 grams per day, and 32,979 (2.9%; 21,097 for IHD and
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11,882 for stroke) for <5 grams per day. Relative reductions of deaths from both IHD and
stroke under the salt targets of 8, <6, and <5 grams per day were larger in men at 1.2%,
2.4%, and 3.1%, respectively, than in women at 1.0%, 2.1%, and 2.6%, respectively.

3.3. National Healthcare Expenditures Saved by Achieving Dietary Salt Reduction Targets

Figure 4 presents the projected cumulative total savings of national healthcare
expenditures through the prevention of IHD and stroke over 10 years under the scenarios
of achieving dietary salt-reduction targets. The accumulated total savings in the whole
cohort would amount to USD 1.2 billion (0.7%; USD 363 million for IHD and USD 789
million for stroke) for 8 grams per day, USD 2.4 billion (1.4%; USD 758 million for IHD
and USD 1.6 billion for stroke) for <6 grams per day, and USD 3.1 billion (1.8%; USD 967
million for IHD and USD 2.1 billion for stroke) for <5 grams per day. Relative reductions
of national healthcare expenditures under the salt targets of 8, <6, and <5 grams per day
were larger in men at 0.8%, 1.6%, and 2.0%, respectively, than in women at 0.6%, 1.2%,
and 1.6%, respectively.

§ Men, 8 g/day Men, <6 g/day Men, <5 g/day
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Figure 4. Projected cumulative total savings of national healthcare expenditures for IHD and stroke
by reducing mean dietary salt intake to 8 g/day, <6 g/day, and <5 g/day between the years 2019 and
2029 compared with the base-case scenario in a closed cohort of population aged 40-79 years in 2019.
IHD, ischemic heart disease.

3.4. Sensitivity Analyses

Figure 5 illustrates the results of the one-way sensitivity analyses in the whole cohort.
The modeled uncertainty in cumulative savings of national healthcare expenditures over
10 years was largest for the changes in SBP associated with changes in salt intake and
the relative risks for stroke associated with SBP, followed by relative risks for IHD or the
discount rate.
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Figure 5. Results of the one-way sensitivity analyses of key input parameters on projected cumulative
savings of national healthcare expenditures for IHD and stroke by reducing mean dietary salt intake
to 8 g/day (A), <6 g/day (B), and <5 g/day (C) between the years 2019 and 2029 in a closed cohort
of population aged 40-79 years in 2019. Blue, men; red, women. Range plots with spikes indicate
uncertainty ranges. Dashed lines indicate expected values. IHD, ischemic heart disease; RR, relative
risk, SBP: systolic blood pressure.

4. Discussion

To our knowledge, this is the first simulation study on the health economic effects of
nutrition policies including salt intake-reduction policies in Japan. The global burden of
disease attributable to dietary risks is substantial [40], and previous studies have projected
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future reductions in disability-adjusted life years through increased fruit and vegetable
intake [41-43] and decreased salt intake [44] in Japan. However, the effects of healthy
diet on the control of national healthcare expenditures were not well-understood. Our
simulation of medical cost savings through population dietary salt reduction provides
useful information for strengthening nutrition policies to suppress the trends toward
increased national healthcare expenditures in Japan’s super-aged society.

Our model integrated the latest information on key input parameters available from
official statistics and the published literature, especially mean dietary salt intake and SBP
from the Japan National Health and Nutrition Survey. Our results suggest that achieving
the global and national dietary salt-reduction targets among adults in Japan would have
moderate effects on the control of cardiovascular disease and related national healthcare
expenditures through lowering population-level blood pressure. In the cohort aged 40 to
79 years in 2019, compared with the status quo, a reduction of mean dietary salt intake to
8, <6, and <5 grams per day over 10 years would avert approximately 1 to 3 percent of
IHD and stroke events and save up to 2 percent of national healthcare expenditures for
cardiovascular disease.

Largely because of the absence of a national database on unit costs of nutrition policies,
our preliminary study focused on estimating the health economic benefits of achieving
dietary salt-reduction targets. We explored relatively simple scenarios of reducing popula-
tion dietary salt intake towards targets without specifying any actual intervention program.
Similar investigations have been conducted on reductions of mean dietary salt intake by 1
to 3 grams per day in Finland [11] and the United States [9] as well as reductions to national
goals of 6 and 9 grams per day in China [13] and 7 and 8 grams per day in Vietnam [15].
These previous studies applied a Markov cohort model, notably the Coronary Heart Dis-
ease Policy model [9,13], and used summary statistics on dietary salt intake and blood
pressure obtained from national health and nutrition surveys. Their results agreed with
ours in Japan in that the health economic effects of reducing population dietary salt intake
were moderate.

Projected health gains and cost savings through dietary salt reduction were slightly
greater in men than in women. This result was consistent with a previous finding in
Vietnam [15]. The benefits of population salt reduction were greater for men than women in
Japan, partly because annual decreases in mean dietary salt intake were set in the simulation
model to be proportional to the baseline levels. A larger decrease in mean dietary salt
intake was required to meet the national targets in men than in women.

The strengths of our study should be addressed. First, we used recent summary statis-
tics on salt intake and SBP at the population level from the National Health and Nutrition
Survey. Second, we validated the model, including its assumptions by comparison of base-
line results to actual healthcare expenditures. Third, we conducted one-to-one sensitivity
analyses to explore the uncertainty of results.

Our study also has several limitations to be noted. First, we did not examine the
cost-effectiveness of specific intervention programs for population dietary salt reduction,
such as mass media campaigns, front-of-package nutrition labeling, and reformulation
of processed foods. To facilitate implementation of such cost-effectiveness evaluations,
building a national network database of unit costs and use of nutritional interventions
is an urgent need. Second, while focusing on medical expenditures on inpatient and
outpatient treatment, our model did not incorporate disability requiring long-term care in
the community or clinical settings. Preventing long-term care needs, particularly among
stroke survivors in the older population, would have considerable economic implications in
Japan. Third, our model on the closed cohort aged 40 to 79 years in 2019 ignored the entry
of people reaching 40 years of age and the exit of those surviving to 80 years of age during
the simulation period. Our results should be interpreted as hypothetical projections of that
specific cohort over a decade. Fourth, our model on IHD and stroke did not cover other
diseases related to excessive salt intake, such as hypertensive heart disease, chronic kidney
disease, and gastric cancer. Different model structures may be needed to adjust for disease
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processes that are different from those of IHD and stroke adopted in our model involving
acute and chronic phases for the first and recurrent incidents. In addition, although our
model included deaths from other causes, it did not explicitly account for competing risks
of death, relying on the prevalence, incidence, mortality, and relative risks of IHD and
stroke estimated by the Global Burden of Disease study. Fifth, salt intake in 2019 was
calculated using the Standard Table of Food Composition in 2015. Food reformulation
during the four intervening years might result in overestimation of salt intake although
there is insufficient information available to assess the impact.

Despite the decline in dietary salt intake in the Japanese population from the second
half of the twentieth century, progress has stalled, and national healthcare spending on
cardiovascular disease has been on the rise in this super-aged society. Our findings support
calls for reinforcing population-wide interventions to leverage dietary salt intake reductions
from an economic standpoint. Both supply- and demand-side approaches would be neces-
sary for addressing the primary source of dietary salt in Japanese adults, i.e., seasonings
such as salt used in cooking and at the table, soy sauce, miso (soybean paste), and soup
stock [45].

In future research, the simulation model should be extended to cover the health
economic effects of population dietary salt intake reductions on disability, quality of life,
and use of long-term care services over a lifetime. Prevention of long-term care needs
among dependent people would be crucial for ensuring economic benefits from additional
life years gained through reduced cardiovascular mortality [46]. In addition, the impacts
on overall healthcare expenditures should be explored, considering morbidities that are
likely to occur instead of IHD and stroke in prolonged lifespan. Moreover, the projected
health economic benefits of dietary salt reduction should be compared with those of other
strategies for lowering blood pressure under a common framework. A previous regression
analysis of the Japan National Nutrition Surveys between 1986 and 2002 suggested that
contributions to the decline of mean SBP were limited for small reductions of dietary salt
intake compared with substantially increased use of antihypertensive medications in older
adults and lowered body weight in young women [47]. Such findings support the need for
comparative simulation studies that would enhance public understanding of the relative
importance of the population’s salt reduction in the control of future national healthcare
expenditures and social security costs.

To conclude, this first simulation model of future health economic consequences of
dietary salt-reduction policies in Japan suggests that accomplishing global and national
dietary salt-reduction targets would save up to 2% of national healthcare expenditures
for cardiovascular disease among middle-aged and older adults over a decade. Health
economic assessments of nutrition policies via simulation models should be further en-
couraged under the principles of sustainable healthy diets [48] and the planetary health
diet [49] to realize a truly healthy and long-lived society.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nul14173606/s1: Figure S1: Mean dietary salt intake to be achieved
for reaching dietary salt reduction targets between the years 2019 and 2029, by age group and sex;
Figure S2: Mean systolic blood pressure to be achieved for reaching dietary salt reduction targets
between the years 2019 and 2029, by age group and sex; Table S1: Baseline data on total population,
mean dietary salt intake, and mean systolic blood pressure by age group and sex in Japan, 2019;
Table S2: Baseline data on the incidence, prevalence, and mortality of ischemic heart disease and
stroke by age group and sex in Japan, 2019, based on estimates from the Global Burden of Disease
Study; Table S3: Baseline data on proportions of first-ever incident cases and acute case fatality of
ischemic heart disease and stroke, by sex; Table S4: Baseline data on epidemiologic associations used
in the model, by age group, both sexes; Table S5: Baseline data on national healthcare expenditures
for ischemic heart disease and stroke by age group and sex in Japan, 2019, in U.S. dollars.


https://www.mdpi.com/article/10.3390/nu14173606/s1
https://www.mdpi.com/article/10.3390/nu14173606/s1

Nutrients 2022, 14, 3606 11 of 13

Author Contributions: Conceptualization, N.I., HK., K.Y. and N.N.; methodology, N.I., H.Y., ] H.,,
H.K. and N.N; software, N.I, ] H. and H.K,; validation, N.I.,, H.Y. and N.N.; formal analysis, N.I.,
H.Y, J.H.,, HK. and N.N; investigation, N.I. and H.Y.; resources, N.I. and H.Y.; data curation, N.I.
and H.Y.; writing—original draft preparation, N.I.; writing—review and editing, H.Y., ].H., HK, K.Y.
and N.N,; visualization, N.I., H.Y. and N.N.; supervision, K.Y. and N.N.; project administration, N.I.
and N.N,; funding acquisition, N.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a Health and Labour Sciences Research Grant from the
Ministry of Health, Labour and Welfare of Japan, grant number 19FA1004.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to use of publicly available information.

Informed Consent Statement: Patient consent was waived due to use of publicly available information.
Data Availability Statement: All data supporting this research are provided in this manuscript.

Acknowledgments: We thank John Daniel from Edanz (https://jp.edanz.com/expert/oncology-
and-carcinogenesis/john-daniel accessed on 26 August 2022) for editing a draft of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries and territories,
1990-2019: A systematic analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204-1222. [CrossRef]

Powles, J.; Fahimi, S.; Micha, R.; Khatibzadeh, S.; Shi, P.; Ezzati, M.; Engell, R.E.; Lim, S.S.; Danaei, G.; Mozaffarian, D.; et al.
Global, regional and national sodium intakes in 1990 and 2010: A systematic analysis of 24 h urinary sodium excretion and
dietary surveys worldwide. BMJ Open 2013, 3, e003733. [CrossRef] [PubMed]

World Health Organization. Guideline: Sodium Intake for Adults and Children; World Health Organization: Geneva, Switzerland,
2012.

GBD 2017 Risk Factor Collaborators. Global, regional, and national comparative risk assessment of 84 behavioural, environmental
and occupational, and metabolic risks or clusters of risks for 195 countries and territories, 1990-2017: A systematic analysis for
the Global Burden of Disease Study 2017. Lancet 2018, 392, 1923-1994. [CrossRef]

Beaglehole, R.; Bonita, R.; Horton, R.; Adams, C.; Alleyne, G.; Asaria, P.; Baugh, V.; Bekedam, H.; Billo, N.; Casswell, S.; et al.
Priority actions for the non-communicable disease crisis. Lancet 2011, 377, 1438-1447. [CrossRef]

World Health Organization. Global Action Plan for the Prevention and Control of Noncommunicable Diseases 2013-2020; World Health
Organization: Geneva, Switzerland, 2013.

Murray, C.J.L.; Lauer, J.A.; Hutubessy, R.C.W.; Niessen, L.; Tomijima, N.; Rodgers, A.; Lawes, C.M.M.; Evans, D.B. Effectiveness
and costs of interventions to lower systolic blood pressure and cholesterol: A global and regional analysis on reduction of
cardiovascular-disease risk. Lancet 2003, 361, 717-725. [CrossRef]

Asaria, P.; Chisholm, D.; Mathers, C.; Ezzati, M.; Beaglehole, R. Chronic disease prevention: Health effects and financial costs of
strategies to reduce salt intake and control tobacco use. Lancet 2007, 370, 2044-2053. [CrossRef]

Bibbins-Domingo, K.; Chertow, G.M.; Coxson, P.G.; Moran, A.; Lightwood, ].M.; Pletcher, M.].; Goldman, L. Projected effect of
dietary salt reductions on future cardiovascular disease. N. Engl. . Med. 2010, 362, 590-599. [CrossRef]

Smith-Spangler, C.M.; Juusola, J.L.; Enns, E.A.; Owens, D.K.; Garber, A.M. Population strategies to decrease sodium intake and
the burden of cardiovascular disease: A cost-effectiveness analysis. Ann. Intern. Med. 2010, 152, 481-487. [CrossRef]
Martikainen, J.A.; Soini, E.J.; Laaksonen, D.E.; Niskanen, L. Health economic consequences of reducing salt intake and replacing
saturated fat with polyunsaturated fat in the adult Finnish population: Estimates based on the FINRISK and FINDIET studies.
Eur. J. Clin. Nutr. 2011, 65, 1148-1155. [CrossRef]

Nghiem, N.; Blakely, T.; Cobiac, L.J.; Pearson, A.L.; Wilson, N. Health and economic impacts of eight different dietary salt
reduction interventions. PLoS ONE 2015, 10, e0123915. [CrossRef]

Wang, M.; Moran, A.E.; Liu, J.; Coxson, P.G.; Penko, J.; Goldman, L.; Bibbins-Domingo, K.; Zhao, D. Projected Impact of Salt
Restriction on Prevention of Cardiovascular Disease in China: A Modeling Study. PLoS ONE 2016, 11, e0146820. [CrossRef]
[PubMed]

Webb, M.; Fahimi, S.; Singh, G.M.; Khatibzadeh, S.; Micha, R.; Powles, ].; Mozaffarian, D. Cost effectiveness of a government
supported policy strategy to decrease sodium intake: Global analysis across 183 nations. BMJ (Clin. Res. Ed.) 2017, 356, i6699.
[CrossRef]

Aminde, L.N.; Phung, H.N.; Phung, D.; Cobiac, L.]J.; Veerman, J.L. Dietary Salt Reduction, Prevalence of Hypertension and
Avoidable Burden of Stroke in Vietnam: Modelling the Health and Economic Impacts. Front. Public Health 2021, 9, 682975.
[CrossRef] [PubMed]


https://jp.edanz.com/expert/oncology-and-carcinogenesis/john-daniel
https://jp.edanz.com/expert/oncology-and-carcinogenesis/john-daniel
http://doi.org/10.1016/S0140-6736(20)30925-9
http://doi.org/10.1136/bmjopen-2013-003733
http://www.ncbi.nlm.nih.gov/pubmed/24366578
http://doi.org/10.1016/S0140-6736(18)32225-6
http://doi.org/10.1016/S0140-6736(11)60393-0
http://doi.org/10.1016/S0140-6736(03)12655-4
http://doi.org/10.1016/S0140-6736(07)61698-5
http://doi.org/10.1056/NEJMoa0907355
http://doi.org/10.7326/0003-4819-152-8-201004200-00212
http://doi.org/10.1038/ejcn.2011.78
http://doi.org/10.1371/journal.pone.0123915
http://doi.org/10.1371/journal.pone.0146820
http://www.ncbi.nlm.nih.gov/pubmed/26840409
http://doi.org/10.1136/bmj.i6699
http://doi.org/10.3389/fpubh.2021.682975
http://www.ncbi.nlm.nih.gov/pubmed/34150712

Nutrients 2022, 14, 3606 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kato, H.; Ikeda, N.; Sugiyama, T.; Nomura, M.; Yoshita, K.; Nishi, N. Use of simulation models in health economic evaluation
studies of dietary salt-reduction policies for cardiovascular disease prevention. Nihon Koshu Eisei Zasshi 2021, 68, 631-643.
[CrossRef] [PubMed]

Brown, L].; Tzoulaki, I.; Candeias, V.; Elliott, P. Salt intakes around the world: Implications for public health. Int. |. Epidemiol.
2009, 38, 791-813. [CrossRef]

Saito, A.; Imai, S.; Htun, N.C.; Okada, E.; Yoshita, K.; Yoshiike, N.; Takimoto, H. The trends in total energy, macronutrients
and sodium intake among Japanese: Findings from the 1995-2016 National Health and Nutrition Survey. Br. ]. Nutr. 2018, 120,
424-434. [CrossRef] [PubMed]

Ministry of Health, Labour and Welfare. The National Health and Nutrition Survey in Japan, 2019; Ministry of Health, Labour and
Welfare: Tokyo, Japan, 2020.

Global Burden of Disease Collaborative Network. Global Burden of Disease Study 2019 (GBD 2019) Results. Available online:
https:/ /vizhub.healthdata.org/gbd-results/ (accessed on 25 July 2022).

Ministry of Health, Labour and Welfare. Overview of National Medical Care Expenditure. 2019. Available online: https:
/ /www.mhlw.go.jp/toukei/saikin/hw/k-iryohi/19/index.html (accessed on 13 April 2022).

Statistics Bureau of Japan, Ministry of Internal Affairs and Communications. Current Population Estimates as of 1 October 2021.
Available online: https:/ /www.stat.go.jp/english/data/jinsui/2021np/index.html (accessed on 3 August 2022).

Ministry of Health, Labour and Welfare. A Basic Direction for Comprehensive Implementation of National Health
Promotion. Available online: https://www.mhlw.go.jp/file/06-Seisakujouhou-10900000-Kenkoukyoku/0000047330.pdf
(accessed on 25 July 2022).

Japanese Society of Hypertension Committee for Guidelines for the Management of Hypertension. Guidelines for the Management
of Hypertension 2019; Japanese Society of Hypertension: Tokyo, Japan, 2019.

Ito, S.; Sasaki, S. Dietary Reference Intakes for Japanese, 2020; Daiichi Shuppan, Co.: Tokyo, Japan, 2020.

TreeAge Software, Inc. TreeAge Pro 2021, R1; TreeAge Software: Williamstown, MA, USA, 2021.

Statistics Bureau of Japan, Ministry of Internal Affairs and Communications. Current Population Estimates as of 1 October 2019.
Available online: https://www.stat.go.jp/english/data/jinsui/2019np/index.html (accessed on 4 February 2022).
Director-General for Statistics and Information Policy, Ministry of Health, Labour and Welfare. Vital Statistics of Japan 2019;
Ministry of Health, Labour and Welfare: Tokyo, Japan, 2021.

Statistics Bureau of Japan, Ministry of Internal Affairs and Communications. Population and Households of Japan: Final Report of the
2010 Population Census; Ministry of Internal Affairs and Communications: Tokyo, Japan, 2014.

Uchiyama, S.; Shibata, Y.; Hirabayashi, T.; Mihara, B.; Hamashige, N.; Kitagawa, K.; Goto, S.; Origasa, H.; Shimada, K.; Kobayashi,
H.; et al. Risk factor profiles of stroke, myocardial infarction, and atrial fibrillation: A Japanese Multicenter Cooperative Registry.
J. Stroke Cereb. Dis 2010, 19, 190-197. [CrossRef]

Takashima, N.; Arima, H.; Kita, Y.; Fujii, T.; Miyamatsu, N.; Komori, M.; Sugimoto, Y.; Nagata, S.; Miura, K.; Nozaki, K. Incidence,
Management and Short-Term Outcome of Stroke in a General Population of 1.4 Million Japanese—Shiga Stroke Registry—. Circ.
J. 2017, 81, 1636-1646. [CrossRef]

Rumana, N,; Kita, Y,; Turin, T.C.; Nakamura, Y.; Takashima, N.; Ichikawa, M.; Sugihara, H.; Morita, Y.; Hirose, K.; Kawakami, K,;
et al. Acute case-fatality rates of stroke and acute myocardial infarction in a Japanese population: Takashima stroke and AMI
registry, 1989-2005. Int. ]. Stroke 2014, 9 (Suppl. A100), 69-75. [CrossRef]

Law, M.R,; Frost, C.D.; Wald, N.J. By how much does dietary salt reduction lower blood pressure? I—Analysis of observational
data among populations. BM] 1991, 302, 811-815. [CrossRef]

Ministry of Health, Labour and Welfare. Survey on Medical Care Benefit. 2019. Available online: https:/ /www.e-stat.go.jp/stat-
search/files?page=1&layout=datalist&toukei=00450389&tstat=000001044924&cycle=0&tclass1=000001044945&tclass2=0000011
56339&tclass3val=0 (accessed on 7 February 2022).

Ministry of Health, Labour and Welfare. Survey on Prescription Drug Expenditure. 2019. Available online: https://www.mhlw.
go.jp/bunya/iryouhoken/database/zenpan/cyouzai_doukou.html (accessed on 10 February 2022).

Ikeda, N.; Takimoto, H.; Imai, S.; Miyachi, M.; Nishi, N. Data Resource Profile: The Japan National Health and Nutrition Survey
(NHNS). Int. . Epidemiol. 2015, 44, 1842-1849. [CrossRef]

Ministry of Education, Culture, Sports, Science, and Technology. Standard Tables of Food Composition in Japan; Seventh Revised
Edition; Ministry of Education, Culture, Sports, Science, and Technology: Tokyo, Japan, 2015. Available online: https://www.
mext.go.jp/a_menu/syokuhinseibun/1365297.htm (accessed on 24 February 2022).

International Monetary Fund. IMF Data Access to Macroeconomic & Financial Data. Available online: https://data.imf.org/?sk=
388dfa60-1d26-4ade-b505-a05a558d9a42 (accessed on 4 February 2022).

Fukuda, T.; Shiroiwa, T.; Ikeda, S.; Igarashi, A.; Akazawa, M.; Ishida, H.; Noto, S.; Saito, S.; Sakamaki, H.; Shimozuma, K.; et al.
Guideline for economic evaluation of healthcare in Japan. J. Natl. Inst. Public Health 2013, 62, 625-640.

GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 countries and territories, 1990-2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1223-1249. [CrossRef]

Mo, X.; Gai, R.T.; Sawada, K.; Takahashi, Y.; Cox, S.E.; Nakayama, T.; Mori, R. Coronary heart disease and stroke disease burden
attributable to fruit and vegetable intake in Japan: Projected DALYS to 2060. BMC Public Health 2019, 19, 707. [CrossRef]


http://doi.org/10.11236/jph.20-150
http://www.ncbi.nlm.nih.gov/pubmed/34261839
http://doi.org/10.1093/ije/dyp139
http://doi.org/10.1017/S0007114518001162
http://www.ncbi.nlm.nih.gov/pubmed/29860946
https://vizhub.healthdata.org/gbd-results/
https://www.mhlw.go.jp/toukei/saikin/hw/k-iryohi/19/index.html
https://www.mhlw.go.jp/toukei/saikin/hw/k-iryohi/19/index.html
https://www.stat.go.jp/english/data/jinsui/2021np/index.html
https://www.mhlw.go.jp/file/06-Seisakujouhou-10900000-Kenkoukyoku/0000047330.pdf
https://www.stat.go.jp/english/data/jinsui/2019np/index.html
http://doi.org/10.1016/j.jstrokecerebrovasdis.2009.04.004
http://doi.org/10.1253/circj.CJ-17-0177
http://doi.org/10.1111/ijs.12288
http://doi.org/10.1136/bmj.302.6780.811
https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00450389&tstat=000001044924&cycle=0&tclass1=000001044945&tclass2=000001156339&tclass3val=0
https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00450389&tstat=000001044924&cycle=0&tclass1=000001044945&tclass2=000001156339&tclass3val=0
https://www.e-stat.go.jp/stat-search/files?page=1&layout=datalist&toukei=00450389&tstat=000001044924&cycle=0&tclass1=000001044945&tclass2=000001156339&tclass3val=0
https://www.mhlw.go.jp/bunya/iryouhoken/database/zenpan/cyouzai_doukou.html
https://www.mhlw.go.jp/bunya/iryouhoken/database/zenpan/cyouzai_doukou.html
http://doi.org/10.1093/ije/dyv152
https://www.mext.go.jp/a_menu/syokuhinseibun/1365297.htm
https://www.mext.go.jp/a_menu/syokuhinseibun/1365297.htm
https://data.imf.org/?sk=388dfa60-1d26-4ade-b505-a05a558d9a42
https://data.imf.org/?sk=388dfa60-1d26-4ade-b505-a05a558d9a42
http://doi.org/10.1016/S0140-6736(20)30752-2
http://doi.org/10.1186/s12889-019-7047-z

Nutrients 2022, 14, 3606 13 of 13

42.

43.

44.

45.

46.

47.

48.
49.

Tanaka, S.; Yoneoka, D.; Ishizuka, A.; Ueda, P.; Nakamura, K.; Uneyama, H.; Hayashi, N.; Shibuya, K.; Nomura, S. Projections of
disability-adjusted life years for major diseases due to a change in vegetable intake in 2017-2040 in Japan. BMC Public Health
2021, 21, 770. [CrossRef]

Yoneoka, D.; Nomura, S.; Tanaka, S.; Ishizuka, A.; Peter, U.; Rauniyar, S.K.; Nakamura, K.; Uneyama, H.; Hayashi, N.; Shibuya, K.
Prediction of disability-adjusted life years for diseases due to low fruit intake in 2017-2040 in Japan. Public Health Nutr. 2021, 24,
3156-3166. [CrossRef]

Nomura, S.; Yoneoka, D.; Tanaka, S.; Ishizuka, A.; Ueda, P.; Nakamura, K.; Uneyama, H.; Hayashi, N.; Shibuya, K. Forecasting
disability-adjusted life years for chronic diseases: Reference and alternative scenarios of salt intake for 2017-2040 in Japan. BMC
Public Health 2020, 20, 1475. [CrossRef]

Matsumoto, M.; Tajima, R.; Fujiwara, A.; Yuan, X.; Okada, E.; Takimoto, H. Trends in dietary salt sources in Japanese adults: Data
from the 2007-2019 National Health and Nutrition Survey. Br. J. Nutr 2022, 1-14. [CrossRef]

Nishi, N.; Ikeda, N.; Sugiyama, T.; Kurotani, K.; Miyachi, M. Simulating the Impact of Long-Term Care Prevention Among Older
Japanese People on Healthcare Costs From 2020 to 2040 Using System Dynamics Modeling. Front. Public Health 2020, 8, 592471.
[CrossRef]

Ikeda, N.; Gakidou, E.; Hasegawa, T.; Murray, C.J. Understanding the decline of mean systolic blood pressure in Japan: An
analysis of pooled data from the National Nutrition Survey, 1986-2002. Bull. World Health Organ. 2008, 86, 978-988. [CrossRef]
FAO; WHO. Sustainable Healthy Diets: Guiding Principles; FAO and WHO: Rome, Italy, 2019.

Willett, W.; Rockstrém, J.; Loken, B.; Springmann, M.; Lang, T.; Vermeulen, S.; Garnett, T.; Tilman, D.; DeClerck, F.; Wood, A.;
et al. Food in the Anthropocene: The EAT-Lancet Commission on healthy diets from sustainable food systems. Lancet 2019, 393,
447-492. [CrossRef]


http://doi.org/10.1186/s12889-021-10772-2
http://doi.org/10.1017/S1368980020004541
http://doi.org/10.1186/s12889-020-09596-3
http://doi.org/10.1017/S0007114522001416
http://doi.org/10.3389/fpubh.2020.592471
http://doi.org/10.2471/BLT.07.050195
http://doi.org/10.1016/S0140-6736(18)31788-4

	Introduction 
	Materials and Methods 
	Modeling Framework and Study Population 
	Scenarios 
	Input Parameters 
	Model Validation and Sensitivity Analyses 

	Results 
	Projected Incidence, Mortality, and National Healthcare Expenditures on the Base Case 
	Health Gains by Achieving Dietary Salt Reduction Targets 
	National Healthcare Expenditures Saved by Achieving Dietary Salt Reduction Targets 
	Sensitivity Analyses 

	Discussion 
	References

