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Abstract

Objective: Given the importance of high sodium diets as a risk factor for disease burden (ranked 11th in importance in the
Global Burden of Disease Study 2010), we aimed to determine the feasibility of low-sodium diets that were also low-cost,
nutritious and (for some scenarios) included familiar meals.

Methods: The mathematical technique of ‘‘linear programming’’ was used to model eight optimized daily diets (some with
uncertainty), including some diets that contained ‘‘familiar meals’’ for New Zealanders or were Mediterranean-, Asian- and
Pacific-style diets. Data inputs included nutrients in foods, food prices and food wastage.

Findings: Using nutrient recommendations for men and a cost constraint of ,NZ$9/d (US$6.84), the sodium intake levels in
the eight optimized daily diets were all well below the 2300 mg/d (5.8 g salt/d) recommended maximum. The only diet to
not consistently fall below the recommended ‘‘target’’ upper limit of 1600 mg/d included an evening meal with sausages
(median = 1640 mg/d, 95% simulation interval: 1551–1735 mg/d). Many additional nutritional aspects of these optimized
low-sodium diets suggest that they would reduce cardiovascular disease risk in other ways (e.g., improved polyunsaturated
to saturated fat ratio) and also reduce risk of cancer and other chronic diseases (e.g., via higher intakes of vegetables, fruits
and dietary fiber). Even healthier diets (e.g., with higher intakes of fruit) occurred when the cost constraint was relaxed to
$NZ15/d (US$11.40). Similar results were obtained when the modeling considered diets for women.

Conclusions: These results provide some reassurance for the feasibility of substantially reducing population sodium intake
given currently available low-cost foods and while maintaining some level of familiar meals. Policy makers could consider
ways to promote such optimized diets and foods, including regulations on maximum salt levels in processed foods, and
taxes on alternative foods that are high in salt, sugar and saturated fat.
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Introduction

A high intake of salt in the diet is associated with a significantly

increased risk of stroke and total cardiovascular disease according

to a meta-analysis of 13 observational studies [1]. There is also

evidence from a Cochrane systematic review that reductions in

sodium intake reduce systolic blood pressure (BP) in people defined

as ‘‘normotensive’’ by about 1.3 to 4 mm Hg and even more so in

people with hypertension (6 to 10 mm Hg reduction) [2]. In turn,

there is a direct relationship between BP and heart disease, stroke

and end-stage renal disease according to a meta-analysis of 61

studies [3].

Yet the direct evidence for dietary salt reduction leading to a

reduction in disease outcomes is less conclusive. A recent

Cochrane systematic review reported that salt reduction had

relatively small benefits on cardiovascular events or mortality, and

that uncertainty remained [4]. However, this review has been

criticized for its approach to study inclusion and other method-

ological issues [5], [6], [7]. Its low power has also been noted; the

analysis only had 10% power to detect a 10% reduction in relative

risk [6].

When looking at the totality of the evidence for the potential

benefits to health from the reduction of dietary salt intake, there is

also evidence from many animal studies, ecological studies and

observational studies [8], [7]. Particularly notable improvements

in cardiovascular health associated with dietary salt reduction were

achieved in Finland after institution of systematic approaches to

reduce salt intake across the population, such as mass media-

campaigns, co-operation with the food industry, and implementing

salt labeling legislation. Nevertheless, other cardio-protective

changes may also have played important roles in these trends

e.g., increased potassium intake, increased fruit and vegetable

intake, and reduced smoking [7].

In the most recent review we identified was by the World

Health Organization (WHO), and the findings were that:
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‘‘Higher sodium intake was associated with higher risk of

incident stroke, fatal stroke and fatal coronary heart disease.

There was no association between sodium intake and all-

cause mortality, incident cardiovascular disease and non-

fatal coronary heart disease. However, the strong positive

relationship between blood pressure and these outcomes

provides indirect evidence that reducing sodium intake can

improve these outcomes through a beneficial effect on blood

pressure.’’ [9]

As others have commented on, it is clear that there are

considerable complexities in considering the evidence around

dietary salt for policy development [10]. Nevertheless, given the

totality of the currently available evidence it seems highly

justifiable for governments and health authorities to act further

on lowering population sodium intakes. The need for this may

even grow more urgent if publicly-funded health systems come

under additional fiscal pressure for treating cardiovascular disease

in older populations. For these reasons the WHO in 2012

recommended a ‘‘reduction to ,2 g/day sodium (5 g/day salt) in

adults (strong recommendation)’’ [9].

Certainly at the international level there are calls for ‘‘salt

reduction’’ to be considered a priority, with it included in the top

five priority actions for advancing non-communicable disease

(NCD) control internationally [11]. ‘‘High sodium’’ is also one of

the top two dietary risk factors for disease burden identified in the

Global Burden of Disease Study 2010 [12]. It was ranked 11th

globally out of all risk factors, and was ahead of all other dietary

risk factors except for diets ‘‘low in fruits’’.

Yet to facilitate the introduction of salt reduction interventions,

it is still useful to address any residual concerns that lower sodium

diets might carry health risks and are not particularly feasible.

Fortunately there is minimal evidence for risks associated with

reducing salt intake, as noted in a major report by the Institute of

Medicine (USA) that made recommendations for regulating down

the salt levels in foods [13]. Similarly, the WHO Review stated

that ‘‘Reducing sodium intake had no significant adverse effect on

blood lipids, catecholamine levels or renal function’’ [9]. But in

terms of feasibility, it has been suggested for the US population

that meeting salt reduction goals would require a potentially

unfeasible deviation from current eating patterns or a profound

modification of the US food supply [14]. Furthermore, optimized

diets (that are low sodium, nutritious and low cost) may potentially

have relatively little variety and deviate ‘‘substantially from social

norms’’ as suggested in a French study [15].

Given this background, this study aimed to further determine

the feasibility of diets that meet not only nutritional recommen-

dations for sodium (#2300 mg/day [d] or #5.8 g salt/d) but were

also low-cost, nutritious and (for some scenarios) included familiar

meals for the New Zealand population.

Methods

To avoid existing problems with poor nutrition in the New

Zealand diet, this analysis took a ‘‘bottom-up’’ approach by

obtaining data on a wide range of individual food items and

optimizing towards a daily diet meeting low sodium and other

nutritional requirements from there. Nevertheless, other scenarios

were generated that contained ‘‘more familiar meals’’ (to New

Zealanders) along with Mediterranean-, Asian- and Pacific-style

diets. The mathematical technique of linear programming was

applied to define the optimal solutions for eight different daily

diets.

Nutrient Constraints
Diets were modeled to meet average requirements for key

macronutrients and micronutrients included in the New Zealand

Adult Nutrition Survey (NZANS) [16]. The ‘‘estimated average

requirements’’ (EARs) of nutrients, or minimum levels for

adequate intake, for Australia and New Zealand from the

(Australian) National Health and Medical Research Centre were

used in most cases [17].

A conservative approach was taken by modeling nutrient

requirements for only men in the baseline models (since it is more

difficult to achieve low sodium intakes for men who have generally

higher food intakes due to dietary energy demands). However, the

baseline models are still relevant for women because nutrient

requirements for women are the same or less than those for men

with the exception of iron. To address this, a constraint for iron

such that the EAR value for women (8 mg/d) was used rather than

the value for men (6 mg/d). Nevertheless, additional modeling

using the nutrient requirements for women was also performed.

As per recommendations, the upper limit for sodium was set at

2300 mg/day [d] [17], which is equivalent to 5.8 g of salt/d. The

minimum level for sodium intake was set at 460 mg/d. Upper

limits were also set for saturated fatty acids (10% of daily energy,

approximately 30 g for men), and vitamin A (3000 mg/d).

Minimal levels were set for polyunsaturated fat (13 g/d for

men), protein (52 g/d for men) and fiber (30 g/d for men), and the

selected minerals and vitamins. For simplicity, this analysis

included only one of the B vitamins, thiamine (B1), for which

intakes are most inadequate in the New Zealand setting [16].

Details are provided in Table S1 in File S1.

Dietary Scenarios
Two daily food cost constraints of ,NZ$9/d (US$6.84) and

,NZ$15/d (US$11.40) were applied to all dietary scenarios. The

former reflects data from an annual survey (the University of

Otago ‘‘Food Cost Survey’’) where for 2011 the calculated costs

for a ‘‘basic diet’’ were NZ$9.29/d for men and NZ$8.71/d for

women [18].

In the initial stages, our low-sodium optimization analyses had

cost constraints but no upper limits for dietary energy. However,

the results often involved large excesses in energy intake as the

optimization process strove to obtain adequate micronutrients

(particularly calcium and vitamin A) from very low cost foods. As a

result we modified our scenarios (to those shown in Table S2 in

File S1) and focused on low-sodium optimization for a set level of

daily energy of 11,450 kJ (2734 kcal) for men. This represents the

estimated energy requirement averaged for four male adult age-

groups at the mid-range level of physical activity of 1.7 MJ/d [17].

In all scenarios, the daily maximum limit for any single high-

carbohydrate food (e.g., flour, pasta, rice, oats, couscous) was

120 g, other than a requirement for . = 200 g of rice for the Asian

diet scenario. No more than 200 g of any particular vegetable or

fruit (excluding starchy root crops: potatoes, taro and kumara) was

permitted. Other limits are shown in Table S2 in File S1. Lower

limits for foods were not set given that this greatly complicated the

optimization programming and small amounts of specific foods are

routinely used in modern daily diets (e.g., in salads, stews, stir-fried

meals etc).

The first scenario (‘‘BASIC1’’) focused on achieving the lowest

daily sodium intake (albeit to a minimum of 460 mg/day) while

meeting recommended nutrient concentrations (Table S2 in File

S1). The next scenario (‘‘BASIC2’’) was identical to BASIC1 but

made use of more familiar (but low cost) basic meal components:

porridge with milk, and roti (naan/flat bread) utilizing low-cost

flour.

Optimized Low Sodium Diets That Are Also Low Cost
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We then considered two scenarios of dietary patterns with

aspects that are likely to be health-promoting: a Mediterranean-

style diet (‘‘MED’’) including fish/seafood, olive oil and a high

intake of fruit and vegetables [19] and an Asian-style diet

(‘‘ASIAN’’) including rice, oil for stir-fry cooking and a relatively

high intake of fruit and vegetables. However, we excluded the

typically high-salt Asian sauces. These types of diets were selected

because there are now many systematic reviews favoring the

impact of vegetable and fruit consumption on health (preventing

various cancers [20], [21], [22]; type 2 diabetes [23]; stroke [24];

and coronary heart disease [25]). Furthermore, systematic reviews

also indicate health benefits of the Mediterranean diet for

preventing major chronic diseases [24], [26], [27], [28]. Also of

note is that Asian-style diets are of increasing relevance to New

Zealand with the growing Asian population in the country,

including the growing popularity of restaurants selling Asian-style

food.

For scenarios which included ‘‘more familiar meals’’ (potentially

more acceptable to New Zealanders), evening meals were selected

that were likely to be relatively low-cost. The selected meals were:

main meal – mince involving mince on toast (Scenario ‘‘NZ-

Meat1’’); main meal – sausages that also included potatoes and an

ice-cream with canned fruit dessert (‘‘NZ-Meat2’’); main meal –

tuna pasta (‘‘NZ-Fish’’), and; main meal – Pacific style that

included tuna, taro and coconut cream (‘‘NZ-Pacific’’) (see Table

S2 in File S1). The Pacific style meal was selected because Pacific

Peoples are a growing part of the New Zealand population. All of

these scenarios also included a range of fruit and vegetables, a low-

cost breakfast (porridge with milk) and a low-cost lunch (cheese

sandwich, peanut butter sandwich and an apple). For these meals

readily available recipes were used e.g., for the Pacific style

evening meal, a recipe was used from the Food and Agriculture

Organization of the United Nations website (http://www.fao.org/

WAIRdocs/x5425e/x5425e01.htm) and for the mince meal a

recipe on the ‘‘NZ Beef and Lamb’’ website was used.

Selection of Food Items
To simplify the number of food item options to be included in

the modeling, only foods used in compiling the country’s Food

Price Index (FPI) [29] were initially used (n = 44 commonly

purchased food items). But to expand the range of low-cost foods

we also included foods from: (i) previous work that identified low-

cost sources of protein in New Zealand [30]; (ii) unprocessed foods

(e.g., lentils and peanuts) commonly found in the ‘‘bulk bins’’ at

the supermarket and low-cost canned foods (convenience sample

in the capital city, Wellington); (iii) lists of selected foods from a

previous nutrition optimization study in France [15]; and (iv) foods

not covered above but which were needed to fit with recipes for

the lunch and evening meals in the scenarios orientated to ‘‘more

familiar meals’’ for New Zealanders (e.g., the starchy vegetable

‘‘taro’’ for the Pacific style meal).

This process resulted in a total of 76 food items (see Table S3 in

File S1). To maximize potential health benefits we ensured that in

the scenarios with ‘‘fixed meal components’’ we included relatively

healthier variants e.g., unsalted nuts, wholemeal flour, wholemeal

bread, low-salt margarine, low-fat ice cream, and ‘‘lite’’ coconut

milk. Nevertheless, white rice was included rather than wholegrain

rice given that the former is very much more popular in New

Zealand and involves much shorter cooking times.

Food Price and Nutrient Inputs
For most of the food items, Food Price Index (FPI) price data

were used (monthly data averaged over multiple stores nationally

for the 12 months of 2011) [29]. However, where food items were

not covered in the FPI, online supermarket data were used

(Countdown, January 2012), or the lowest in-store (e.g., bulk bin)

prices from New World or Countdown supermarkets (both in

Karori, Wellington). A conservative approach was taken by

ignoring prices on ‘‘specials’’ and set the maximum size for food

product pricing at 1.5 kg (i.e., generally avoiding savings from bulk

purchase). In the Asian scenario only, a supermarket price for bulk

rice of $17.99 for 10 kg was used.

Nutrient values for the foods were obtained from the 2012

‘‘New Zealand food composition database’’ (http://www.

foodcomposition.co.nz/foodfiles). Estimated nutrient intakes were

adjusted to account for food wastage. As detailed food wastage

data are not available for New Zealand, the values used were from

a large study on food wastage (the WRAP study) from the United

Kingdom (UK) [31].

Typical New Zealand Diet
To allow for comparisons, we also modeled our best estimate of

the typical New Zealand diet (for men). This utilized national

survey data (NZANS) [16] that provided data on the proportional

contribution of dietary energy intake for different food categories

(excluding alcohol). To each of these categories we assigned in

varying proportions relevant food items for which we had

assembled price and nutrient data (n = 76 food items as described

above; spreadsheets for workings available on request). This

method gave a total of 9996 kJ of dietary energy and so we then

scaled the results to the 11,450 kJ intake used in the other analyses.

We then calculated the sodium intake and daily cost associated

with these foods.

Mathematical Modeling
The ‘‘simplex algorithm’’ was used to solve the linear

programming problem (see Briend et al [32] for a detailed

description of linear programming in the nutritional context).

Most of the scenarios were modeled in Microsoft Excel 2010

(Excel Solver, Simplex method). However, R programming

language (version 2.15.0, lpSolve package) was used where there

was a high level of complexity with the food combination options

(e.g., selections to achieve a certain level of fruit and vegetables). In

the instances where it was possible to verify, both approaches

produced near identical results.

Uncertainty and Heterogeneity
Uncertainty in food prices was incorporated using the variation

in the monthly prices from the FPI data, and fitting this to gamma

distributions. For non-FPI foods the same patterns observed for

the FPI foods in the same food category were applied (e.g., from

the median values of the ‘‘fresh fruit and vegetable’’ grouping).

The variability of nutrient content of foods (e.g., by variety or

brand and level of freshness) was addressed by applying to all

nutrient values a normal distribution with a standard deviation

(SD) equal to 65% of the mean value.

There is substantial uncertainty around food wastage including

waste arising from how food is stored, eating habits, and size of

food products (e.g., purchase of larger sized items might lead to

relatively more waste [33]). To address such uncertainty for the

total food waste proportion, the SD calculated from the UK food

waste study, the ‘‘WRAP study’’ [31], were used to specify a beta

distribution. For the food items where there was no clear match

between the WRAP study and our database, the median SD of all

the matched food items was used.

To account for population heterogeneity in nutrition, we used

the distributional data identified in average nutrient requirements

for different types of men (of differing sizes and activity levels) for

Optimized Low Sodium Diets That Are Also Low Cost
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Australia and New Zealand [17]. However, for the target energy

intake we derived distributional values from the published survey

results (based on the 95%CIs in the NZANS [16]; we assumed a

normal distribution with SD = 184.4).

We then coded the models and ran 2000 iterations for

representative scenarios in R programming language (version

2.15.0). As we modeled probabilistic distributions for both

uncertainty and heterogeneity, we use the term simulation

intervals in the combined final output.

Results

Using a food cost constraint of ,NZ$9/d (Table 1), the sodium

intake level for the optimal solution ranged from the constrained

lower limit of 460 mg/d (Scenarios BASIC1, BASIC2, ‘‘MED’’

and ‘‘ASIAN’’) to between 899 and 1641 mg/d (for the four

scenarios with more familiar meal components). That is, all were

well below the 2300 mg/d recommended upper limit for sodium

and only one scenario (Scenario NZ-Meat2) exceeded the

recommended ‘‘target’’ upper limit of 1600 mg/d [17]. Overall,

vegetables, fruit and cereals and grains were particularly selected

in the scenarios with relatively small amounts of diary products

and meat (except where this was required in the ‘‘familiar meal’’

components).

These modeled dietary scenarios would appear to be closer to

recommended nutrient intakes than the typical New Zealand diet

for men in terms of being: lower in saturated fats (all), higher in

polyunsaturated fats (in 5/8 scenarios); lower in total sugars (6/8);

and higher in: dietary fiber (all), potassium (all), iron (7/8), and

vitamin E (5/8) (Table 2). The modeled diets also had more

favorable ratios of potassium to sodium (all), and polyunsaturated

to saturated fatty acids (7/8 scenarios). The Mediterranean diet

appeared to be the one providing the closest results to the

recommended nutrient intakes (i.e., albeit only slightly better

results than for the ASIAN diet). Of note however, was that the

range of foods in these eight dietary scenarios was limited to

between 15 and 21 items.

When the upper cost limit was relaxed to NZ$15/d, the sodium

level in the optimized diets was similar or slightly decreased (i.e.,

lower in scenarios: NZ-Meat1, NZ-Fish, NZ-Pacific) (see in Table

S4 in File S1 for the listed foods and Table S5 for the nutrient

concentrations). One of the most notable differences between the

optimal solutions for the $9/d and $15/d constraints was the

increased fruit consumption in the latter (in 7/8 scenarios) and to a

lesser extent vegetable consumption (3/8 scenarios). As for the

lower cost constraint, all these diets would probably be healthier

than the typical New Zealand diet for men (e.g., often with even

more favorable potassium to sodium ratios).

As shown in Figure 1, all the scenarios for the $15/d cost

constraint had sodium intakes well below our conservative

modeled estimate of 2970 mg/d for a typical New Zealand diet

for a man, as well as being lower in cost. Indeed, the gap is likely to

be even greater as our modeling assumptions for this ‘‘typical diet’’

did not include the addition of discretionary salt and may partly

reflect our approach of selecting ‘‘healthy’’ food variants (e.g., low-

salt margarine) for inclusion in our dataset. Our estimate is not

dissimilar to a recent estimate for New Zealand men of 2901 mg/

d, which also excluded consideration of discretionary salt [34]. But

this estimate is lower than the 4013 mg/d for New Zealand men

based on spot urine data from a national nutrition survey [35].

The cost of this typical diet (at $17.29/d) was also substantially

more expensive than the low-sodium diets (Table 1, and also

Table S4 in File S1).

The uncertainty and heterogeneity analysis relating to the foods

selected by the optimization process are shown for the lowest

sodium diet (Scenario BASIC1) and the highest (NZ-Meat2) for

the $9/d constraint in Table 3. The most commonly selected foods

were similar to those found in deterministic analysis (Table 1) but

there were additional numbers of foods that were included e.g., 20

and 27 foods reflected in the mean values respectively. But smaller

numbers of foods were included in the median values at 11 and 18

respectively and in some cases the food was so rarely selected that

it did not even appear within the 95% simulation interval (e.g.,

cabbage in Scenario NZ-Meat2). By definition, there was no

uncertainty around values that we forced into the model to create

certain meals (e.g., sausages, potatoes, bread, apple, ice cream,

cheese and peanut butter for NZ-Meat2 as per Table S2 in File

S1). In contrast, the BASIC1 scenario had no forced food items

though the upper SI limits could not exceed upper limits set by the

model constraints (e.g., 200 g for any particular fruit or vegetable).

For all 2000 iterations it was possible to achieve the lowest

sodium level permitted (460 mg) in Scenario BASIC1 (Table 3

and Table S6 in File S1). But for Scenario NZ-Meat2, which

included the meal with sausages, the median was 1640 mg/d and

the 95% simulation interval was 1551 to 1735 mg/d. Thus, while

still always being below the 2300 mg/d upper limit, the sodium

level did usually exceeded the ‘‘target’’ upper limit of 1600 mg/d.

Uncertainty analysis for other nutrients in presented in Table S6

in File S1.

The results using the nutrient requirements for women are

shown in Table S7 for foods and Table S8 for nutrients (File S1).

These results indicate that fairly similar foods were selected

(compared to those selected for men for the ,$9 constraint, as per

Table 1), though the food amounts in the various categories were

generally less. The reduced energy requirements for the same cost

constraint (of ,$9) meant that some additional higher cost foods

were also selected (i.e., lettuce, kiwifruit, and yogurt). The sodium

level results were also very similar to those for men i.e., all

considerably below the recommended upper level of 2300 mg and

in the range 460 mg to 1642 mg (the latter being for the NZ-

Meat2 scenario with the sausage meal).

Discussion

This study was able to identify a range of low cost dietary

patterns (including some with ‘‘familiar meal’’ components in the

New Zealand context), that meet low sodium recommendations

for adults. Indeed, all of these diets were well under the

recommended upper limit for sodium of 2300 mg/d [17].

Nevertheless, one diet did not consistently fall below the

,1600 mg/d level (the recommended target upper limit [17]).

This was an evening meal that included sausages (Scenario NZ-

Meat2) at 1641 mg/d (Table 1). The higher level of sodium with

this diet is not surprising given that processed meats are a major

source of sodium in the New Zealand diet [36], [34].

As well as the low sodium levels, these diets would also have

other cardiovascular disease prevention aspects (compared to the

typical New Zealand diet), such as the higher ratio of polyunsat-

urated to saturated fat intake [37], and possibly also the higher

potassium intake (independent of sodium) [38]. Some scenarios

were high vegetable diets at over 400 g/d of non-starchy

vegetables (e.g., MED, ASIAN), and with the higher cost

constraint ($15/d) half of the diets included more than 300 g/d

of fruit. Such diets would probably be superior to the current New

Zealand diet in terms of preventing various chronic diseases (see

the systematic reviews on high fruit/vegetable diets and the

Mediterranean diet referred to in the Methods Section).

Optimized Low Sodium Diets That Are Also Low Cost
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While a US modeling study found that a sodium goal of

2300 mg/d sodium goal was consistent with nutrient adequate

diets, it found that achieving lower levels (,1500 mg/d) as

recommended for some population groups in the US, was less

feasible [14]. Other work on mathematically optimized French

diets has shown that diets can be low sodium (,2365 mg/d), meet

other nutritional requirements, be low-cost and be culturally

appropriate [15]. As with our work, some of these selected French

diets even contained foods that are usually relatively significant

sources of dietary salt i.e., bread, butter, margarine, canned fish

and processed meat products. Importantly, our work demonstrates

that some more familiar meals that might normally be seen as less

nutritionally desirable (but which are nevertheless popular) can still

be incorporated into a low-sodium, nutritionally complete diet

when combined with other various more optimal foods.

Our results can also be seen as conservative in terms of what

could be achieved in reducing population sodium intake because

the modeling is based on current available products, whereas

further reductions could be achieved by reformulation of higher

salt foods such as bread, processed meats, sauces and various other

processed foods.

Study Strengths and Limitations
A strength of this study is the bottom-up approach that

investigated a range of possible dietary scenarios. Dietary

optimization analyses can begin with typical dietary patterns and

explore incremental shifts towards patterns that are considered

more nutritionally optimal. However, the current New Zealand

dietary pattern is a poor point-of-departure given the relatively

high sodium intake. Other problematic aspects of the New

Zealand diet are apparent from the most recent national nutrition

survey [16] and include the excessively high saturated fat intake,

and being too low in: dietary fiber, potassium and some other

micronutrients (e.g., selenium intake in women). Given these

problems, we modeled diets by obtaining data on a wide range of

individual food items and started optimizing towards a diet

meeting low sodium and other nutritional requirements from

there.

While avoiding the extant problems with the current New

Zealand diet, a potential drawback to this bottom-up approach

was the fairly modest extent to which we were able to evaluate

dietary patterns that were more closely aligned to the current New

Zealand diet (as has been done with optimization work around the

Table 2. Sodium and other nutrient intakes for the optimal solution for men and for the various daily dietary scenarios with a cost
constraint of ,NZ$9/d (where sodium was the objective function value in each scenario).

Dietary scenario

Nutrients (constraints) BASIC1 BASIC2 MED ASIAN NZ-Meat1 NZ-Meat2 NZ-Fish NZ-Pacific
Typical NZ
dieta

Cost (,NZ$9) 8.99 8.99 8.99 8.99 8.99 8.66 8.99 8.99 17.29b

Energy ( = 11,450 kJ) 11,450 11,450 11,450 11,450 11,450 11,450 11,450 11,450 10,380

Saturated fatty acids (#30 g) 30 12 30 9 24 20 12 30 36.5

Polyunsaturated fatty acids ($13 g) 13 13 40 13 36 39 31 37 13.1

Protein ($52 g) 93 99 108 109 118 92 128 114 102

Total sugars (g) 26 23 46 60 127 96 146 103 120

Dietary fiber ($30 g) 30 30 42 30 65 37 62 66 22.1

Selected minerals

Sodium ($460 and #2300 mg) 460 460 460 460 905 1641 1101 899 2970c

Potassium ($3800 mg) 3800 3800 3800 3800 4394 5024 4382 4399 3449

Calcium ($840 mg) 840 840 840 840 840 840 840 840 919

Iron ($8 mg) 14 15 15 12 32 18 29 29 13.2

Zinc ($12 mg) 12 12 13 12 26 13 18 25 12.9

Selenium ($60 mg) 60 60 60 60 60 69 119 86 67

Selected vitamins

Vitamin A ($625 & #3,000 mg RE) 625 625 1177 754 625 2290 625 625 846

Thiamine ($1 mg) 2 2 3 2 5 3 4 4 1.6

Vitamin C ($30 mg) 30 30 152 138 110 80 101 80 99

Vitamin D (mcg) 3 3 4 1 2 2 7 5 -

Vitamin E ($10 mg) 12 10 32 10 40 37 38 42 11.5

Calculated ratios

Polyunsaturated/saturated fats ratiod 0.4 1.1 1.3 1.4 1.5 2.0 2.6 1.2 0.4

Potassium/sodium ratiod 8.3 8.3 8.3 8.3 4.9 3.1 4.0 4.9 1.2

aSelf-reported intake for men from the New Zealand Adult Nutrition Survey (NZANS) 2008/2009 [16] unless otherwise stated.
bEstimate based on our modeling of 76 possible food items using either Food Price Index cost data or the lowest cost item available.
cConservative estimate based on our calculations for the typical New Zealand diet, excluding discretionary salt and preferentially selecting certain lower salt options (see
Methods).
dRatios of mean (and median and SI), not the mean ratio.
RE – retinol equivalents.
doi:10.1371/journal.pone.0058539.t002
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French diet [15]). Nevertheless, we did include a range of diets

with ‘‘more familiar meals’’, and also included Asian, Pacific and

Mediterranean-style meals.

The results obtained are also likely to have some applicability to

other countries with similar types of food available and with

similar dietary patterns (e.g., North America, the UK and

Australia). Furthermore, because our modeling was built up from

nutrient requirements rather than based on shifts from the existing

New Zealand diet, this modeling can be easily adapted to address

other dietary patterns by simply changing the constraints.

The model benefited from using average values from monthly

pricing for many of the foods at the national level, which smoothes

out seasonal variation in prices, though the low-cost fruit and

vegetables selected tended to be less vulnerable to seasonal swings

e.g., cabbage compared to fresh tomatoes. Another possible

limitation is that we may have over-estimated the ‘‘real world’’

food prices given that some low-income shoppers may focus on

buying ‘‘specials’’, bulk buying, and only buying certain fruit and

vegetables that are ‘‘local and in season’’, and therefore cheaper.

For example, a 10 kg bag of potatoes reduces the price by around

a third of the FPI price per kg that we used. In addition, for foods

not covered by the FPI, we used prices from relatively typical

supermarkets and not lower-cost alternatives (e.g., from farmers’

markets or a supermarket chain that specializes in low prices).

Adding to this over-estimate might be our adjustments using UK

food wastage data (since New Zealanders may waste less food since

they have lower average income levels relative to UK residents).

In contrast to the above, some of the estimated daily nutrient

results may be on the optimistic side. Excessive home storage times

and cooking may lead to loss of micronutrients. In addition, our

analysis ignores complex synergies between nutrients in different

foods, which are known to affect bioavailability (e.g., complemen-

tary proteins, how vitamin C enhances iron uptake, how phytates

can reduce bioavailability of some minerals, etc). Certain

population groups (e.g., men regularly working in hot environ-

ments) will need both higher dietary energy intakes and higher

minimum sodium intakes than what we have considered in this

modeling.

Nevertheless, the robustness of the study was strengthened by

performing uncertainty analyses, investigating uncertainty relating

to price, nutrient concentrations in foods, food wastage and

nutrient requirements. The uncertainty analysis showed that even

the upper SI limit for the highest sodium diet (1679 mg/d) at $9/d

was still well below recommended upper limits (2300 mg/d)

although not always quite meeting target upper limit levels of

,1600 mg/d.

Possible Research and Policy Implications
These results provide some reassurance that achieving such low-

sodium diets is likely to be feasible when considering such factors

as cost, the need to meet other nutritional recommendations, and

having familiar meals to enhance acceptability. As such they can

inform food selection for citizens wishing to both save food costs

and to obtain relatively healthy diets. But these diets will not

necessarily be favored by others who wish to spend more on food

for reasons of taste or for even more optimal nutrition (e.g.,

consuming more fresh fruit). Some may also wish to minimize

Figure 1. Sodium intake and cost of the various daily dietary scenarios as a result of the low-sodium optimization process (all
optimized for ,$15/d for men unless otherwise indicated) and compared with the typical diet for a New Zealand man*. *Note: The
sodium intake for typical New Zealand diet was based on a conservative estimate excluding discretionary salt and preferentially selecting certain
lower salt options (see Methods).
doi:10.1371/journal.pone.0058539.g001
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greenhouse gas emissions relating to food production by consum-

ing even less meat and dairy products [39], [40], [41].

From a public policy perspective, a shift towards such optimized

low-sodium diets and foods is likely to provide both health benefits

and potentially will save health sector costs. Nevertheless, the next

stage is probably for researchers to undertake health economic

modeling to allow for intervention comparison. That is, to

determine the most cost-effective approach or mix of approaches

out of: (i) running mass media campaigns promoting these types of

low-sodium diets and foods; (ii) working with celebrity chefs to

make low-sodium cooking more acceptable; (iii) down-regulating

permitted salt levels in processed foods (to promote food

reformulation by industry); (iv) legislating for nutrition labeling

on processed foods; or (v) making alternative foods more expensive

by using a salt tax or other unhealthy food taxes (as per those being

adopted by some countries [42–43])? Another policy option

includes greater use of such healthy low-sodium diets and foods by

institutions providing school lunches and meals in institutional

settings (e.g., hospitals, retirement homes, and prisons).

Supporting Information

File S1 Supporting information tables. Table S1 in File S1.

Table S2 in File S1. Table S3 in File S1. Table S4 in File S1.

Table S5 in File S1. Table S6 in File S1.

(PDF)

Acknowledgments

The authors thank Professor Tony Blakely, Dr Giorgi Kvizhinadze, Dr

Linda Cobiac, Dr Helen Eyles, Dr Cliona Ni Mhurchu and Mary-Ann

Carter for advice relating to our dietary optimization work in general.

Anonymous journal reviewers also gave very helpful advice.

Author Contributions

Conceived and designed the experiments: NW NN. Performed the

experiments: NN NW. Analyzed the data: NN. Contributed reagents/

materials/analysis tools: NW NN RF. Wrote the paper: NW RF NN.

References

1. Strazzullo P, D’Elia L, Kandala NB, Cappuccio FP (2009) Salt intake, stroke,

and cardiovascular disease: meta-analysis of prospective studies. BMJ 339:

b4567.

2. Graudal NA, Hubeck-Graudal T, Jurgens G (2011) Effects of low sodium diet

versus high sodium diet on blood pressure, renin, aldosterone, catecholamines,

cholesterol, and triglyceride. Cochrane Database Syst Rev: CD004022.

3. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R (2002) Age-specific

relevance of usual blood pressure to vascular mortality: a meta-analysis of

individual data for one million adults in 61 prospective studies. Lancet 360:

1903–1913.

4. Taylor RS, Ashton KE, Moxham T, Hooper L, Ebrahim S (2011) Reduced

dietary salt for the prevention of cardiovascular disease: a meta-analysis of

randomized controlled trials (Cochrane review). Am J Hypertens 24: 843–853.

5. Arcand J, Newton GE (2012) Dietary sodium reduction in heart failure: a

challenge to the Cochrane Review. Am J Hypertens 25: 19.

6. Fahimi S (2012) Salt and health: a new paradigm or bad science? Am J Hypertens

25: 17.

7. He FJ, Macgregor GA (2012) Salt intake, plasma sodium, and worldwide salt

reduction. Ann Med 44 Suppl 1: S127–137.

8. He FJ, MacGregor GA (2003) How far should salt intake be reduced?

Hypertension 42: 1093–1099.

9. WHO (2012) Guideline: Sodium intake for adults and children. Geneva, World

Health Organization (WHO). Available: http://www.who.int/nutrition/

publications/guidelines/sodium_intake_printversion.pdf Accessed 6 February

2013.

10. Appel LJ, Angell SY, Cobb LK, Limper HM, Nelson DE, et al. (2012)

Population-wide sodium reduction: the bumpy road from evidence to policy.

Ann Epidemiol 22: 417–425.

11. Beaglehole R, Bonita R, Horton R, Adams C, Alleyne G, et al. (2011) Priority

actions for the non-communicable disease crisis. Lancet 377: 1438–1447.

12. Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, et al. (2012) A comparative

risk assessment of burden of disease and injury attributable to 67 risk factors and

risk factor clusters in 21 regions, 1990–2010: a systematic analysis for the Global

Burden of Disease Study 2010. Lancet 380: 2224–2260.

13. Institute of Medicine (US) Committee on Strategies to Reduce Sodium Intake.

(2010) Strategies to Reduce Sodium Intake in the United States Washington

(DC): National Academies Press (US).

14. Maillot M, Drewnowski A (2012) A conflict between nutritionally adequate diets

and meeting the 2010 dietary guidelines for sodium. Am J Prev Med 42: 174–

179.

15. Maillot M, Darmon N, Drewnowski A (2010) Are the lowest-cost healthful food

plans culturally and socially acceptable? Public Health Nutr 13: 1178–1185.

16. University of Otago and Ministry of Health (2011) A Focus on Nutrition: Key

findings of the 2008/09 New Zealand Adult Nutrition Survey Wellington:

Ministry of Health.

17. NHMRC (2006) Nutrient Reference Values for Australia and New Zealand

Canberra, ACT: National Health and Medical Research Council (NHMRC).

Available: http://www.nhmrc.gov.au; http://www.moh.govt.nz/publications

Accessed 30 September 2012.

18. Human Nutrition University of Otago. Food cost survey. Available: http://

nutrition.otago.ac.nz/consultancy/foodcostsurvey Accessed 30 September

2012.

19. Trichopoulou A, Bamia C, Trichopoulos D (2009) Anatomy of health effects of

Mediterranean diet: Greek EPIC prospective cohort study. BMJ 338: b2337.

20. World Cancer Research Fund/American Institute for Cancer Research (2007)

Food, Nutrition, Physical Activity, and the Prevention of Cancer: a Global

Perspective Washington DC: ACIR.

21. Magalhaes B, Peleteiro B, Lunet N (2012) Dietary patterns and colorectal

cancer: systematic review and meta-analysis. Eur J Cancer Prev 21: 15–23.

22. Aune D, Chan DS, Vieira AR, Rosenblatt DA, Vieira R, et al. (2012) Fruits,

vegetables and breast cancer risk: a systematic review and meta-analysis of
prospective studies. Breast Cancer Res Treat 134: 479–493.

23. Carter P, Gray LJ, Troughton J, Khunti K, Davies MJ (2010) Fruit and

vegetable intake and incidence of type 2 diabetes mellitus: systematic review and
meta-analysis. BMJ 341: c4229.

24. Sherzai A, Heim LT, Boothby C, Sherzai AD (2012) Stroke, food groups, and
dietary patterns: a systematic review. Nutr Rev 70: 423–435.

25. Mente A, de Koning L, Shannon HS, Anand SS (2009) A systematic review of

the evidence supporting a causal link between dietary factors and coronary heart
disease. Arch Intern Med 169: 659–669.

26. Sofi F, Abbate R, Gensini GF, Casini A (2010) Accruing evidence on benefits of
adherence to the Mediterranean diet on health: an updated systematic review

and meta-analysis. Am J Clin Nutr 92: 1189–1196.

27. Yusof AS, Isa ZM, Shah SA (2012) Dietary patterns and risk of colorectal

cancer: a systematic review of cohort studies (2000–2011). Asian Pac J Cancer

Prev 13: 4713–4717.

28. Kastorini CM, Milionis HJ, Esposito K, Giugliano D, Goudevenos JA, et al.

(2011) The effect of Mediterranean diet on metabolic syndrome and its
components: a meta-analysis of 50 studies and 534,906 individuals. J Am Coll

Cardiol 57: 1299–1313.

29. Statistics New Zealand (2011) Food Price Index 2011. Wellington: Statistics New
Zealand. Available: http://www.stats.govt.nz/browse_for_stats/economic_

indicators/prices_indexes/food-price-index-info-releases.aspx Accessed 12 June
2012.

30. Wilson N, Watts C, Mansoor O, Jenkin G, Baker M (2007) Cheaper than
chicken: protein foods ranked by supermarket prices. N Z Med J 120: U2665.

31. WRAP (2009) Household Food and Drink Waste in the UK. In. Banbury:

Report prepared by WRAP. Available: http://www.wrap.org.uk/downloads/
Household_Food_and_Drink_Waste_in_the_UK_Nov_2011.fa0a205b.8048.

pdf; Accessed 30 September 2012.

32. Briend A, Darmon N, Ferguson E, Erhardt JG (2003) Linear programming: a

mathematical tool for analyzing and optimizing children’s diets during the

complementary feeding period. J Pediatr Gastroenterol Nutr 36: 12–22.

33. Hawkes C (2009) Sales promotions and food consumption. Nutr Rev 67: 333–

342.

34. Ministry of Agriculture and Forestry (2011) 2009 New Zealand Total Diet

Study: Agricultural compound residues, selected contaminant and nutrient

elements Wellington: Ministry of Agriculture and Forestry. Available: http://
foodsafety.govt.nz/science-risk/programmes/total-diet-survey.htm Accessed 30

September 2012.

35. McLean R, Williams S, Mann J, Parnell W (2011) How much salt are we eating?

Estimates of New Zealand population sodium from the 2008/2009 Adult
Nutrition Survey [Presentation on 2 December 2011]. Joint Annual Scientific

Meeting of the Australian and New Zealand Nutrition Societies. Queenstown,

New Zealand (29 November - 2 December).

36. Thomson BM (2009) Nutritional modelling: distributions of salt intake from

processed foods in New Zealand. Br J Nutr 102: 757–765.

37. Mozaffarian D, Micha R, Wallace S (2010) Effects on coronary heart disease of

increasing polyunsaturated fat in place of saturated fat: a systematic review and

meta-analysis of randomized controlled trials. PLoS Med 7: e1000252.

Optimized Low Sodium Diets That Are Also Low Cost

PLOS ONE | www.plosone.org 10 March 2013 | Volume 8 | Issue 3 | e58539



38. O’Donnell MJ, Yusuf S, Mente A, Gao P, Mann JF, et al. (2011) Urinary sodium

and potassium excretion and risk of cardiovascular events. JAMA 306: 2229–

2238.

39. Pan A, Sun Q, Bernstein AM, Schulze MB, Manson JE, et al. (2012) Red meat

consumption and mortality: results from 2 prospective cohort studies. Arch

Intern Med 172: 555–563.

40. Scarborough P, Allender S, Clarke D, Wickramasinghe K, Rayner M (2012)

Modelling the health impact of environmentally sustainable dietary scenarios in
the UK. Eur J Clin Nutr 66: 710–715.

41. Faber J, Sevenster M, Markowska A, Smit M, Zimmermann K, et al. (2012)

Behavioural Climate Change Mitigation Options Delft: CE Delft.
42. Holt E (2011) Hungary to introduce broad range of fat taxes. Lancet 378: 755.

43. Villanueva T (2011) European nations launch tax attack on unhealthy foods.
CMAJ 183: E1229–1230.

Optimized Low Sodium Diets That Are Also Low Cost

PLOS ONE | www.plosone.org 11 March 2013 | Volume 8 | Issue 3 | e58539


