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Food production and consumption are essential in human existence, yet

they are implicated in the high occurrences of preventable chronic diseases

and environmental degradation. Although healthy food may not necessarily

be sustainable and vice versa, there is an opportunity to make our food

both healthy and sustainable. Attempts have been made to conceptualize

how sustainable healthy food may be produced and consumed; however,

available data suggest a rise in the prevalence of health-related and negative

environmental consequences of our food supply. Thus, the transition from

conceptual frameworks to implementing these concepts has not always been

e�ective. This paper explores the relative environmental and health risks

associated with highly consumed food groups and develops a methodological

workflow for evaluating the sustainability of diet concepts in the context of

di�erent health, socio-economic and environmental indicators. In addition,

we apply the multi-criteria decision-making techniques (an integrated Analytic

Hierarchy Process- Technique for order preference by similarity to ideal

solution (AHP-TOPSIS) model) to examine the health and environmental

impact of selected sustainable healthy diet concepts implemented in the

United States. The principal findings indicate that adopting plant-based diet

patterns would benefit the environment and the population’s health. However,

the up-scale, broad adoption and implementation of these concepts are

hindered by critical bottlenecks. Hence we propose potential modification

strategies through a conceptual system thinking approach to deliver optimized

sustainable diet concepts to aid in the realization of the anticipated benefits

of adoption/implementation.
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Introduction

In the last 50 years, global diets have been increasingly

viewed as not healthy or environmentally sustainable. Instead,

they are perceived to contribute to environmental degradation,

natural resource depletion (for example climate change,

biodiversity loss, increased freshwater consumption), and poor

health (1).

Today, in the United States, over 78 million people are

estimated to be obese, with the presence of associated chronic

diseases such as coronary heart disease, stroke, and type 2

diabetes (2). These diseases are responsible for seven out of

ten deaths in the United States, killing more than 1.7 million

Americans each year. In addition, about 18.2 million adults have

coronary artery diseases (3), while nearly 37 million Americans

have diabetes, with nearly 90–95% of this attributed to type

2 diabetes (4). The high prevalence of obesity-related chronic

diseases has been inexplicably linked with consumers’ food

choices and diet patterns.

From an environmental sustainability perspective, at the

global level, our present diet pattern is responsible for over 70%

of global freshwater withdrawals, occupies nearly 40% of arable

land on the earth, and contributes over 30% of anthropogenic

greenhouse gas emissions (GHGE) (5). As a result, it is the

single greatest cause of eutrophication in water bodies (∼78%

contribution), loss of biodiversity, and air pollution through

increased atmospheric fine particulate matter (6).

Acknowledging the existence of these challenges has led

to the development of diverse views and concepts regarding

sustainable healthy diets as an approach to tackling the trilemma

existing between diets, human health, and environmental

degradation. The term sustainable healthy diets encompass

two dimensions, namely environmental sustainability and

healthiness of the diet. This concept simultaneously integrates

the environmental cost of food production and consumption

with nutrient requirements in a socio-cultural and economic

context within safe planetary boundaries (7). In other words,

a sustainable healthy diet aims to provide a diet that promotes

optimal growth and development and supports the physical,

mental, and social wellbeing of all people at different life stages

for the present, without compromising the capacity of the future

generation (8).

Achieving a sustainable healthy diet in conjunction

with the Sustainable Development Goals number 3 (Good

health and wellbeing) and 12 (Responsible consumption and

production) has resulted in the proliferation of several concepts

to guide local, regional, and government agencies. Broadly,

in the United States, the U.S Department of Agriculture,

in collaboration with other stakeholders and international

organizations, has made and continues to make massive

investments across varying visions of the future to achieve

sustainable and healthy diets for all Americans. Prominent

among several concepts proposed are climate-smart agriculture,

precision farming, Diet Guidelines for Americans, the

Mediterranean diet, and the Eat Lancet Commissions diet

recommendation of the Planetary Health Diet framework.

Additionally, other diet patterns, sustainable agricultural

production schemes, and global food initiatives have been

fostered with varying resource consumption while improving

human health and minimizing environmental impact (9). These

concepts were formulated on the premise that a simple shift

in diet behavior or pattern can lead to potential reductions in

environment-health impact.

The research to date has confirmed the ramifications of

sustainable diet concepts on either the health of people or one

or more environmental indicators. This is exemplified by the

work undertaken by Reinhardt et al. (10), where the authors

expanded on the sustainability outcomes of U.S. diet patterns

with a specific focus on environmental indicators such as land

use, water consumption, energy use, and fertilizer use. Likewise,

Mekonnen and Fulton (11) analyzed the consumptive water

reductions for vegetarian, vegan and Healthy U.S diet styles. A

cohort study by Orlich et al. (12) investigated the association of

vegetarian diet and mortality, concluding that it is associated

with reductions in all causes of mortality. Other studies have

also reported on the socio-economic aspects sustainable diet

concepts. Springmann et al. (13), reported that the adoption of

flexitarian diets concept with less amount of meat and dairy

reduced cost by 14%, while pescatarian diets increased cost by

2% in high income countries such as the US, UK and Australia.

In the same study, the authors associate vegan diet concept

as the most affordable as it reduced food cast by up to one

third, with the vegetarian diet close to second among other diet

concepts. In this regard high energy dense foods which can lead

to health problems for people tend to be cheaper than highly

nutritious foods such as fish and vegetables (14). Collectively,

these studies indicate a relationship between different diet

concepts and reduction in either health impact of people or

environmental impact. Despite the relative abundance of these

sustainability concepts, herein lies a conundrum. The transition

from conceptual frameworks to implementing these concepts

has not always been effective.

Therefore, in the present work, we apply indicators

covering human health, environmental sustainability, and

socio-economic dimensions of sustainable food systems to

evaluate the implementation pathways of sustainable healthy

diet concepts implemented in the United States of America.

The result of the evaluation is input into an integrated

Analytical Hierarchy Process-Technique for order preference

by similarity to ideal solution (AHP-TOPSIS) decision-making

framework to determine which: (1) indicator/criteria is of

high priority to consumers (2) diet pattern concept has the

highest nutrient adequacy and maximizes the potential of the

prevention of diet-related chronic disease such as cardiovascular
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disease, obesity, and diabetes, and (3) diet pattern concept

has the minimum environmental footprint based on different

descriptors. Although some regionally oriented healthy diet

concepts have different socio-cultural connotations and may not

be considered as typical American diets, we leverage on the

premise of their successful adoption in different parts of the

world and their capacity to address nutritional inadequacy and

environmental sustainability issues. In addition, their improved

health outcomes reported in many epidemiological, cohort, and

life cycle assessment studies address environmental concerns

serve as the premise to conduct the AHP-TOPSIS analysis. The

entire structure of the paper is as follows: Section two describes

a rigorous four-step methodology for selecting a sustainable

diet pattern and presents a workflow for implementing the

AHP-TOPSIS decision model. The third and fourth sections

discuss the study’s significant findings by providing a brief

overview of the historical diet-health-environment trilemma,

highlighting the relative environmental and health risk of

taking additional servings per day of 15 highly consumed

food groups. The remaining part of the paper identifies

barriers to implementing top-ranked diet concepts and provides

modification strategies to selected case studies on different

diet concepts.

Methods

Methodological framework

It is evident that the sustainable (environmental) health

diet trilemma that we are currently facing is due to the

choice of the population under the influence of diverse factors

such as increased income and urbanization. However, critical

stakeholders have adopted and recommended many sustainable

diet concepts due to the negative impact of people’s choices

on their health and the environment. Thus, to assess these

diet concepts’ efficiency and relative performance, this study

adopts a methodological workflow to filter, evaluate, and

seemingly predict the optimal effectiveness of implementing

diverse sustainable and healthy diet concepts. Figure 1 presents

the methodological framework adopted for determining optimal

sustainable diets in the United States. In the first stage of the

methodological framework, we highlight current diet choices’

health and environmental impacts and present a historical

trends of different impact categories such as GHGE, and

overweight. Next, we identify several sustainable diet concepts

and develop rigorous inclusion and exclusion criteria to

determine which of them apply to the geographical region

FIGURE 1

Conceptual framework for determining the performance of sustainable diet concepts in the United States.
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of focus. Next, we develop a metric to assess their current

performance. The metric covers health, environment and

socio-economic dimensions of sustainability. Finally, their

performance results are input into an integrated AHP-TOPSIS

framework to identify the concepts which could maximize the

health, environmental gains and socio-economic gains. The

AHP-TOPSIS relies on weights, which was computed taking into

consideration expert opinions on the relative importance of the

criteria used.

Construction of an evaluation
assessment index

According to Lancet Commission on Planetary Health, a

shift in diet changes to a more sustainable diet can improve

people’s health and planetary health. For example, Lancet

Commission analyzed healthy diets and determined that a shift

toward such that’s can prevent ∼19–24% of total deaths that are

diet related. Additionally, a shift to healthy diets was projected

to decrease the prevented GHGE from the present baseline

impact of 196% to 49–96% (7). Several other investigations

into sustainable diet concepts have identified their correlation

with improved health (including reducing mortality, diabetes,

hypertension, heart diseases) in large American cohorts.

Regarding the environmental impact, the literature shows that

changing from a traditional Western diet to alternative diet

patterns can reduce environmental footprint (15, 16). Therefore,

to evaluate the impact of sustainable healthy diet concepts,

we assembled a set of metrics that captures environmental

sustainability, healthy diet benefits and economics. Table 1

presents a summary of the description of the metric and their

respective objective in the context of sustainability.

Criteria for inclusion of implementation
case studies

Eligibility criteria

Before evaluating the sustainable diet concepts, we

developed rigorous four-step inclusion and exclusion criteria

for observational and epidemiological trials that have studied

the association between diet patterns on either health or the

environment. In the first step, we searched the literature to

identify diet patterns and studies on health, and environmental

assessment, which focused onU.S. only. Next, we set a minimum

threshold of five studies that have reported implementing the

initially sampled diet pattern. This step ensured substantial

historical evidence of its effectiveness against real environmental

and health pressures. Later, a cut-off criterion that considered

the sample size, population demography, and duration of

the implementation case studies was applied. In each sub-

inclusion/exclusion criteria, a threshold of 5,000 participants,

including women and children was set. A 4-year study period

and monitoring were used to eliminate studies that did not meet

the above requirement. The overall cut-off contribution for each

sub-criterion was set at 60%. Aside from this, we checked the

availability of data on environmental impact assessment and

health risk results associated with each diet.

Data grid

The data used in analyzing the health and environmental

burden of American diet shifts and lifestyles was obtained

from FAOSTAT, “Our World in Data”, and “World bank”

(25, 26). In addition, we constructed a new database using the

available literature on health impact and environmental impact

assessment of different diet patterns. Data on the literature

used, including the publication year, study country, primary

health, environmental and socio-economic outcomes, are shown

in the Supplementary material. Where no data was available

during the assessment, proxies from high-income countries such

as Canada, Sweden, and the United Kingdom were adopted.

Additional data for assessing and analyzing the effectiveness

of the different diet concepts were from the work of Clark,

Springmann (27).

Multi-criteria decision-making method

According to Johnston et al. (28), a sustainable diet

promotes environmental and economic stability through low

impact and affordable foods while simultaneously improving

the population’s health by providing adequate nutrition and

reducing the risk of diseases. A systematic methodological

evaluation of current sustainable healthy diet patterns and their

effectiveness in addressing regional and global objectives in the

health and environmental context is required to realize these

objectives. This is partly because of the complex interactions

between health, environment, and socio-economic drivers such

as consumer demands. Therefore, sustainable decision-making

should integrate Multi-criteria Decision-Making (MCDM) tools

to ensure healthy diets delivered from a sustainable food

system is achieved for nearly 10 billion people by 2050. Table 2

summarizes MCDM and their respective methods.

Overview of MCDM method employed in this
study

MCDM methods have been widely applied to different

sectors, including social, economic, industrial, biological

systems, and renewable energy systems (30). Contrary to the

single criteria decision-making approach, MCDM employs a

multi-attribute/criteria approach to obtain an integrated result
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for the decision-maker. It is important to mention that not

all MCDM methods are the same; while some incorporate

certain features, others disregard and are limited in different

perspectives. More often than not, the choice of technique is

dependent on the availability of data, knowledge of the method,

the context of the problem, and the software to implement

the method. One of the most well-known, highly adopted,

and simplest subjective and objective MCDM methods in

food system evaluation include Analytical Hierarchy Process

(AHP) and technique for order preference by similarity to ideal

solution (TOPSIS). AHP provides a straightforward and flexible

model to address problems. When there are multiple conflicting

criteria, it becomes expedient to adopt such a method to achieve

a consensus.

Relative weight determination using analytical
hierarchy process

In general, MCDM requires an evaluation of m criteria

against n alternatives, as presented in Equation (1).

criteria C1 C2 . . . . . . .Cm (1)

(weights w1 w2 . . . . . . . . . .wn)

X =

A1

...

An









x11 · · · x1n
...

. . .
...

xm1 · · · xmn









m×n

Where Ai are the alternative sustainable diet concepts, xij is the

performance of j-th criteria of the i-th alternative sustainable diet

concept and wj is the weight of criteria. This weight is obtained

by employing the A.H.P. method. Saaty and Ramanujam first

introduced the A.H.P. method in a seminar work to provide a

comprehensive evaluation model of different criteria relevance

in problems. The technique uses a pair-wise comparison

model that first defines the objective of the decision problem,

decomposes to other criteria and sub-criteria, depending on its

complexity, and determines unique weights for each criterion

(30, 31).

Ranking of sustainable diet concepts using
technique for order preference by similarity to
ideal solution

With an Ai number of alternatives, the ranking to obtain the

optimal sustainable diet concept is achieved using the TOPSIS

model. TOPSIS is a practical and valuable method for ranking

and selecting several possible alternatives through measuring

Euclidean distances. It is based on the concept that the chosen

alternative should have the shortest distance from the positive

ideal solution (P.I.S.) in a geometric sense.

Premises for the AHP-TOPSIS modeling of
sustainable diet concepts

As mentioned earlier, not all MCDM methods incorporate

certain features. The AHP method cannot capture uncertainties

and determine alternative ratings in decision-making. This

weakness is complemented by TOPSIS, making the use of an

integrated AHP-TOPSIS technique a more robust approach to

decision making.

Assuming we havem number of criteria, the AHPmodel can

be implemented as follows:

Step 1: This involves developing a hierarchy structure that

describes the goal, alternatives, criteria, and sub-criteria for the

comprehensive evaluation.

Step 2: Here we construct a pair-wise comparison for

the criteria and alternatives concerning the decision-making

objective. Table 3 shows the relative pair-wise comparison

connotations that express each criterion’s importance based on

the decision makers’ discretion.

It is important to mention an instance where intensity

adjusted weights such as 2, 4, 6, and 8 can express intermediate

importance between criteria. The matrix was constructed in

accordance with the recommendations of (29) to extract a

decision matrix.

Step 3: The second step is repeated for each criterion, and

then the priority of alternatives is acquired by accumulating the

weights. Next, a statistical technique, arithmetic mean method

is adopted to construct a vector W = [W1,W2, . . .WN ] that

represents the weight of each criterion in a pair-wise comparison

matrix M presented in Equation (1). Each element in column j

of matrix M is divided by the sum of entries in the j column.

This step generates a new matrix called the Normalized matrix

(Anorm). It is important to highlight other statistical techniques

such as the characteristic root method, and the least square

method can be employed to estimate the weights.

M =









C1
C1

· · · C1
CN

...
. . .

...
CN
C1

· · · CN
CN









(2)

Step 4: The comparison matrix (Equation 1) obtained in

step 3 is subjected to a consistency check to validate the

results’ soundness. A consistency ratio of 10% or 0.1 was

set. This involves determining the maximum eigenvalues and

consistency index by using Equations (2) and (3), respectively.

One advantage of the consistency ratio is that it eliminates the

problem of disagreements in individual judgments.

λmax = 1/n
n

∑

i=1

ithentry in AWT

ith entry in WT
(3)

Where: λmax =maximum Eigen value

n= number of attributes

A= pair-wise comparison matrix
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TABLE 1 Metrics for evaluating sustainable diet concepts.

Sustainability

dimenstion

Sustainability metric Description Objective References

Health Risk to diabetes Measures the risk of diet concepts that affect the body’s

ability to produce insulin in cohort studies.

Minimized (17)

Prevention of coronary heart diseases Measures the diet concept’s risk in relation to coronary

heart diseases in cohort/epidemiological studies.

Minimized (18)

Risk to mortality Estimates the association of mortality to diet factors Minimized (19)

Risk to obesity Measures the association of different diet concept intake

to the prevalence of obesity

Minimized

Total cancer Measures the risk reduction to cancer from the

consumption of different diet patterns

Minimized (20)

Environment GHGE reduction (kg

CO2eq/capita/year)

It is an adjusted indicator that includes CO2 , N2O, and

CH4

Minimized (21)

Agricultural Land use reduction

(m2/capita/year)

Measures the aggregated land use of the different types

of agricultural production e.g., Pasture, cropping

Minimized (22)

Water consumption (L/capita/day) Measures the amount of groundwater evapotranspired

by crops or incorporated into the product during growth

and processing.

Minimized (11)

Energy consumptions Measures the amount of energy consumed during

agricultural product of sustainable diets.

Minimized (23)

Socioeconomic Average cost of a healthy diet,€/day Measures the cost of adherence to diet patterns per day Minimized (24)

Socio-economic savings to society Measures the savings through health and environmental

improvements of consuming sustainable diets

Maximized

TABLE 2 Categories for classifying multi-criteria decision making methodologies [extracted from (29)].

Categories Methodology

Multi-attribute utility and value theory Analytic hierarchy process (AHP)/analytical network process (ANP); fuzzy set methodology; gray

relational method

The multi-objective mathematical programming Constrain programming; linear programming; goal programming

Non-classical method Fuzzy set methodology

Elementary aggregation method Weighted sum method; weighted product method

Complex aggregation method Analyse and synthesis parameters under information deficiency (ASPID)

Distance-to-target approach Technique for order preference by similarity to ideal solution (TOPSIS); gray relational analysis;

data enveloping analysis

Direct ranking (high dependence on decision-maker) Stepwise expert judgment; Delphi; scoring method

Outranking method Elimination and choice translating reality (ELECTRE I, I.S., II, III,); preference ranking

organization method for enrichment evaluation (PROMETHEE I, II)

W= The estimate of the decision-makers weight

Nevertheless, the consistency is checked by comparing the

Consistency Index (CI) to the Random Index (R.I.) for the

appropriate value of n, used in decision-making (30). If (CI/RI)

< 0.10, the degree of consistency is satisfactory, but if (CI/RI) >

0.10, serious inconsistencies may exist, and the results produced

by AHP may not be meaningful.

CI =
λmax − n

n− 1
(4)

Figure 2 presents the hierarchical decomposition of the

decision-making problem. It summarizes the overall objective:

to determine an optimal sustainable diet pattern, the

criteria, and sub-criteria used to evaluate the sustainable

diet concepts.

Assuming we have n number of alternative sustainable

diet concepts, the TOPSIS ranking for the alternatives can be

achieved through the following:

Step 5: Construct the normalized decision matrix

Frontiers inNutrition 06 frontiersin.org

https://doi.org/10.3389/fnut.2022.874721
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Agyemang et al. 10.3389/fnut.2022.874721

TABLE 3 Definition of the intensity of qualitative and quantitative score for criteria weight determination.

Intensity of weight Definition Explanation

1 Equal importance This implies that two criteria have equal importance to the objectives.

3 Moderate importance of one over another The judgment slightly favor one over the other

5 Strong importance The judgment strongly favor one over the other

7 Extreme importance The judgment is very strongly favored one over the other

9 Absolute importance The judgment is of absolute importance over the other

In this step, the different attributes’ dimensions are

transformed into a non-dimensional attribute to allow

comparison across the attributes. Using the method represented

in Equation (3), the matrix
(

xij
)

m×n is normalized to

R =
(

rij
)

m×n which takes the form shown below

rij =
xij

√

∑m
j=1 x

2
ij

i = 1, 2, . . . ., m; j = 1, 2, . . . , n (5)

R =









r11 · · · r1n
...

. . .
...

rm1 · · · rmn









(6)

Step 6: Construct the weighted normalized decision matrix

With the normalized decisionmatrix (R) computed from the

previous step, the weighted matrix W from the A.H.P. method

is integrated into the R. This results in a matrix calculated

by multiplying each column of R with its associated weighted

matrix W represented in Equation (4).

Vij = wj × rij where i = 1, 2, . . . ., n (7)

This computation results in a new matrix V, which is

represented below

V =









v11 · · · v1n
...

. . .
...

vm1 · · · vmn









=









w1r11 · · · wnr1n
...

. . .
...

w1rm1 · · · wnrmn









Step 7: Determine the ideal and negative ideal solutions

In this process, two artificial alternatives A+ (the ideal

positive alternative) and A− (the ideal negative alternative) are

defined as:

A+=
{

v+1 , v
+
2 , . . . .., v

+
n

}

=
{(

max
j

vij

∣

∣

∣

∣

i ∈ I
′
)

,

(

min
j

vij

∣

∣

∣

∣

i ∈ I
′′
)}

i = 1, 2, . . . ..,m; j = 1, 2, . . . , n.

A−=
{

v−1 , v
−
2 , . . . .., v

−
n

}

=
{(

min
j

vij

∣

∣

∣

∣

i ∈ I
′
)

,

(

max
j

vij

∣

∣

∣

∣

i ∈ I
′′
)}

i = 1, 2, . . . ..,m; j = 1, 2, . . . , n.

Where I
′
is related to benefit attributes, and I′′ is related to

cost attributes

Step 8: Achieve the remoteness of all choices from A+

and A−

In the process, the separation measurement is done by

calculating the distance between each alternative in V and the

ideal vector A+ using the Euclidean distance, which is given as

Equations (5) and (6)

D+
i =

√

√

√

√

n
∑

j=1

(

vij − v+j

)2
i = 1, 2, . . . ..,m (8)

D−
i =

√

√

√

√

n
∑

j=1

(

vij − v−j

)2
i = 1, 2, . . . .,m (9)

WhereD+
i andD−

i are the Euclidean distance from the ideal best

and ideal worst, respectively. At the end of this, two quantities,

namely D−
i and D+

i for each alternative has been counted,

representing the distance between each alternative and both (the

ideal and the negative ideal).

Step 9: Determine the relative closeness to the ideal solution

using Equation (9).

CC
∗

i =
D−
i

D−
i + D+

i

(10)

i = 1, 2, . . . ., m

Where CC∗i Is the performance score.

Step 10: Rank the alternatives according to relative closeness

to the ideal solution. All alternatives (sustainable diet patterns)

are based on the performance score in this step. Figure 3

presents the continuous workflow of the integrated AHP-

TOPSIS framework that is adopted to evaluate sustainable diet

concepts. Step 1 to 9 presented above provide an elaboration of

the components of the workflow.

Results

Historical interactions between the diet,
health, and environmental trilemma

This section explores how United States diet shifts and

lifestyles have rapidly worsened the health-environmental

burden in the country. Figure 4 presents historical trends of
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FIGURE 2

Hierarchical breakdown for assessing the performance of diet concepts.

the relationship between food demands in different geographic

regions against United States. From Figures 4A,B, we observe

that over the last 60 years, there has been a relative proportional

increase in per capita calorie supply and a consistent increase

in demand for animal-based protein across the globe. For the

case of calorie demand per capita, the increase has been most

significant in United States, Asia, South America, and Africa.We

observe that the per-capita rate of increase has been 19.56 and

17.94% for United States and Asia, respectively. For instance,

the calorie demand has increased by 53.96, 31.66, 30, and 27.84

% in Asia, Africa, South America, and United States. However,

the relative rate of increase on an annual basis within that

same time frame is 17.94, 12.35, 1.66, and 19.56%, respectively.

This indicates that despite the significant increase in demand

in Asia, Africa, and South America, the annual increase in

consumption in America is more significant. Interestingly, in

the 21st century, while other regions continue to experience an

increase in demand for calories, United States has experienced a

sudden plateau.

Similarly, we observe that the demand for protein (animal-

based foods) has followed a similar pattern. Demand in Asia,

South America, Africa, and United States is ∼63.5, 36.9, 31.27,

and 28% respectively. However, we observed 58.06, 42.79, and

40.57% annual increases in protein demand in Asia, South

America, and United States, respectively. It is interesting to

note that the demands in Europe have consistently decreased

between 1990 and 2013. Likewise, United States has consistently

experienced an increase in demand since 1960, but in the last

decade has suddenly plateaued.

Previous studies by many researchers such as (32–34) have

established a relationship between diet-related diseases such

as diabetes and heart diseases and obesity and the consistent

shift in diet toward an increased reliance on high calorie,

animal-based, highly processed foods and sugar-sweetened

beverages. As a result, the prevalence of overweight in adults

has increased worldwide. Figure 5 illustrates regional increase

in overweight among adults and children and the percentage

of total death associated with non-communicable diseases. In
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FIGURE 3

An integrated AHP-TOPSIS from selecting optimal diet concepts in the United States.

FIGURE 4

Relative proportional demand in animal-based protein and calorie be capital per day. (A) Estimated daily calorie supply per capita across all
regions from 1961 to 2013. (B) Daily animal protein demand in each region from 1961 to 2013.
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FIGURE 5

The prevalence of health-related implications of a consistent intake of unhealthy food over time. (A) Percentage prevalence of overweight in
adults from 1975 to 2016. (B) Percentage prevalence of overweight in children under 5 years from 2000 to 2020. (C) Percentage total cost of
death due to non-communicable diseases from 2000 to 2019.

the United States, overweight predominance has risen from

41.00 to 67.90% between 1975 and 2015, representing the single

most significant increase globally. On the contrary, Asia has

experienced a relatively lower increase from 17.00 to 32.26%.

Also, in developing regions such as Africa, we observe a

moderate rise from 10.51 to 28.89%. In Europe, we observe

39.20 to 58.64%. The increase in the prevalence of overweight

consequently influences the global burden of disease and death

associated with diet, which has significantly increased from

60.80% in 2000 to 73.63% in 2019. Within this same timeframe,

the United States has been responsible for nearly 17.80–14.51%

of such incidence.

Aside from the health impact, the consequences of diet

choices extend to impact our environment (Figure 6). This

is evidenced in Figures 6A,B where we observe a relative

proportion of agricultural land use and its corresponding

GHGE. Globally, our arable land use for crop production

has increased by more than 11.36%. Interestingly, we observe

a continuous decrease in land use in Europe, and Oceania,

probably due to technology 4.0 into agricultural production,

which results in a steady reduction in GHGE from these

regions. Notwithstanding, we see a consistent rise in the United

State. In general, greenhouse gas emissions from agricultural

production have increased since 1961. It has been the largest
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FIGURE 6

Relative proportional increase/decrease of agricultural land use and GHGE. (A) Relative proportional increase/decrease of land use from 1960 to
2016. (B) Relative proportional increase in GHGE from 1961 to 2019.

in developing countries such as Asia (378% increase since

1961) and Africa (263% increase since 1961). The United States

has experienced nearly about 120% increase within that

same timeframe.

Relevant environmental and health risk of
highly consumed food group

Customarily, we decide every day onwhat to eat, considering

the taste, nutritional benefits, safety, and, perhaps more recently,

the environmental friendliness of the food. Recent evidence

suggests that nearly 40% of the world’s annual mortality is

attributed to diet-related diseases such as stroke, coronary

heart disease, type 2 diabetes, total cancer, and many others

(35, 36). Lozano et al. (37) identified that nine out of the top

fifteen risk factors for the consistent annual increase in global

mortality were associated with diet choices. This implies that the

choice of food and its corresponding quantity we take in is a

significant determinant of our health and the sustainability of

our environment. Our diets today pose a high risk to ill-health

and threaten the achievability of sustainable development goals.

This section explores the relative environmental and

health risks associated with 15 highly consumed food groups.

The health outcomes considered include type 2 diabetes,

stroke, coronary heart disease, total cancer, and mortality.

In contrast, the environmental concerns include GHGE, land

use, eutrophication potential, acidification potential, and water

consumption. Figure 7 presents the relative risk to diseases and

the environmental impact of 15 food groups. The data used was

obtained from (37).

It is essential to mention that if the relative risk

is >1, then the consumption of an additional serving

of such food group poses an increased risk to disease.

Likewise, relative risk <1 is correlated to a lower or

decreased disease risk. From Figure 7, we observe that

the additional consumption of vegetables, wholes, fruits,

legumes, and fish are associated with reducing diseases risk

to coronary heart disease, diabetes, total cancer, stroke,

and total mortality. In addition, there are correlated to

a lower environmental impact. Conversely, red meat and

unprocessed meat consumption are associated with increased

risk and environmental impact. This implies shifting diet

behaviors toward food groups with lower environmental and

health risks has the potency to reduce the diet-health and

environmental implications. The following section describes

the methodology developed to select and evaluate sustainable

diet concepts.

Selected sustainable diet concepts

Table 4 presents the results after applying the inclusion-

exclusion criteria described in section results. Diet patterns with

(−) signs imply limited implementation cases and available

data to support the claims of lower environmental footprint

and health-related issues in the United States. Although

there is literature to confirm these diet recommendations

as sustainable diet concepts, there was little evidence from
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FIGURE 7

Relative Risk to diseases and environmental impact of 15 highly consumed food groups. (A) Relative risk to disease for di�erent food groups. (B)
Relative risk to environmental damage for di�erent food groups. (C) Relative average risk to disease and environmental impact for di�erent food
foods..

clinical or epidemiological studies and life cycle assessment or

environmental impact modeling or input-output analysis on

the impact of adopting these sustainable diets. In addition, the

majority of results the authors found were focused on European

countries, which is outside the scope of this study. Also, the

authors discovered that many of the sustainable diet concept

analyses were conducted in high-income countries with well-

established diet guidelines.

It is important to mention that other diet patterns have

proportional magnitude variations in the quantity of animal and

plant-based foods. Typical examples of diet patterns identified

from the literature include meat partially replaced by plant-

based food, meat partially replaced by mixed foods, meat +
dairy partially replaced by plant-based foods (38, 39). However,

because of the high degree of variations and the absence of

extensive literature on such diet concepts, they were excluded

from the variety of sustainable diet patterns used in this study.

Overview of diet concepts

From Section Selected sustainable diet concepts, we

observe that nine different sustainable diet patterns have

been selected. Therefore, this section provides a high-level

overview of the respective diet patterns and their corresponding

food groups.

The mediterranean diet pattern

Global interest in this diet pattern began in the early

1960s when it was observed that seven countries near the

Mediterranean Sea had a lower incidence of chronic disease.

The diet is often associated with countries bordering the

Mediterranean Sea, including Spain, France, Italy, Greece,

Turkey, Northern Africa, Middle Eastern, and Balkan countries.

This diet pattern has been described as (i) daily consumption of
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TABLE 4 Selected sustainable diet concepts after the four-step inclusion/exclusion criteria.

S/N Sustainable diet concept Step 1 Step 2 Step 3 Step 4 Status

1 The mediterranean diet pattern
√ √ √ √

*

2 Healthy planetary diet (EAT-Lancet pattern) × –

3 Healthy vegetarian diet pattern
√ √ √ √

*

4 Atlantic diet pattern
√ √ √ × –

5 Diet approach to stop hypertension (DASH diet)
√ √ √ √

*

6 Pesco-vegetarian
√ √ √ √

*

7 The healthy nordic diet pattern
√ √ √ × –

8 Paleolithic diet
√ √ √ × –

9 Tradition persian medicine diet
√ × –

10 Vegan diet
√ √ √ √

*

11 The healthy U.S style diet pattern
√ √ √ √

*

12 Chinese diet pattern
√ √ √ × –

13 Western diet concept
√ √ √ × –

14 Spanish diet pattern
√ √ √ × –

15 Provegetarian food pattern
√ √ √ √

*

16 Pescatarian diet
√ √ √ √

*

17 Flexiterian diet
√ √ √ √

*

(Where S/N refers to Serial Number, *refers to a selected diet concept , – refers to rejected diet concept after comparing against the inclusion and exclusion criteria).

unrefined cereals and cereal products, vegetables, fruit, olive oil,

dairy products, and red or white wine; (ii) weekly consumption

of potatoes, fish, olives, pulses, and nuts and eggs and sweets and

monthly consumption of red meat (40).

Healthy vegetarian diet pattern

This diet pattern is devoid of any food product that contains

meat or fish. In addition, diets containing poultry, seafood, and

f lesh of any animal are strictly prohibited.

Diet approach to stop hypertension (DASH diet)

This diet concept was introduced to control the risk

of hypertension. The essential ingredients peculiar to this

diet includes fruit, vegetables, and low-fat dairy products,

including whole grains, poultry, fish, nuts, legumes, and limiting

the intake of low-fat dairy products, red meat, sweets, and

sugar-containing beverages. The DASH diet provides higher

potassium, calcium, magnesium, and protein while lowering

total fat, saturated fat, and diet cholesterol (41). An excellent

quantitative description of the design of this diet concept is

presented by (42).

Pescatarian diet

This diet includes fish, dairy, and eggs but avoids

all meats

Vegan diet

This sustainable diet concept does not contain any animal

product. Instead, they are substituted by calcium-rich soy

and extra portions of pulses. Protein sources for this diet

design are similar to vegetarian. In addition, however, vegetable

consumption is increased. A detailed description of this diet

and the corresponding quantitative servings in proportion and

key-related nutrients is presented by (43).

The healthy U.S style diet pattern

The healthy U.S diet style is recommended under the

Diet Guidelines for Americans. This sustainable diet concept

emphasizes consuming fruits, vegetables, whole grains, low- and

fat-free dairy, healthy fat, lean meats, and poultry to reduce

the risk to chronic diseases and meet daily nutrient needs. A

detailed description of the diet recommendation and permissible

quantity for different age groups in America is presented in

2020–2025U.S.D.A Diet guidance (44).

Flexitarian diet concept

This sustainable diet concept can be regarded as a semi-

vegetarian diet or perhaps a more plant-forward diet. Thus,

the diet concept is less strict than a 100% vegetarian diet. The

diet emphasizes incorporating plant-based foods and beverages,

including eggs, meat, and dairy, into one’s diet. However, it

encourages a lower consumption quantity for meat and other

dairy products (45).
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FIGURE 8

Weights of importance of criteria adopted to evaluate sustainable diet concepts.

Pro vegetarian food pattern

Pro vegetarian diet pattern has a preference for plant-derived

foods but not the exclusion of animal foods. Its diet composition

is similar to the vegetarian, howbeit the proportional intake of

meat, vegetables and other food groups vary.

Results of assessment

Weight of criteria

Figure 8 represents the weights reflecting the relative

importance of the evaluation criteria obtained from

implementing the A.H.P. framework. One advantage of

the technique is that it allows both qualitative and quantitative

evaluation of criteria based on a preference scale.

Figure 8 shows that the risk of mortality (priority weight of

= 0.18), coronary heart diseases (priority weight of 0.15), and

diabetes was of a high priority compared to other environmental

and socio-economic indicators. A possible explanation for

these results may be attributed to the fact that health impacts

have individual implications with selective socio-economic

repercussions. Thus, participants in the survey could relate

intimately/were familiar with these indicators compared to

others. Another possible explanation is that the participants may

have direct or personal experiences with the implication of these

indicators, hence giving them a high priority. Nonetheless, we

observe that the environmental indicators have a relatively lower

weight; thus 0.11 and 0.0561 for GHGE and water consumption.

The results may be explained by the fact that the implications of

environmental indicators are collective while those of health are

at an individual level.

To ascertain the validity of the results of the A.H.P

framework, we conducted a consistency test. As a result, the

final consistency index (CI) and consistency ratio were 0.14

and 0.091, respectively. Since the C.R. < 0.1, it indicates

that the reliability of the responses from the participants
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FIGURE 9

Relative reduction/increase in health and environmental impact of di�erent dietary concepts.

could be maintained. The indicator matrix obtained from the

survey and the eigenvalue of each criterion is reported in the

Supplementary material.

Health and environmental impact evaluation
results

Over the last half-century, multiple cohort studies have

compared the health outcomes and environmental impact

of different diet patterns such as Mediterranean, vegetarian,

and vegan diets among individuals who consume them. A

large portion of these studies has consistently observed a

reduced risk of diabetes, heart diseases, hypertension, and total

mortality compared to individuals on western or omnivorous

diet patterns. In general, strict adherence to sustainable diet

concepts offers significant health benefits. In addition, most

studies have demonstrated that adopting healthier diets have

some varying increased environmental sustainability. Figure 9

illustrates the relative reduction in health, socio-economic and

environmental indicators by shifting current diet patterns to

sustainable patterns.

It is observed from Figure 9 that a shift to sustainable diet

concepts such as Vegetarian and Vegan diet would reduce

the total GHGE, land use, water consumption, and energy

use by (75.00, 81.40%), (74.98, 74.00%), (10.00, 70.00%), and

(86.00, 87.00%), respectively. Furthermore, we observe a relative

closeness in results due to the similar due to similar product

composition that exists between the two diet concepts. Likewise,

for health risk reduction, we observe that adherence to the

Vegetarian and Vegan diet reduces the risk to diabetes, total

mortality, heart diseases, obesity, and total cancer by (17.80,

19.30%), (25.00, 10.00%), (12.30, 15.10%), (26.00, 12.00%), and

(10.40% , 11.70%), respectively. Shifting to other diet concepts

such as the Mediterranean diet and the healthy US-style diet,

we observe a relatively lower reduction compared to other

diet concepts.

One of the surprising findings of the study was, adopting the

U.S. diet style results in an average overall lower GHGE impact

of 2% (reduction), water consumption of 14% (reduction), and

an increase in energy consumption of 17% compared to other

diet concepts. These results corroborate strongly with the studies

of (46), who found a relative increase in GHGE from U.S.

diet style.

It is important to mention that the results presented here

are average values Life Cycle Assessment (L.C.A) studies on the

selected diet concepts in the United States. The data collected for

each diet pattern are isocaloric (equivalent in total calories).

Ranking from TOPSIS

Using the results obtained in sections Weight of criteria

and Health and Environmental impact evaluation results, we

ranked the diet concepts using the integrated AHP-TOPSIS

decision model. From Figure 10, the Vegetarian, Vegan, and

Provegetarian diets ranked first, second, and third, with a

performance score of 0.553, 0.519, and 0.507, respectively. This
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FIGURE 10

Ranking of dietary concepts using the TOPSIS framework.

is somewhat surprising as the vegan diet appears to have a

better environmental impact reduction as compared to the

vegetarian diet concept (see Section Health and Environmental

impact evaluation results). On the contrary, the vegetarian diet

has higher health impact reductions for some indicators as

compared to the vegan diet concept. From a socioeconomic

perspective, the vegetarian diet concept has a slightly higher

reduction than the vegan diet. However, the model adopted

for the evaluation takes into consideration the criteria weights

presented in Section Weight of criteria. To wit, we observe from

Figure 8 that higher weights were allocated to health indicators

as compared to environmental and socio-economic indicators.

Consequently, influencing the overall performance score and

ranking of vegetarian and vegan diet concepts.

The results imply that adopting and national-wide

implementation of different vegetarian diet concepts can

substantially reduce diets’ environmental and health impacts.

Our results corroborate strongly with previous research of

(8, 9, 15), who illustrated that the adoption of diets higher

in plant-based than animal-based foods against the national

Healthy US-style diet pattern would benefit the environment

and the population’s health. Furthermore, the results further

reinforce previous research on the impact of diet on the

environment and suggest that Vegetarian, Vegan, and

Provegeterian diet pattern has the most sustainable impact on

U.S. diet style. Despite these benefits, several bottlenecks and

challenges exist that hinder the successful adoption of these

concepts in America. The following Section explores different

challenges, provides recommendations, and proposes a dynamic

methodological framework to ensure a sustainable food system.

Barriers in adoption and
recommendations

So far, we have assessed which health, environmental and

socio-economic factors are relevant to consumers, evaluated

nine distinct sustainable diet concepts using sustainability

metrics, and ranked these concepts to identify the optimal diet

concept. Nonetheless, several challenges hinder the adoption

and implementation of these sustainable diet concept. This

Section identifies the bottlenecks in implementing different

sustainable diet concepts and presents recommendations to

rebuild a resilient and sustainable food system. Table 5

summarizes the challenges associated with adopting candidate

sustainable diet concepts.

From Table 5, it is clear that widening the adoption

of the sustainable diet concept presents a challenge, thus
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TABLE 5 Bottleneck to implementing sustainable diet concepts.

S/N Diet pattern Bottleneck/critical challenges in adoption Recommendation

1 Vegetarian • Risk of sub-optimal nutrients, including iron.

• The iron source for most vegetarians is non-haem which has a lower

bioavailability.

• Consumer perception of vegetarian diet being expensive, not enjoyable,

and inconvenient.

• Reluctance in most consumers to try novel foods which they are

unfamiliar with

• Perceived nutritional need of meat (mostly as a source of protein), which is

not provided.

• Perceived difficulty in preparing plant-based food.

Early familiarization during childhood

Informative, easy to read, and straightforward

labeling on food products to alleviate food

neophobia (Clean labeling).

2 Vegan • The Diet concept is regarded as inconvenient since its products are

challenging to prepare. Also, ingredients for preparing meals are most

often unavailable in stores.

• The perception that plant-based food does not taste better than

animal-based food.

• Meat consumption is highly ingrained in the culture of many hence the

willingness to stop is difficult.

• Consumer perception that plant-based milk substitutes have a similar

environmental footprint as that of animals.

• A general lack of awareness of the environmental burden of animal meat

production and consumption.

Less processing of plant-based meat alternative

with the intention of mimicking animal meat

(reduced preservatives and sodium).

Proper communication of diet benefits

3 Pescatarian • Fear of the presence of heavy metals in food.

4 Mediterranean diet • Increase price of food items in the Mediterranean diet.

• It promotes diet diversity, while diet recommendations suggest the

consumption of healthier foods.

• Socio-economic inequalities in domains such as diet variety, access to

organic foods, and food purchasing behavior.

• The vague idea of the overall diet framework.

• Improper definition of the Mediterranean diet as different organizations

and individual authors have presented a variety of diets labeled the

Mediterranean.

Careful examination of the effectiveness of

relying on a diet pyramid vs. promoting the

health full aspects of individual foods that are

included in the pyramid is needed

Development of interventions to promote the

diet

5 Healthy U.S. style guidelines • Limited access to supermarkets and grocery stores.

• Low-income

(Continued)
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TABLE 5 Continued

S/N Diet pattern Bottleneck/critical challenges in adoption Recommendation

6 DASH diet • Poor availability, quality and cost of healthy and fresh food components

within the diet.

• Family influences and tension among family members’ willingness to

adopt a healthy diet.

• Lack of familiarity with the DASH diet menu options.

• The potential cost of preparing the recipes presented in the DASH diet was

high.

• Unfamiliarity with some of the menus found in the DASH diet appeared

distracting.

Interventions to promote the DASH diet yet

reflect the customer, economic and food

available concern

Optimized DASH diet with familiar recipes that

conform the DASH diet pattern.

Effective communication of DASH diet health

information.

the need to understand the synergies in socio-economic,

demographic, health, and environmental priorities. Sustainable

diet concepts interact with consumer preference and wide

array of social, economic and environmental systems, thus

presenting a complex interaction driven by multiple factors.

More importantly, a lack of information flow between

the different actors and their respective systems exacerbate

these shortcomings. Additional, knowledge on the trade-

offs at varying Spatio-temporal scales is required; thus,

we propose a conceptual system thinking approach for

effective implementation of need. Figure 11 presents the

conceptual framework that illustrates a holistic representation

of sustainable diet concepts and their interconnections between

actors, bottlenecks, components and different sub-systems.

The elements in conceptual framework interact dynamically

to give rise to predictable health, environmental and socio-

economic impacts. The framework argues for a better and

holistic integration of bottlenecks such as lack of knowledge

and feedback across the interactions between the different

components of the system and actors. Also, the framework

argues for transparent sharing of information among actors to

develop an optimized sustainable diet.

Application of system thinking and related tools can be

found in different fields such energy, financial sectors and

policy making. Increasingly, these different fields recognize

the necessity of system thinking approaches to addressing

today’s interconnected challenges. Thus, the authors argue

that the adoption of system thinking and related tools

can help all actors of sustainable diet concepts to better

plan for future interventions and wide adoption among

consumers. Furthermore, policies can be enacted to introduce

sustainable diet concepts to the population at an early childhood

stage. It could be integrated into curriculums during early

childhood education. Multi-sectoral efforts and campaigns

from public organizations, local authorities, government, and

non-governmental institutions to raise public awareness on

the enormous benefits of sustainable diets will be paramount.

Therefore, the proposed system thinking approach seeks

to navigate stakeholders in implementation sustainable

diet concepts toward a more comprehensive and broader

picture by considering all interconnected factors to achieve a

systemic change.

Limitations of the study

The novel framework also suggests that optimized

sustainable diet concepts that take into consideration multiple

conflicting objectives as well their trade-offs have the potential

to address the diet- health-environment trilemma. One major

limitation of this study is that the authors observed a moderate

variability in life cycle assessment results despite considering

similar diet concepts. These may be attributed to the choice of

parameters, the definition of system boundaries, the decision of

function units, and the uncertainty evaluation adopted during

the assessment. More disturbingly, most of these life cycle

assessment studies do not account for the type of agroecology

which may improve the environmental outcomes.

Conclusion

The present study set out to evaluate the effectiveness of

the implementation of sustainable healthy diet concepts in

the United States. The study also examined the relationship

between sustainable diet concepts and key factors that

lead to improvement in human health, reductions in

environmental damage and socio-economic benefits.

Additionally, the AHP framework applied by the authors,

provided an opportunity to curate expert opinions on which

environmental-health-socio-economic indicators were of

outermost relevance when considering resource allocation to
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FIGURE 11

A system thinking approach to address the challenges of scaling up sustainable diet concepts to an optimized diet concept.

optimize the adoption of sustainable diet concepts. The findings

indicate that health indicators such as risk to mortality and

cardiovascular disease are highly prioritized compared to other

socio-economic, and environmental indicators. Through the

application of mathematical modeling (AHP-TOPSIS) and a

set of environmental, health and socio-economic indicators,

vegetarian, vegan and provegetarian diet concepts ranked first,

second and third, respectively. The findings provide additional

evidence that sustainable diet concepts which constitute more

plant-based than animal-based foods are more beneficial

to the environmental and population’s health as compared

to the national Healthy US-style diet concept which has an

average overall lower GHGE impact of 2% (reduction), water

consumption of 14% (reduction), and an increase in energy

consumption of 17% compared to other diet concepts. However,

the implementation and wider adoption of sustainable diet

concepts is hindered by intrinsic socio-economic, cultural and

behavioral barriers. These include a lack of understanding,

limited access to food ingredients, and unfamiliarity with

sustainable diet menus. Hence, the study proposed a novel

conceptual system thinking framework to sustainable diet

concepts, which takes into consideration these bottlenecks

prior to implementation sustainable diets on larger scale. The

proposed can potentially optimize sustainable diet acceptance

by consumers and offset different health, environmental and

socio-economic impacts. The novel framework shows the

complex interactions and dynamics between diet concepts,

social cultural challenges, food environment, key stakeholders

and multiple subsystems. Taken together, it provides a holistic

representation of optimizing sustainable diet initiatives and

adoption among consumers. It would be interesting to assess

the effectiveness of the conceptual system thinking approach

through a practical application of system dynamic models, then

translate the results through an intervention case study.
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