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A B S T R A C T

The future of precision nutrition requires treating amino acids as essential nutrients. Currently, recognition of essential amino acid re-
quirements is embedded within a generalized measure of protein quality known as the PDCAAS (Protein Digestibility-Corrected Amino Acid
Score). Calculating the PDCAAS includes the FAO/WHO/UNU amino acid score, which is based on the limiting amino acid in a food, that is,
the single amino acid with the lowest concentration compared to the reference standard. That “limiting” amino acid score is then multiplied
by a bioavailability factor to obtain the PDCAAS, which ranks proteins from 0.0 (poor quality) to 1.0 (high quality). However, the PDCAAS
has multiple limitations: it only allows for direct protein quality comparison between 2 proteins, and it is not scalable, transparent, or
additive. We therefore propose that shifting the protein quality evaluation paradigm from the current generalized perspective to a precision
nutrition focus treating amino acids as unique, metabolically active nutrients will be valuable for multiple areas of science and public health.
We report the development and validation of the Essential Amino Acid 9 (EAA-9) score, an innovative, nutrient-based protein quality
scoring framework. EAA-9 scores can be used to ensure that dietary recommendations for each essential amino acid are met. The EAA-9
scoring framework also offers the advantages of being additive and, perhaps most importantly, allows for personalization of essential
amino acid needs based on age or metabolic conditions. Comparisons of the EAA-9 score with PDCAAS demonstrated the validity of the
EAA-9 framework, and practical applications demonstrated that the EAA-9 framework is a powerful tool for precision nutrition applications.
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Introduction

Amino acids are unique nutrients with individual dietary re-
quirements and distinct, noninterchangeable metabolic func-
tions [1]. Just as vitamins A, B6, C, and D have distinct functions
and metabolic requirements despite being grouped as vitamins,
amino acids are equally distinct despite being grouped as pro-
tein. Nevertheless, an understanding of amino acids as unique
nutrients has not yet been clearly incorporated into nutrition
recommendations or protein quality scores.

Most consumer-facing dietary guidelines still treat amino
acids as interchangeable equivalents by generically representing
them as “protein.” This generalization is built into nutrition
recommendations such as the Dietary Guidelines for Americans
(DGA) and the Nutrition Facts Panel, which both use protein as a
Abbreviations: AAS, amino acid score; DGA, Dietary Guidelines for Americans; DIA
9, Essential Amino Acid 9; PDCAAS, Protein Digestibility-Corrected Amino Acid Sco
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surrogate for amino acid requirements [2,3]. The DGA and
Nutrition Facts Panel are informed by DRI reports, which specify
the amounts of the 9 essential amino acids (EAAs) that must be
consumed in the diet. However, DRI data is not intended for
consumers and is not built in an easily accessible, user-friendly
format for professionals’ use [4].

Currently, there is no available dietary guideline framework
that evaluates food or meal protein quality based on the distinct
metabolic roles and requirements of EAAs or that allows pro-
fessionals or consumers to customize a diet based on specific
individual requirements for one or more EAAs.

Understanding amino acids as individual nutrients requires
understanding their unique metabolic roles beyond the funda-
mental role for protein synthesis (Table 1) [5–12]. For example,
leucine (Leu) is a dietary signal that activates the mTOR
AS, Digestible Indispensable Amino Acid Score; EAA, essential amino acid; EAA-
re; SR Legacy, USDA National Nutrient Database for Standard Reference Legacy
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Table 1
Metabolic roles of essential amino acids in optimal human health

Essential amino
acid

Metabolic roles in addition to protein synthesis

Histidine Histamine and carnosine synthesis [5]
Isoleucine Anaphoretic role in citric acid cycle [6]
Leucine Activation of the mTORC1 pathway; alanine and

glutamine synthesis [7,8]
Lysine Carnitine synthesis (fatty acid oxidation) [4]
Methionine One-carbon metabolism for RNA and DNA; precursor

for cysteine, glutathione, and taurine [9,10]
Phenylalanine Dopamine synthesis (neurotransmitter) [11]
Threonine Mucin production within gastrointestinal tract [12]
Tryptophan Serotonin and nicotinic acid synthesis [4]
Valine Anaphoretic role in citric acid cycle [6]

Abbreviation: mTORC1, mammalian target of rapamycin complex 1.

Figure 1. Calculation of FAO/WHO/UNU amino acid score and
PDCAAS.
FAO/WHO/UNU amino acid score calculated using limiting amino
acid and truncated at 100%; equations are further defined in the 2007
FAO/WHO/UNU report [18]. Abbreviation: PDCAAS, Protein
Digestibility-Corrected Amino Acid Score.
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(mammalian target of rapamycin) complex to initiate protein
synthesis [13], which is an important component of maintaining
muscle protein turnover. Optimizing Leu signaling for muscle
health requires 2.5 to 3.0 g of Leu per meal or approximately 7.5
g/d [14]. In contrast, the Leu recommendation embedded within
the current protein requirements is only 2.9 g/d for a 70 kg adult.
That large discrepancy (2.9 g/d compared with 7.5 g/d) exists
because current protein recommendations are based on nitrogen
balance, which estimates the role of Leu as a building block for
protein but does not account for Leu’s other metabolic roles [15,
16]. Consequently, if a dietitian were preparing a diet to boost a
patient's muscle health, the current generic protein recommen-
dations are unlikely to provide sufficient Leu to meet that dietary
need.

Methionine (Met) is another example of an EAA with unique
and important metabolic roles. Dietary Met intake impacts syn-
thesis of the amino acid cysteine (Cys) and of the antioxidants
glutathione and taurine [9]. Met also plays a critical role in 1-car-
bon metabolism, driving choline metabolism, and as a methyl
donor in DNA methylation [17]. Threonine (Thr) offers yet
another example of an EAA with a specific metabolic role: nearly
75% of dietary intake of Thr is used to produce the mucin lining
the inner surface of the gastrointestinal tract. The thickness of
the protective mucin layer is proportional to dietary Thr intake
[12].

Developing dietary recommendations that account for each of
these distinct, noninterchangeable EAA roles for every individ-
ual is an essential component for achieving personalized preci-
sion nutrition. Thus, a nutrient-based protein quality scoring
framework is required to improve on the existing models of
generalized protein recommendations.

Limitations of current approaches to evaluating
protein quality

The current standard for evaluating protein quality, on an
amino acid level, is the Protein Digestibility-Corrected Amino
Acid Score (PDCAAS). PDCAAS is calculated by multiplying the
FAO/WHO/UNU amino acid score (AAS) by protein digestibility
[18] (Figure 1). The FAO/WHO/UNU AAS is calculated as the
proportion of the limiting amino acid in 1 g of protein compared
to the same amino acid in a reference pattern. This reference
pattern is derived by dividing daily amino acid recommenda-
tions by the mean protein recommendation. The digestibility
factor used for PDCAAS is determined from measurements of
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fecal nitrogen losses, assuming any fecal nitrogen represents
nondigested dietary protein. PDCAAS may be calculated for a
multi-ingredient food by using the weighted average digestible
amino acid content. However, such a calculation is only possible
if the digestibility of each component that contributes to overall
protein content of the mixture is known [18].

PDCAAS is currently being replaced by DIAAS (Digestible
Indispensable Amino Acid Score) as stated in the 2013 FAO
protein quality report [19]. DIAAS uses the same FAO/W-
HO/UNU AAS but shifts from digestibility factors determined by
fecal nitrogen to nitrogen measurements at the end of the ileum,
in part because colonic bacteria have been shown to alter or
contribute to fecal nitrogen [20]. Additionally, DIAAS values are
not truncated at 1.0 (ie, 100%) because truncating AAS removes
nutritional differences between higher quality protein foods such
as eggs, milk, and soy [19].

PDCAAS and DIAAS measurements allow for comparison of
protein quality between single foods or ingredients. However,
the practical applications of PDCAAS and DIAAS are constrained
by analytical complexity. Digestibility scores are only available
for a limited number of foods, and the respective abilities of
PDCAAS and DIAAS to evaluate complex food products and
meals are limited because neither score is scalable or additive.
Furthermore, PDCAAS and DIAAS are of limited utility for pro-
fessionals and consumers because both methods are intended to
compare proteins, but neither can be personalized to meet spe-
cific amino acid requirements aimed at optimizing health.

Optimizing health by personalizing amino acid requirements
is an important application of precision nutrition. One person’s
dietary needs may be different from another based on multiple
factors, including age, health and disease status, physical fitness,
genetic background, location, or dietary preferences. For
instance, a person over the age of 70 may need more dietary Leu
to build muscle than would someone younger. A person
committed to an exclusively plant-based diet may need to
consciously choose combinations of foods that will provide suf-
ficient amounts of lysine (Lys) or Met. A person undergoing
cancer treatment may need to adjust the proportions of certain
dietary EAAs [21]. All of these are examples of precision nutri-
tion, tailoring an individual’s nutrition to meet specific needs.
Such personalization is only possible if values for individual
nutrients within a food are known and are incorporated into a
protein quality scoring framework. We therefore propose that a
nutrient-based analytical framework, designed to account for
each EAA within each food, represents a timely and optimizable
approach to protein quality and amino acid requirements.

In this prospectus, we describe, validate, and propose a new
nutrient-based protein quality score, EAA-9 (Essential Amino
Acid 9). The EAA-9 framework is a robust, transparent, additive,



Figure 2. EAA-9 framework.
EAA-9 mathematical framework. Calculation is based on the minimum
percentage of the RDA met per serving(s) of food, where the minimum
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and scalable protein quality score for use in scoring multi-
ingredient foods and meals with the aim of tracking progress
toward meeting amino acid requirements. We show that the
EAA-9 framework can be validated against the existing interna-
tional measurement standards represented by PDCAAS and
DIAAS and demonstrate its utility as both a scientific and
consumer-facing tool.
is the lowest percentage met by a single amino acid. EAA RDAs are
satisfied when the EAA-9 score for foods consumed in a day reaches
100%. Abbreviations: EAA, essential amino acid; svg, serving.
Introducing the Essential Amino Acid Score 9
(EAA-9)

Current methods of scoring protein quality, such as PDCAAS,
compare the quality of proteins from different food sources but
are not built to assess dietary requirements for individual EAAs
or evaluate complex meals. To advance understanding of protein
quality, a score must facilitate the evaluation of protein intake
and determine the extent to which amino acid needs are satisfied
in an applied context.

We identified 5 properties deemed necessary for a complete
protein quality scoring framework: 1) it can be used to compare
protein quality across foods; 2) it allows for representation of
selected amino acid nutrients; 3) it can evaluate personalized
amino acid requirements; 4) it can be used additively across
meals; and 5) it yields a score that represents meeting EAA RDAs.
As depicted in Table 2, the proposed EAA-9 score incorporates all
5 of those properties.
Development of the EAA-9 scoring framework
Just as dietary recommendations should account for each of

the 14 essential vitamins, a nutrient-based model for protein
quality must represent all 9 EAAs. RDAs for each of the 9 EAAs
have been established by the National Academies of Sciences,
Engineering, and Medicine (formerly the Institute of Medicine)
[4].Therefore, a nutrient-based protein quality model must
incorporate those 9 RDAs.

Once the 9 EAAs and corresponding RDAs were identified, the
calculation strategy required 2 initial decisions: 1) whether to
use truncated or nontruncated scores, and 2) whether to use
average scores or the limiting amino acid score. Consistent with
the FAO/WHO/UNU amino acid scoring decision for DIAAS, we
adopted a nontruncated score that can exceed the RDA [19]. This
decision made sense biologically because scoring with a non-
truncated calculation strategy gives credit to food (ie, proteins)
that provides EAAs in excess of daily recommendations.

Next, we considered 2 scoring approaches: one using the
average percentage of the EAA RDAs met and one using the
Table 2
Features of protein quality scoring methods

Compare protein quality between foods
Allows for representation of selected amino acid nutrients
Can be modified to reflect personalized amino acid recommendations
Is additive to create amino acid complete meals
Score of 100% guarantees all 9 EAA RDAs
Protein quality score can incorporate protein digestibility factors when available

Comparison of current protein scoring systems against proposed EAA-9 fra
scoring methods. Abbreviations: EAA, essential amino acid; EAA-9, Essenti
Score
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minimum percentage met (ie, the percentage of the RDA met by
the limiting amino acid). Although both the average and mini-
mum scores can be useful, the average score could hide a limiting
amino acid. For example, a standard 2 tbsp serving of peanut
butter (FDC_ID 172469) meets an average of 16.0% of the EAA
RDAs for a 70 kg man but only contains 8.1% of the RDA for the
limiting EAA Lys [22]. To ensure that all 9 essential nutrients
were accounted for, because they are not metabolically inter-
changeable, we chose to use the minimum percentage of RDA
met. The EAA-9 score therefore reflects the lower bound of rec-
ommendations met rather than the average amount. Moreover,
evaluating a protein based on the limiting amino acid aligns with
the use of the limiting amino acid in the FAO/WHO/UNU AAS.

In summary, the proposed EAA-9 (equation in Figure 2) score
represents the ability of a food to meet EAA RDAs and addresses
the limitations of PDCAAS as shown in Table 2. The EAA-9 score
can be used to compare protein quality for single ingredients,
multi-ingredient foods, and meals. Most notably, it can be used
additively over multiple meals, tracking progress toward
meeting EAA recommendations. When the EAA-9 score for foods
consumed in a day reaches 100%, all EAA requirements have
been met.
Validation of EAA-9 Against FAO/WHO/UNU
AAS Used in PDCAAS

Validation of the EAA-9 approach required comparison to the
established protein quality standard, PDCAAS. This analysis was
not straightforward because the proposed EAA-9 score and
PDCAAS are calculated using different units and are created for
different purposes. However, we achieved a robust evaluation in
2 steps. First, we directly compared the EAA-9 score to the FAO/
WHO/UNU AAS, which is an independent component of the
PDCAAS calculation. Second, we compared 2 versions of
PDCAAS, one calculated using the EAA-9 score (PDCAASEAA-9 ¼
EAA-9� protein digestibility) and one calculated using the FAO/
FAO/WHO/UNU amino acid score PDCAAS EAA-9

✓ ✓ ✓

✓

✓

✓

✓

✓ ✓ ✓

mework. Identifies notable functionality and application of amino acid
al Amino Acid 9; PDCAAS, Protein Digestibility-Corrected Amino Acid
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WHO/UNU AAS (PDCAASFAO/WHO/UNU ¼ FAO/WHO/UNU
amino acid score � protein digestibility).
Comparison of EAA-9 to FAO/WHO/UNU AAS
The USDA National Nutrient Database for Standard Refer-

ence, Legacy Release (SR Legacy) was utilized in this analysis, as
it is the most trusted and comprehensive source of food
composition data and one of the only publicly available sources
of amino acid composition in foods. Foods with nonzero values
for all 9 EAAs and protein were included for calculation (n ¼
4734, Supplemental Table 1) [22]. EAA-9 was calculated using
the RDAs for a 70 kg adult; the FAO/WHO/UNU AAS was
calculated as defined in the Report of the Joint FAO/WHO/UNU
Expert Consultation on Protein Quality Evaluation (2007) [18].
Table 3 shows the RDAs and FAO/WHO/UNU amino acid
scoring pattern. EAA recommendations were converted to units
equivalent to the respective RDA and FAO/WHO/UNU recom-
mendations using organization-specific protein recommenda-
tions of 0.66 g/kg/d for FAO/WHO/UNU and 0.8 g/kg/d for
RDA [4].

To facilitate a one-to-one comparison of EAA-9 and FAO/
WHO/UNU AASs without altering the FAO/WHO/UNU frame-
work, the EAA-9 scores for each food were transformed to mg of
EAA per 56 g of protein (representing the RDA for protein, 0.8 g/
kg), as shown in Figure 3.

The FAO/WHO/UNU AASs did not follow a normal distri-
bution due to differences in the amino acid content of plant-
based compared with animal-based foods and truncation at
100%. We therefore used Spearman’s rank correlation coeffi-
cient to compare the nonlinear scores. Spearman rank correla-
tion indicates the level of association between 2 nonlinearly
distributed variables. A correlation coefficient of 1 (or 100%)
would indicate that the scores for all foods were ranked in the
same order, and a 0 would indicate no correlation between the
ranks of the 2 scores. As shown in Figure 4A, the results of
Spearman’s rank correlation showed a very strong relationship
with a correlation coefficient (⍴) of 0.8181 and P value< 2.2e-16.
Any scoring deviations that existed could be explained by dif-
ferences between the FAO/WHO/UNU scoring pattern and the
RDA for each amino acid. If the FAO/WHO/UNU scoring pattern
of the limiting amino acid for a food is higher than the RDA, the
food will fall to the left of the main line in Figure 4A; if the RDA is
higher, the food will fall to the right of the line. Due to the
Table 3
Amino acid recommendations used in calculation of amino acid scores

Essential amino acid RDA FAO/WHO/UNU scor

mg/70 kg/d

Histidine 980 693
Isoleucine 1330 1386
Leucine 2940 2726
Lysine 2660 2079
Methionine þ Cysteine 1330 1016
Phenylalanine þ Tyrosine 2310 1756
Threonine 1400 1063
Tryptophan 350 277
Valine 1680 1802

Two recommendations for intake of EAAs: RDAs and FAO/WHO/UNU sco
protein by dividing by RDA for protein (0.8 g/kg/d ¼ 56 g/70 kg/d) [4]. FA
mg/70 kg/d by multiplying by the FAO mean protein recommendation (0.
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truncation of the FAO/WHO/UNU AAS, the line flattens out at
the top. The series of linear relationships in Figure 4A visually
represented the natural clustering of scores based on the limiting
amino acid of each food. Due to the strength of the relationship,
we concluded the 2 scoring frameworks produced nearly iden-
tical results.

Comparison of PDCAAS calculated with PDCAASEAA-
9 to PDCAASFAO/WHO/UNU

To calculate PDCAAS, protein digestibility scores for 220
foods were obtained from the Genesis R&D Food Manual [23].
For each food listed in Genesis, a Registered Dietitian Nutri-
tionist identified an equivalent match in SR Legacy to obtain
amino acid profiles. In total, 95 foods were included for com-
parison. As with the comparison of AASs, Spearman’s rank cor-
relation was chosen in assessment of PDCAAS due to nonlinearly
distributed scores. When used to assess the association between
PDCAASEAA-9 and PDCAASFAO/WHO/UNU, Spearman’s rank cor-
relation indicated that there was an extremely strong relation-
ship with a correlation coefficient (⍴) of 0.9072 and P value <

2.2e-16 (Figure 4B). Thus, the 2 scoring frameworks produced
nearly identical results. All data required for calculations can be
found inSupplemental Tables 1–3.

Applications of the EAA-9 Score

Although the EAA-9 and FAO/WHO/UNU scoring framework
share many similarities, they differ largely in their application.
The FAO/WHO/UNU AAS framework compares the relative
quality of 2 proteins, whereas the EAA-9 can be used to compare
proteins and to track progress toward meeting EAA re-
quirements. In addition to scoring single foods, the EAA-9
framework simplifies the complex nature of complementing
amino acids, thus allowing users to score a combination of foods
or meals. The EAA-9 score can be used either additively or
cumulatively. Both approaches are valuable.

With the additive method, each food is scored individually,
and the resulting scores are added (EAA-9Additive ¼ EAA-9Food A
þ EAA-9Food B). This score tends to be conservative because it is
calculated using the limiting amino acid of each food and does
not consider the total amino acid profile. Consequently, it is
possible to meet requirements for all EAAs with an additive score
below 100%. The benefit of the additive framework lies in the
ing pattern RDA FAO/WHO/UNU scoring pattern

mg/g protein

17.5 15
23.7 30
52.5 59
47.5 45
23.7 22
41.2 38
25.0 23
6.2 6
30.0 39

ring patterns. RDAs are defined in mg/70 kg/d, converted to mg/g of
O/WHO/UNU scoring pattern defined in mg/g protein converted into
66 g/kg/d ¼ 42.6 g/70 kg/d) [18].



Figure 3. Conversion of EAA-9 from mg/kg body weight/d to mg/g protein/d.
Calculation for conversion of EAA-9 from using RDAs in mg/70 kg/d to mg/g protein; intended for use in one-to-one comparison with FAO/WHO/
UNU amino acid score. Abbreviation: EAA, essential amino acid.

Figure 4. Comparison of scoring frameworks.
(A) Relationship between EAA-9 scoring framework to standard FAO/WHO/UNU amino acid score (n ¼ 4734 foods); and (B) relationship of
PDCAAS using EAA-9 and FAO/WHO/UNU amino acid score (n ¼ 95 foods). Each dot represents one food. A correlation coefficient (⍴) above 0.6
indicates a strong correlation. P value of .05 or lower indicates strong statistical significance. PDCAASEAA-9 ¼ EAA-9 � protein digestibility;
PDCAASFAO/WHO/UNU ¼ FAO/WHO/UNU amino acid score � protein digestibility. Abbreviations: EAA-9, Essential Amino Acid 9; PDCAAS,
Protein Digestibility-Corrected Amino Acid Score.
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ability to build meals and diets using individual ingredient and
food scores: higher scoring foods could be easily substituted
while eliminating risks of suboptimal intake.

With the cumulative method, the EAA content of each food is
summed prior to scoring (EAA-9Cumulative ¼ EAA-9(Food A þ Food

B)). Therefore, a cumulative score is accurate; a score of 100%
meets exactly the RDA for the limiting EAA and meets or exceeds
RDAs for all other EAAs. The cumulative approach may be best
suited for research settings in which individual food scores are
less important because they may not accurately reflect total
consumption.

Considering its unique additive and cumulative capabilities,
the EAA-9 score is applicable in a broad range of settings, from
research and clinical use to personal consumer use. To demon-
strate EAA-9 scoring in an applied example, recipes were iden-
tified from MyPlate Kitchen, an interactive site for consumers
and professionals to find recipes that follow the DGA [24]. The
5

additive and cumulative EAA-9 scores corresponding to the
MyPlate recipe for 1 serving of the Rice Bowl Breakfast with Fruit
and Nuts [25] were calculated (Figure 5), portions of each
ingredient are shown in Table 4. As expected, the additive and
cumulative scoring methods resulted in slightly different scores.

The additive and cumulative EAA-9 methods can also be
applied to multiple meals consumed in a day. As an example, we
calculated both the additive and cumulative scores for 3 MyPlate
meals (Table 4): Rice Bowl Breakfast with Fruit and Nuts,
Chicken Waldorf Salad, and Easy Stuffed Pasta Shells [25–27].
The score calculation is shown in Figure 6 (calculation details
and SR Legacy foods provided in Supplemental Table 4).

The utility of the additive approach versus the cumulative
approach to EAA-9 scoring can be of benefit beyond scientific
study. For example, if EAA-9 were implemented in a consumer-
facing application such as MyFitnessPal, a user may prefer to
be conservative and overshoot amino acid targets. The



Figure 5. Two valid methods of calculating the EAA-9 score.
An example of an (A) additive and (B) cumulative approach to scoring multiple foods. Additive EAA-9 score calculated as the sum of ingredient
EAA-9 scores. Cumulative EAA-9 score calculated by summing amino acid nutrients first then scoring. % RDA defined as the amount of each amino
acid provided by the food divided by the RDA. Calculation details and SR Legacy foods provided in Supplemental Table 4. Abbreviations: EAA,
essential amino acid; svg, serving.
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application therefore could apply an additive model. This flexi-
bility in use demonstrates the robustness of the EAA-9 score as a
simple yet accurate approximation of amino acid contribution
toward meeting daily requirements.

Furthermore, the additive EAA-9 approach could be of great
value for individuals who wish to optimize the protein quality of
their meals while conforming to a plant-based diet. Table 5
provides EAA-9 scores for each ingredient in a vegan meal
adapted from the MyPlate Kitchen recipe for Bean and Rice
Burritos [28]. The framework’s flexibility allows for simple
addition or subtraction of ingredients. In this case, adding tofu
improved the protein quality score of the meal. As with all meal
creation, individual EAA-9 food scores can be used to replace and
complement lower scoring foods and assist in meeting amino
acid needs.

In addition to the calculation examples in previous tables and
figures, EAA-9 scores for a standard portion size of all applicable
SR Legacy foods are provided in Excel format in Supplemental
Table 5.

Precision EAA-9 scoring
The EAA-9 scoring framework was developed with flexibility,

personalization, and precision in mind. With the advent of pre-
cision nutrition and the appreciation for the role of EAAs, future
research may differentiate EAA recommendations based on
characteristics such as sex or the usage of lean body mass instead
6

of body weight. Although the RDAs for each EAA were used to
calculate the examples above, the EAA-9 framework can also be
used to implement alternative recommendations or re-
quirements. For instance, although the current RDA of Leu is 2.9
g/d, research suggests that Leu intake at ~7.5 g/d can overcome
anabolic resistance in older adults and optimize muscle health
[14,15]. To reflect this discovery and optimize dietary Leu, an
EAA-9 score was calculated with a requirement of 7500 mg/d of
Leu (Figure 7). To use the previous example, a Rice Bowl
Breakfast with Fruit and Nuts [25] had a personalized cumula-
tive EAA-9 score of 6.67%, lower than the RDA-based cumulative
EAA-9 score of 11.28% but accurately reflecting higher meta-
bolic needs of Leu to maintain muscle mass in older adults.

Additional flexibility in the EAA-9 framework includes the
ability to choose which amino acids are used in the calculation.
For example, a subset of the amino acids, such as Leu, Lys, and
Met, can be used in place of the full set of 9 EAAs. This feature
may be of interest to research scientists and clinical professionals
wanting to compare more metabolically active or more limiting
amino acids rather than amino acids such as histidine, which
does not have a clearly defined adult requirement [29]. For
example, 1/3 cup of plain low-fat yogurt (FDC_ID 170886) would
have a score of 3.12% when calculated using only the re-
quirements of Leu, Lys, and Met þ Cys (formula depicted in
Figure 8) compared to an EAA-9 score of 1.75% [22]. As with all
scoring systems, opportunistic users could game the system. If



Table 4
MyPlate meals, ingredients, and recipe portions in 1 serving

Meal Ingredient Portion

Meal 1: Rice Bowl Breakfast with Fruit and Nuts cooked brown rice ½ cup
nonfat (skim) milk (or 1% milk) ¼ cup
cinnamon ¼ tsp
chopped fruit (try a mixture - apples, bananas, raisins, berries, peaches) ½ cup
chopped nuts (try walnuts or almonds) 1 tbsp

Meal 2: Chicken Waldorf Salad low-fat mayonnaise 4 teaspoons
nonfat or low-fat plain yogurt 4 teaspoons
lemon juice ½ teaspoon
salt 1/16 teaspoon
chopped cooked chicken breast ¾ cup
red apple, diced ¼ medium
halved red or green grapes ¼ cup
sliced celery ¼ cup
chopped walnuts, divided (toasted if desired) 2 tablespoons

Meal 3: Easy Stuffed Pasta Shells frozen chopped spinach, thawed 1 ¼ ounces
cottage cheese, low-fat 1 ½ ounces
mozzarella, part skim shredded 3 tablespoons
dried oregano 3/16 teaspoon
black pepper 1/32 teaspoon
light tomato basil pasta sauce, low-sodium 3 ¼ ounces
water 1/8 cup
pasta shells, uncooked (large) ¾ ounce

Meal ingredients and portion sizes for 1 serving of recipes identified from MyPlate Kitchen [25–27].
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the food industry “spiked” a food with 1, 2, or all 3 of these EAAs,
the result would be a high score, even though the overall protein
quality would still be poor.

Discussion

The topic of protein quality is not new for food science or
nutrition research. However, advances in the biochemical un-
derstanding of amino acids as metabolically unique nutrients and
increasing consumer awareness regarding protein quality
demonstrate a need to shift from the mindset and mathematics
Figure 6. Additive and cumulative EAA-9 scores for MyPlate meals.
Comparison, providing the EAA-9 mathematical framework for 2 scoring
lated as the sum of ingredient EAA-9 scores. Cumulative EAA-9 score calcu
details and SR Legacy foods provided in Supplemental Table 4. Abbreviat
Database for Standard Reference Legacy Release.
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that treat protein and its component amino acids as generic and
interchangeable. Moving forward, it is important to build on the
foundation of past protein quality scoring systems to provide a
more transparent, scalable, and personalizable framework that
facilitates meeting essential nutrient recommendations.

The innovative EAA-9 model is a nutrient-focused approach
that allows for flexible, additive, and scalable evaluations of
protein quality. Current practice relies on nitrogen measure-
ments to estimate the protein content of foods and protein re-
quirements in the human body while using total protein
consumption as an indicator of amino acid intake. However, the
options: (A) additive and (B) cumulative. Additive EAA-9 score calcu-
lated by summing amino acid nutrients first, then scoring. Calculation
ions: EAA, Essential Amino Acid; SR Legacy, USDA National Nutrient



Table 5
Applying the EAA-9 framework for optimizing a plant-based diet

Ingredient Serving size EAA-9

Rice (cooked) ¼ cup 1.61%
Onion 1/8 small onion 0.04%
Kidney beans ¼ cup 6.45%
Flour tortillas 1 tortilla 2.71%
Salsa 1 tbsp 0.18%
Additive EAA-9 score ¼ 10.99%
Firm tofu 1/8 block 8.16%
Additive EAA-9 score ¼ 19.15%

Additive EAA-9 calculation for improving the protein quality of a vegan
meal. Additive EAA-9 score of 10.99% is increased to 19.15% by
adding tofu. Recipe for meal adapted from MyPlate recipe for “Bean
and Rice Burritos,” cheese was removed from this recipe [28]. Calcu-
lation details and SR Legacy foods provided in Supplemental Table 4.
Abbreviation: EAA, essential amino acid.
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9 EAAs—not nitrogen—are required for growth, development,
metabolic functions, and healthy aging. We therefore propose
that shifting the protein quality evaluation paradigm from the
current generalized perspective to a precision nutrition focus
that treats amino acids as unique, metabolically active nutrients
will be valuable for multiple areas of science and public health.
We further propose that the EAA-9 scoring framework provides
the ideal tool for executing the paradigm shift toward precision
nutrition for 3 reasons.

First, personalized nutrition and precision nutrition aim to
“develop more comprehensive and dynamic nutritional recom-
mendations based on shifting, interacting parameters in a per-
son’s internal and external environment throughout life” [30].
However, total-protein-based recommendations are designed for
an average person who does not actually exist and are therefore
not representative of the vast majority of the population. The
current approach fails at the level of the individual. Future ap-
plications of precision nutrition depend on additional function-
ality that current dietary recommendations and protein quality
models do not possess.

Second, food labeling profoundly obscures understanding
about EAA needs. Protein, as listed on a food label, is a chemical
estimate of total nitrogen multiplied by a factor of 6.25 to obtain
Figure 7. Example of a personalized EAA-9 calculation.
EAA-9 modified to reflect leucine recommendation for older adults [15].

Figure 8. Applying the EAA-9 framework using a subset of EAAs.
EAA-9 framework modified to include a subset of essential amino acids: Leu
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total protein [3]. The factor of 6.25 approximates the average
percentage of nitrogen (16%) in amino acids [31], but nitrogen
composition varies widely from phenylalanine: 8.5% and Leu:
10.7% to glycine: 18.7% and arginine: 32.2% [32]. Thus, the
true average differs across proteins, and therefore also differs
across foods with plant proteins generally containing higher
amounts of nonessential amino acids that have higher percent-
ages of nitrogen. Furthermore, the current characterization of
total protein on food labels suggests that all proteins (and
therefore all their component amino acids) are interchangeable.
The implication is that the proteins from different food products
are additive to achieve a daily requirement. For example, if a
cereal box label simply combines a serving of 4 g of wheat pro-
tein with 6 g of milk protein to total 10 g of protein, a consumer
could well take that to mean the 2 protein sources are of equal
value. Additionally, substituting 6 g of milk with 6 g of soy
“milk” to reach the same total protein further extends this
generalization. However, wheat, milk, and soy proteins do not
have the same amounts of EAAs and are not nutritionally equal.
For optimal health and precision nutrition, that estimate is
simply not accurate. Although the food label provides an op-
portunity to incorporate protein quality, displayed as the Percent
Daily Value (%DV) derived from PDCAAS, this calculation is
severely limited and not scalable [3]. A nutrient-based score such
as EAA-9 would provide a robust indication of protein quality,
which is a vital component when considering the nutritional
benefits that a protein source of food can provide.

Third, in dietary recommendations, nitrogen balance con-
tinues to be the gold standard for estimating the RDA for protein
[4]. The nitrogen balance approach has been widely criticized
for underestimating true protein requirements and does not take
amino acids into account. In contrast, the EAA-9 approach allows
researchers and practitioners to treat amino acids as individual
nutrients to assess protein quality, nutrient density, and both
metabolic and health outcomes. The analytical ability for
measuring amino acids has been overcome, yet economic and
logistical challenges still exist. Financial and scientific backing
are needed to support updated dietary protein recommendations
informed primarily by amino acid-based scientific understanding
rather than a vague requirement estimated by nitrogen
measurements.
Abbreviations: EEA-9, Essential Amino Acid 9; svg, serving.

, Lys, MetþCys. Abbreviations: EAA, essential amino acid; svg, serving.
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The simple yet powerful EAA-9 framework provides a valu-
able, validated tool for measuring protein quality in a personal-
ized way. It has utility for researchers, clinicians, public health
officials, and consumers alike. However, a tool alone is not
enough. The tool is limited by data availability; currently avail-
able protein data often do not include separate measurements for
the EAAs. The future of precision nutrition requires treating
amino acids as essential nutrients. Our understanding of amino
acids as essential nutrients is scientifically established—now is
the time to put that knowledge into practice.
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