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REVIEW
Comparison of methodologies used to deﬁne the protein
quality of human foods and support regulatory claims
Wilfredo D. Mansilla, Christopher P.F. Marinangeli, Cara Cargo-Froom, Adam Franczyk,
James D. House, Rajavel Elango, Daniel A. Columbus, Elijah Kiarie, Mike Rogers, and Anna K. Shoveller

Abstract: Protein quality (PQ) is the capacity of a protein to meet the amino acid (AA) requirements of an individual. There are several
methodologies for determining the PQ of foods. The protein efﬁciency ratio is an animal growth bioassay. The protein-digestibilitycorrected AA score considers the AA requirements of a reference population, and the true nitrogen digestibility coefﬁcient for each
ingredient. The digestible indispensable AA score is based on true ileal AA digestibility and better represents bioavailability of AAs.
In vitro techniques for assessment of PQ are available but require validation against a greater range of protein sources. Isotopic
methods, such as the indicator AA oxidation and dual tracer techniques measure AA relative bioavailability and digestibility, respectively, but require sophisticated equipment, and may not be cost nor time effective for the industry to adopt. The present review
discusses advantages and disadvantages of methodologies for determining PQ of food for humans focused on methods that are or
could be adopted by regulatory agencies. Understanding the framework and resources available for PQ determination will help in the
selection of appropriate methods depending on the application.
Novelty
•

Understanding the framework and resources available for PQ determination will help in the selection of appropriate methods
depending on the application.

Key words: amino acid, bioavailability, DIAAS, digestibility, indicator amino acid oxidation, PDCAAS, PER, protein, protein
quality, in vitro.
Résumé : La qualité d’une protéine (PQ) se mesure à sa capacité de répondre aux besoins en acides aminés (AA) d’un individu.
Il existe plusieurs méthodologies pour déterminer la PQ des aliments. Le coefﬁcient d’efﬁcacité protéique (PER) est un essai
biologique de croissance animale. Le score AA corrigé de la digestibilité des protéines (PDCAAS) tient compte des besoins en AA
d’une population de référence et du véritable coefﬁcient de digestibilité de l’azote pour chaque ingrédient. Le score de digestibilité des AA essentiels (DIAAS) est basé sur la véritable digestibilité iléale des AA et représente mieux la biodisponibilité des AA.
Des techniques in vitro pour évaluer la PQ sont disponibles, mais nécessitent une validation par rapport à une plus grande
gamme de sources de protéines. Les méthodes isotopiques telles que l’indicateur de l’oxydation des AA et les techniques de
double traceur mesurent respectivement la biodisponibilité et la digestibilité relatives des AA, mais nécessitent un équipement
sophistiqué et peuvent ne pas être rentables ni efﬁcaces en termes de temps pour que l’industrie les adopte. La présente analyse
documentaire examine les avantages et les inconvénients des méthodologies de détermination de la PQ des aliments pour
l’humain axée sur les méthodes qui sont ou pourraient être adoptées par les organismes de réglementation. La compréhension
du cadre et des ressources disponibles pour la détermination de la qualité des protéines aidera à sélectionner les méthodes
appropriées en fonction de l’application. [Traduit par la Rédaction]
Nouveauté
•

La compréhension du cadre et des ressources disponibles pour la détermination de la qualité des protéines aidera à sélectionner les méthodes appropriées en fonction de l’application.

Mots-clés : acide aminé, biodisponibilité, DIAAS, digestibilité, indicateur d’oxydation des acides aminés, PDCAAS, PER, protéine,
qualité des protéines, in vitro.
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Introduction
All animals, including humans, require an exogenous source of
indispensable amino acids (IAAs). Dietary IAAs consumed as intact
protein are required for meeting daily amino acid (AA) requirements for body functions (e.g., lean tissue maintenance, growth,
milk production, reproduction). The ability of a food source (e.g.,
mixture of proteins) to satisfy an individual’s IAA requirements is
a reﬂection of protein quality (PQ) (Schaafsma 2005; Nosworthy
and House 2017). Proteins are digested to liberate AAs for absorption in a suitable form for maintenance and (or) growth. This
concept of AA bioavailability (Batterham 1992) is fundamental to
the determination of PQ. Food processing, cooking (e.g., extrusion
or fermentation), or storage conditions can alter digestibility and
bioavailability of AAs and affect PQ (Khattab et al. 2009; Sarwar
1997). PQ not only depends on the characteristics of the ingredient
that is consumed, but also on the physiology of the individual consuming the food (Nosworthy and House 2017; Schaafsma 2005).
Moreover, within the same species, the IAA requirements differ
across and within age and physiological stages (FAO 2013; NRC
2012) and can result in a variety of PQ values for the same ingredient. Thus, measured PQ is not a ﬁxed property of a food or its
ingredients and can be affected by multiple factors, including
food matrix, processing/cooking conditions, the physiological AA
requirements of species consuming the food (Table 1), as well as
other physiological factors (e.g., growth).
From a dietary perspective, there is no requirement for protein
per se, but rather a requirement for the IAAs that compose the
protein (Elango et al. 2012; Hoffer 2016; Schaafsma 2005). Of the
20 common AAs needed for the synthesis of mammalian proteins,
9 are considered indispensable for adult humans (FAO 2013) and
deﬁned as those for which the individual is strictly dependent on
a dietary supply to meet their daily needs. In a speciﬁc protein or
food (mix of proteins), the IAA present in the lowest proportion
relative to the IAA pattern requirement is referred to as the limiting AA and derived from the ideal protein concept where the
relative proportion of available IAAs is similar to IAA requirements of the individual. Given that the ability to assimilate AAs
for metabolic work is dependent on the availability of the limiting
IAA, the limiting IAA determines the rate of utilization of all other
bioavailable AAs (Fuller et al. 1989). Thus, the PQ of a food is directly
related to the limiting AA in that individual or population.
The concept of PQ is not commonly used among animal nutritionists as often as by human nutritionists. Animal nutritionists
formulate single source diets for agricultural and companion animals and, therefore, tend to focus on the levels of bioavailable
AAs, not PQ. In contrast, human nutritionists cannot control the
dietary habits of the individual or population. The PQ concept is
used to facilitate guidance on sources of protein for the consumer.
Because of the breadth of foods that humans consume, criteria
have been developed by the FAO to capture the scientiﬁc criteria
for measuring PQ. For the purpose of this review, we focus on
methods that are cost effective, minimally invasive, and validated
in animals and (or) humans.
There are a number of methodologies for determining PQ of
foods. The protein efﬁciency ratio (PER) compares the mass gained
by growing rats that consume a diet with the test protein or a
casein-based diet (standard protein) (Marinangeli and House 2017).
PER is similar to net protein utilization (NPU) and is calculated on
the basis of nitrogen retention. The protein-digestibility-corrected
AA score (PDCAAS) and the digestible IAA score (DIAAS) use IAA
requirements of a reference population and depend on true total
tract fecal protein digestibility and true ileal AA digestibility, respectively (FAO 2013). More sophisticated methodologies in humans, such as the indicator AA oxidation (IAAO) technique, net
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post-prandial protein utilization (NPPU), dual stable isotope tracer
approach and the in vitro TNO gastro-intestinal model (TIM-1),
have recently become options for measuring the PQ of a food or
ingredient (Humayun et al. 2007; Minekus et al. 1995). The objective of this review is to describe and compare the aforementioned
methodologies for determining AA bioavailability and PQ of food
and context for supporting regulations that could be readily adopted by the food industry.

Growth-based method: the PER
The PER was described by Osborne et al. (1919) and was the ﬁrst
method developed for assessing PQ for human foods (FAO 2013).
The PER method calculates the efﬁciency of utilizing dietary protein for body weight gain (e.g., growth). The test and reference
protein sources are incorporated into the diets at the same relative proportion of the total diet by mass. These proteins are not
necessarily limiting in the same IAAs. Casein is, by convention,
the preferred reference protein for PER, but other high-quality
proteins could serve as the reference protein. The use of casein
allows the PER method to rank proteins against a single reference,
but this ranking is not proportional. A protein with a PER of 2 is
not 2× the quality of a food with a PER of 1. The PER is carried out
over 28 days for rats, or 14 days for chickens (Boling-Frankenbach
et al. 2001; Health Canada 1981). In Canada, the rat model is the
ofﬁcial method for determining PQ of human foods and used to
conﬁrm the quality of protein in infant formulas in both
Canada and the United States of America (FDA 2018). Guidance
for measuring the PER on new foods has been outlined by the
Canadian government (Government of Canada 1981; Supplementary Fig. S11).
The PER requires that rapidly growing animals, such as weanling
rats or 1-week-old chicks, be used over a short period of time to
maximize the effect of protein consumption (Buamah and Singsen
1975) and avoid variation in AA requirements due to age. The variation found in the daily requirement (milligrams per day) is not
consistent among IAAs (Sakomura et al. 2015). Using older rats
(i.e., 2 vs. 1 week of age) has yielded variable results in PER values
(Chapman et al. 1959) and the digestibility coefﬁcient for the same
protein sources can change in chickens within the ﬁrst week after
hatching (Batal and Parsons 2002; Noy and Sklan 1995). Hence, the
digestive capacity and AA requirements of the animals used to
generate PER should be recognized.
During growth, AA requirements are expressed as a percentage
of dry matter intake and are higher than those required in adulthood (Table 1). These greater requirements can result in an underestimation of PQ when these values are used to quantify the PQ of
foods consumed by adults. Moreover, given that the PER is a growth
assay, it does not fully credit AAs used for maintenance. During the
fastest growth stage, AA requirements for maintenance represent
⬃10% of the total AA requirement for maximal growth (Moughan
1995), and the proportion used for maintenance increases as the
animal matures.
The animal model used to determine PER of a food will also affect
the PQ measurements. Sulfur AA (methionine and cyste(i)ne) requirements for rats are much higher than those of pigs, chickens,
and humans (Table 2) (FAO 2013; NRC 1995, 2012; Ross 2014). Therefore, when rats are used to measure PQ of human foods, the
higher sulfur AA requirements will generate a lower PER for protein sources with low levels of sulfur AAs (milligrams per gram of
protein) (e.g., legumes). Similarly, while arginine (Arg) requirements in chickens are nearly double the requirements of rats and
pigs, Arg is not an IAA for humans (FAO 2013). Although the growing rat is the preferred method for calculating the PER of human
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Table 1. Total AA requirements (mg/g CP) of mammals based on age and (or) stage of development.
Age/development group
Early growth
Humana
Layer chickenb
Broiler chickenb
Swinec
Dogd
Growth
Humana

0.5 years
0–6 weeks
0–3 weeks
5–7 kg
4–14 weeks

1–2 years
3–14 years
15–18 years
Layer chickenb
6–12 weeks
12–18 weeks
18 weeks to 1st lay
Broiler chickenb
3–6 weeks
6–8 weeks
Rate
⬃4 weeks to 6 months
Swinec
7–11 kg
11–25 kg
25–50 kg
50–75 kg
75–100 kg
100–135 kg
Dogd
>14 weeks
Maintenance/maturity
Humana
>18 years
Layer chickenb
1st lay
Rate
Adult
Dogd
Adult

Aromatic AA

His

Ile

Leu

Lys

Sulfur AA

Thr

Trp

Val

52
55.6
39.1
61.5
57.8

20
14.4
15.2
22.3
17.2

32
33.3
34.8
33.8
28.9

66
61.1
52.2
65.8
57.2

57
47.2
47.8
65.4
38.9

27
34.4
39.1
36.9
31.1

31
37.8
34.8
40.4
36.1

8.5
9.4
8.7
10.8
10.0

43
34.4
39.1
42.3
30.0

46
41
40
51.9
44.7
44.1
36.0
33.3
68.0
60.8
63.2
60.0
60.6
62.1
53.0
57.1

18
16
16
13.8
11.3
11.8
16.0
15.0
18.7
22.4
23.0
21.7
21.9
22.7
18.9
14.3

31
30
30
31.3
26.7
26.5
36.5
34.4
41.3
33.3
34.9
32.8
33.5
34.1
29.5
28.6

63
61
60
53.1
46.7
47.1
54.5
51.7
71.3
65.0
67.5
62.8
63.2
64.4
53.8
46.4

52
48
47
37.5
30.0
30.6
50.0
47.2
61.3
64.6
67.0
62.2
62.6
63.6
53.8
40.0

25
23
23
32.5
28.0
27.6
36.0
33.3
65.3
36.7
37.8
36.1
36.8
37.9
32.6
30.0

27
25
24
35.6
24.7
27.6
37.0
37.8
41.3
40.1
41.6
40.0
41.3
42.4
37.1
35.7

7
6.6
6.3
8.8
7.3
7.1
8.0
8.9
13.3
10.5
11.0
10.6
11.0
11.4
9.8
10.0

41
40
40
32.5
27.3
27.1
41.0
38.9
49.3
42.2
43.5
41.7
41.9
43.2
37.1
32.1

38
55.2
38.0
42.5

15
11.2
16.0
18.75

30
43.2
62.0
37.5

59
54.4
36.0
67.5

45
46.4
22.0
35

22
38.4
46.0
65

23
31.2
36.0
42.5

6
10.4
10.0
13.75

39
46.4
46.0
48.75

Note: AA, amino acid.
aAdapted from FAO (2013).
bAdapted from NRC (1994).
cAdapted from NRC (2012).
dAdapted from NRC (2006).
eAdapted from NRC (1995).

Table 2. IAA:Lys requirement ratios of different species during the
growing stages.
IAA

Rata

Pigb

Chickenc

Humand

Doge

Arginine
Aromatic AAf
Histidine
Isoleucine
Leucine
Lysine
Sulfur AAg
Threonine
Tryptophan
Valine

47
111
30
67
116
100
107
67
22
80

46
94
35
52
101
100
56
60
17
65

107
—
—
68
110
100
76
67
16
76

—
91
35
56
116
100
47
56
15
75

90
149
44
74
147
100
80
93
26
77

Note: Requirements are presented in relation to Lys; units for expressing
amino acid (AA) requirements vary depending on the nutritional knowledge and
the diet consumption and behaviour of the animals (meal or ad libitum). IAA,
indispensable AA.
aRequirements for the growth phase as speciﬁed by NRC (1995).
bStandardized ileal digestible AA requirements for pigs (25–50 kg) as speciﬁed
by NRC (2012).
cStandardized ileal digestible AA requirements for chickens (11–24 days) as
speciﬁed by Ross (2014) for Ross 708 broilers.
dAA requirements for humans (0.5 months to 3 years) according to FAO (2013).
eRequirements for the growth phase of a puppy (4–14 weeks) as speciﬁed by
NRC (2006).
fAromatic AA: phenylalanine and tyrosine.
gSulfur AA: cysteine and methionine.

foods, PER values should be evaluated before considering them as
an accurate representation of PQ, especially for human adults.
The reference protein for the PER method is casein. The AA content of casein is relatively constant (Beach et al. 1941; Williamson

1944), and the casein control must be conducted in parallel to the test
protein rather than using a known value for casein. The ﬁnal PER
value is adjusted by standardizing against the average PER for
casein of 2.5 (Government of Canada 1981). Proteins with a PER
that is close to or higher than casein are considered to be highquality protein sources.
The PER method assumes linearity of protein efﬁciency across
different levels of protein intake and among all ingredients compared. This assumption is important as sensorial perception of the
test protein by the animal may inﬂuence consumption, with both
under- and over-consumption resulting in higher or lower PER
values compared with when the optimal level of protein is consumed.
The PER of a food is relatively straightforward to generate, but
values of ingredients are not additive in mixed meals and require
that an animal trial be conducted for every new food or diet mixture produced (Marinangeli and House 2017). The use of growing
animals, their different AA requirements compared with humans,
and the inability to credit dietary AA used for maintenance render
the PER method an incomplete representation of the PQ of foods
for humans. The validity of the PER is improved when assessing the
PQ for human foods when the diet consists of a sole food source
(0–0.5 years old) and during periods of rapid growth (also 0–0.5 years
old). However, the ﬂaws associated with differences in requirements
between the animal model and humans are acknowledged.
Similar to PER, NPU measures the retention of nitrogen consumed by subtracting nitrogen in the feces and urine from intake
and representing that as a percentage of intake (fecal and urine
nitrogen excretion/nitrogen intake). NPU is also determined by
comparing the test protein to a casein-based control. Animals are
fed nitrogen-free diets to determine endogenous losses and this
concept is discussed in the ileal digestibility section below. NPU
Published by NRC Research Press
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Fig. 1. Fecal and ileal digestibility (true nitrogen digestibility, %) of different human-consumed ingredients determined in growing male rats
fed a basal nitrogen-free diet supplemented with the test ingredients as the sole source of protein. Adapted from Rutherfurd et al. (2015).

can be used in adult humans to measure PQ, but subjects need to
be well matched and, as such, the use of experimental animals is
preferred. We are unaware of any jurisdiction that currently uses
NPU to substantiate the PQ of food for humans.

Determining the digestibility of protein and AAs
Digestibility is a measure of the non-recovery of nutrients at
different parts of the digestive tract. Depending on the method,
measurements are taken from different locations within the digestive tract and expressed as a proportion of nutrient intake
(Stein et al. 2007). It is assumed that the disappearance of nutrients is related to the absorptive capacity in the gastrointestinal
tract. However, it may not always align with nutrient bioavailability (Batterham 1992). Digestibility is often used to estimate AA
bioavailability (NRC 2012; Stein et al. 2007).
Apparent and true total gastrointestinal tract digestibility
Apparent total tract digestibility is the proportion of nutrient
intake not recovered in feces. For protein, this is also referred to as
total nitrogen digestibility, and measures fecal nitrogen recovery
relative to nitrogen intake. This method assumes that AAs are
digested and absorbed within all segments of the digestive tract
(Stein et al. 2007) and can have implications on accuracy of the
digestibility coefﬁcients generated. First, no signiﬁcant absorption of AAs occurs in the large intestine of rats, pigs, chickens, and
humans. Different proteins and AAs infused into the large intestine of various monogastric animals, including pigs and humans
(Columbus et al. 2014; Darragh et al. 1994; Fuller and Reeds 1998;
Fuller 2012; Mason et al. 1976; Mason and Palmer 1973; Webb
1990), signiﬁcantly increases fecal nitrogen excretion, suggesting
that nitrogen, but little AA and protein, are absorbed in the large
intestine. Second, the capacity for nitrogen absorption in the large
intestine is signiﬁcant. Nitrogen (protein-, AA-, or non-proteinnitrogen) infused into the large intestine is readily absorbed, with
the majority excreted in the urine; mainly as urea (Fuller and
Reeds 1998; Just et al. 1981; Krawielitzki et al. 1990; Zebrowska
1975). Nitrogen absorbed in the large intestine is only efﬁciently
assimilated when total nitrogen (i.e., dispensable AA content) is
limiting nutrient in the diet (Mansilla et al. 2015). Third, the microbiome has the capacity to modify the AA proﬁle of digesta by
catabolizing and synthesizing AAs (Low 1980; Rerat 1981; Zebrowska and
Buraczewski 1998). Threonine and tryptophan are usually degraded
to a greater extent than other IAAs, and there may be net synthesis of methionine and lysine (Just et al. 1981; Moughan et al. 2014;
Tanksley and Knabe 1993). However, IAA synthesis in the large
intestine, and subsequent absorption are not necessarily nutri-

tionally relevant or available for protein synthesis in humans (van
der Wielen et al. 2017). Furthermore, dietary ﬁbre can increase
microbial activity and increase nitrogen levels from non-dietary
sources (Jensen and Jørgensen 1994). An estimated 25%–54% of
nitrogen entering the large intestine is of dietary origin. However,
80%–90% of fecal nitrogen output represents bacterial protein
(Mason et al. 1976; Mason and Palmer 1973). Rutherfurd et al. (2015)
determined total tract or ileal digestibility of protein of different
ingredients in the rat (Fig. 1) and reported that while there was
little impact on fecal digestibility, ileal digestibility was affected
by the quality of the ingredient. Similar results have been reported in chickens, pigs, dogs, and humans (Hendriks et al. 2012;
Moughan and Donkoh 1991; Murray et al. 1997). To improve the
accuracy of total tract protein digestibility coefﬁcients, true fecal
nitrogen digestibility can be calculated by correcting for endogenous losses; and used for PQ assessments, but this does not account for nitrogen or AAs absorbed in the large intestine.
Ileal digestibility and endogenous loses
Given the assumptions made when calculating true total tract
protein digestibility, ileal digestibility (i.e., digestibility up to the
terminal ileum) has been developed and adopted by the swine and
poultry industries for feed formulation. The FAO (2013) has acknowledged that ileal digestibility is more representative of the
bioavailability of dietary AAs. However, the lack of published data
available in humans has challenged a transition from true tract
protein digestibility to ileal AA digestibility when determining
the PQ of foods, but a greater amount of ileal digestibility work to
calculate DIAAS has been more recently conducted.
Ileal digestibility coefﬁcients better predict growth of animals
as the problems associated with microbial protein degradation
and disappearance of nitrogen in the large intestine are removed
(Just et al. 1985; Low et al. 1982). Studies have reported bacterial AA
catabolism in the small intestine (Dierick et al. 1986; Jensen and
Jørgensen 1994; Libao-Mercado et al. 2009) and the effects on the
accuracy of ileal digestibility values. However, these contributions
are minimal compared with nitrogen or AA disappearance in the
large intestine (Darragh and Hodgkinson 2000).
Despite being a more accurate representation of protein digestibility, ileal digestibility also presents several methodological challenges (Fuller 2012; Nyachoti et al. 1997; Zebrowska and
Buraczewski 1998). First, collection of the digesta is an invasive
procedure. In the pig, the most widely used surgical technique is
the placement of a T-cannula before the ileocecal valve (Sauer and
de Lange 1992). Complete collection of ileal digesta is not possible
and an indigestible marker (e.g., titanium dioxide or chromic
Published by NRC Research Press
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oxide) is included for calculation of the total digesta ﬂow (Sauer
and Ozimek 1986). The inherent assumptions associated with using indigestible markers and incomplete digesta sampling are
required (Adeola 2001). Sampling of ileal digesta from humans is
possible in ileostomy patients (Rowan et al. 1994), but the surgical
conditions (Dowsett et al. 1990) and the fact that patients often
have underlying health issues remain as potential drawbacks.
Second, similar to material collected from the large intestine,
AAs in the ileal digesta are not exclusively of dietary origin. Endogenous secretions and microbially synthesized AAs contribute
to AAs in the ileal digesta (de Lange et al. 1989; Nyachoti et al. 1997).
Endogenous losses of non-dietary AAs can contribute more than
50% of the total ileal AA outﬂow when feeding high-ﬁbre ingredients (Schulze et al. 1994; Souffrant 2001). Not accounting for endogenous AA losses is the apparent ileal digestibility and can
signiﬁcantly affect estimates of digestibility, especially at low dietary protein intakes (Columbus and de Lange 2012). Accounting
for both basal and ingredient-speciﬁc endogenous AA losses determines true ileal digestibility and can be estimated using specialized methods, such as protein-free diets or AA-deﬁned diets,
and isotopic tracers or markers (Nyachoti et al. 1997).
Third, although true ileal digestibility is considered the most
accurate estimate of digestibility, it can also overestimate bioavailability. This overestimation occurs when heat-treated ingredients
are used in a diet or when ingredients are stored for long periods.
Lysine, a common ﬁrst-limiting AA from some dietary sources
(e.g., cereals), can react with reducing sugars in carbohydrates in
the presence of heat (referred to as Maillard reaction; Fernandez
and Parsons 1996; Gonzalez-Vega et al. 2011). This Maillard complex can be absorbed, but bound lysine cannot be used by peripheral tissues for protein synthesis, not affecting digestibility, but
reducing bioavailability of AAs.
Because ileal digestibility can be a challenging and invasive
method, pigs are often considered an excellent model for the digestive capacity and metabolism of AAs in humans (Miller and Ullrey
1987; Moughan and Rowan 1989). Pigs are monogastric, omnivorous mammals, with many similarities in anatomy, physiology,
and metabolism of the human gastrointestinal system (Darragh
and Hodgkinson 2000; Deglaire and Moughan 2012; Roura et al.
2016). In contrast to rodents, pigs also have the capacity to function as meal eaters allowing for the collection of larger digesta
samples (Miller and Ullrey 1987; Moughan and Rowan 1989). Studies have found a good correlation between pigs and humans for
apparent and true ileal digestibilities of AAs and nitrogen
(Deglaire et al. 2009; Rowan et al. 1994). Compared with true total
tract protein digestibility, true ileal AA digestibility is considered
to be a superior methodology.
The dual-isotope tracer method has been recently developed as
a method to determine true ileal IAA digestibility in humans (Devi
et al. 2018). The appearance of labelled AAs in plasma from an
intrinsically labelled ingredient protein (2H-chickpeas, 2H-mung
beans) is compared with that of a simultaneously ingested and differentially labelled standard protein (13C-spirulina). This method has
some scientiﬁc strengths, such as within-subject quantiﬁcation of PQ
of a novel ingredient to a known ingredient. However, the method
requires an isotopically intrinsically labelled food to be developed
(labelling chickpeas or mung beans by growing them in a controlled environment with the provision of 2H2O). Subsequently,
measurement of the appearance of labeled AAs in the plasma pool
following administration of small meals is performed in a clinical
unit. The method has not been validated against any existing
methods. Furthermore, the method is clearly very expensive to
apply, cannot be routinely conducted on all food ingredients, and
requires speciﬁc expertise to create isotopically labelled foods and
conduct isotope dilution studies.
Animal nutritionists rely on primary protein ingredients that
can represent more than 80% of the ileal digestible limiting AA
when formulating diets based on ileal digestibility. However, hu-
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man foods recorded within the USDA nutrient proﬁle database
currently contain 247 000 foods (USDA 2019). The sheer number of
foods, the difﬁculty of determining individual ileal digestible AA
coefﬁcients, and the regulatory aspects required in human foods
create signiﬁcant and practical challenges for implementing ileal
digestibility coefﬁcients to estimate PQ for human foods.

Applying digestibility to measures of PQ
The PDCAAS
PDCAAS was the ﬁrst method to be adopted that used an
indirect measure of IAA bioavailability as total tract digestibility
(FAO/WHO 1991), and was presented as an alternative to the rat
PER. PDCAAS is calculated as the product of the lowest IAA score
and the true total tract protein digestibility (FAO/WHO 1991). The
AA scores are calculated as the ratio between the IAA in the food
(milligrams per gram of protein) and the IAA requirements of a
reference population. The lowest AA score is considered the ﬁrstlimiting AA. Detailed information on PDCAAS calculations have
been extensively discussed (FAO/WHO 1991; Marinangeli and
House 2017; Supplementary Fig. S21). In the United States of America, PDCAAS is the ofﬁcial method for determining the PQ of foods
consumed by humans ≥ 4 years old.
The PDCAAS for a food can be readily calculated from data in
the literature on AA content and true total tract protein digestibility of the ingredient. Since its inception, several criticisms and
caveats regarding PDCAAS have been discussed (Sarwar 1997;
Schaafsma 2000, 2005). As described previously (Fig. 1), the use of
total tract protein digestibility can overestimate AA bioavailability of
protein from ingredients with poor ileal digestibility (Rutherfurd et al.
2015). Furthermore, PDCAAS values are truncated to 1.0, reﬂecting
the notion that AAs supplied above requirements do not have
additional physiological value and will be catabolised. This truncation can underestimate the high PQ value of some ingredients
(e.g., eggs and cow’s milk), impedes the ability to compare the PQ
among ingredients, and does not allow low-quality ingredients to
be compensated for when consuming a combination of complementary proteins (Sarwar 1997).
For PDCAAS, the rat is considered an acceptable model for
determining true total tract protein digestibility (FAO/WHO 1991).
Behaviourally, rats possess several characteristics, such as coprophagy,
that may alter true digestion of a protein. Recommendations are provided to assist in the prevention of coprophagy (e.g., wire bottom
cages). Otherwise, overestimation of protein digestibility may be expected (Fuller and Tome 2005).
Finally, the calculation of the PDCAAS is dependent on the
reference pattern used to calculate IAA scores. Thus, use of an IAA
reference pattern for a growing population, such as pre-school
children (as per the FAO/WHO 1991 report) can underestimate PQ
of a food consumed by adult populations that require protein for
maintenance and not growth (Table 3). Reference IAA patterns for
growing populations are often used for determining the PQ of a
food for labelling because it provides a more conservative estimate of PQ.
Digestible indispensable AA score
DIAAS was developed to address some of the methodological
limitations identiﬁed with PDCAAS. Similarly, DIAAS requires
measurement of the IAA content of the ingredient. Unlike
PDCAAS, however, DIAAS uses true ileal digestibility of individual
IAA. The total IAA in the ingredient is multiplied by the ileal AA
digestibility coefﬁcient to get the total ileal digestible IAA. The
supply of each AA is compared with the AA requirements of the
reference population (by age; FAO 2013), and the lowest value,
expressed as percentage, is DIAAS within that particular protein
ingredient. Compared with PDCAAS, there is no truncation for
DIAAS values, and some protein ingredients can have values
greater than 100. The FAO (2013) has recommended that PQ be
Published by NRC Research Press
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Table 3. IAA requirements (mg/g CP) for humans and rats at different life stages.
Human, years

Rat

IAA

0.5

1–2

3–10

11–14

15–18

>18

Growth

Maintenance

Aromatic AA
Histidine
Ile
Leu
Lys
Sulfur AA
Thr
Trp
Val

52
20
32
66
57
27
31
8.5
43

46
18
31
63
52
25
27
7
41

41
16
30
61
48
23
25
6.6
40

41
16
30
61
48
23
25
6.6
40

40
16
30
60
47
23
24
6.3
40

38
15
30
59
45
22
23
6
39

68
18.7
41.3
71.3
61.3
65.3
41.3
13.3
49.3

38
16
62
36
22
46
36
10
46

Note: Adapted from FAO (2013) and NRC (1995). AA, amino acid; IAA, indispensable AA.

evaluated using the DIAAS method within regulatory frameworks, but DIAAS has yet to be adopted by any regulatory agency.
The dearth of human-determined ileal digestibility coefﬁcients
published in literature might hamper widespread use of DIAAS;
however, there are a growing number of animal-determined ileal
digestibility coefﬁcients that could contribute to the adoption of
DIAAS within a regulatory framework (Hodgkinson et al. 2018;
Abelilla et al. 2018; Rutherfurd et al. 2015). Similar to PDCAAS, the
reference pattern used to calculate DIAAS will affect the calculated PQ of the food. Therefore, the correct reference pattern
should be used to avoid inaccurate estimation of PQ for different
life stages (Rutherfurd et al. 2015).

In vitro methods for determining the digestibility of
foods
Both PDCAAS and DIAAS analyses require digestibility coefﬁcients of the protein or IAA for the test food. Given the plethora of
foods and food-based ingredients available, as well the ongoing
development of new food technologies, the availability of digestibility coefﬁcients is often the rate-limiting step to using either
the PDCAAS or DIAAS method. Furthermore, in vivo analysis of
digestibility can be resource intensive, time consuming, and costly,
which can hamper the generation of PQ scores for human food. If
demonstrated to be an accurate representation of in vivo digestibility, robust in vitro digestibility methods have been developed
that may potentially enable the calculation of PDCAAS and DIAAS.
In vitro assays are less expensive to conduct, not subjected to
ethical constraints, and can reduce variability related to biological
differences among subjects (Fernández-Garciá et al. 2009). Longland
(1991) proposed ﬁve conditions for reliable in vitro digestibility
models: (1) sequential use of digestive enzymes at physiological
concentrations, (2) an appropriate environment for enzymes to
act (e.g., temperature, pH, and presence of cofactors), (3) appropriate mixing of digesta and enzymes, (4) physiological transit time,
and (5) removal of products of digestion. The following sections
will discuss dynamic and static in vitro digestibility methods currently used as a proxy for in vivo models.
Artiﬁcial gut systems
Artiﬁcial gut systems are dynamic models that closely mimic
the digestion, absorption, and passage of a food through the gastrointestinal tract. The TIM (Triskelion, Netherlands) is an artiﬁcial gut system that can be further classiﬁed into different TIM
systems (e.g., TIM-1). The TIM-1 is described as a computer-controlled
dynamic model of the gastrointestinal tract (Minekus et al. 1995) that
consists of four compartments that simulate the stomach, duodenum, jejunum, and ileum of a monogastric animal. Temperature,
digesta passage rate, and pH of the gastric and duodenal compartments can be controlled, and digestive enzymes (e.g., amylase,
lipase, pepsin) and bile can be added to simulate digestion of
macronutrients. Moreover, hollow ﬁbre-dialysis membranes attached to the jejunum and ileum compartments permit products
of digestion to be removed and avoids enzyme inhibition and

maintains continuous digestion. In addition to the TIM system,
other artiﬁcial gut systems are also available (Dupont et al. 2019).
Across ﬁve diets, Minekus (1998) demonstrated high coefﬁcients
of determination between in vivo and TIM-1 digestibility of dry
matter (r2 = 0.82) and protein (r2 = 0.95). Havenaar and colleagues
(2016) used the tiny-TIM, to simulate similar gastric conditions as
demonstrated in humans, and were successful at calculating DIAAS values using this in vitro digestion model from in vitro individual AA digestibility. However, the dialysis membranes may not
account for active transport. Moreover, control of pH and peristaltic movements, and immediate feedback from anti-nutritional
components on digestion are difﬁcult to mimic in vitro. Before
artiﬁcial gut systems are used as replacement for in vivo models,
users are required to validate dynamic gut systems to ensure digestibility AA coefﬁcients reﬂect the PQ of a food when consumed
by humans.
In vitro methodologies: static methods
Alternative to dynamic models, static digestion models have
also been utilized for many decades to estimate protein digestibility coefﬁcients for human and animal foods (Bodwell et al. 1980;
Boisen and Eggum 1991; Butts et al. 2012; Hur et al. 2011; Moughan
1999; Savoie 1994). The pH-drop (Hsu et al. 1977) and pH-stat
(Pedersen and Eggum 1983) approaches are methods that use regression equations to calculate changes in pH or the consumption
of alkali, respectively, when the test protein is subject to a limited
number of digestive enzymes. Alternatively, digestion methods
such as pepsin-pancreatin or two-step digestion methodologies
place an emphasis on digestion parameters relevant to simulating
both gastric and small intestinal digestion (Moughan 1999). The
in vitro digestibility is typically calculated as the remaining soluble
nitrogen post digestion relative to the initial total nitrogen within
the foodstuff, which may include additional ﬁltration, centrifugation, or size exclusion prior to analysis (Dumas combustion, Kjeldahl, spectrophotometry, or chromatography).
Static digestibility methods do not simulate all parameters of
digestion. Nevertheless, relatively strong correlations in the pHdrop method and between apparent (r = 0.90, n = 23) and total tract
protein digestibility (r = 0.93, n = 18) have been demonstrated (Hsu
et al. 1977; Queiroz Mendes et al. 2016). Similarly, the pH-stat
method is correlated with true total tract protein digestibility
(r = 0.96, n = 30), with high reproducibility across laboratories
(McDonough et al. 1990; Pedersen and Eggum 1983). The two-step
methodologies have produced correlations with apparent total
tract protein digestibility of few (r = 0.98, n = 7) combinations of
proteins (Furuya et al. 1979), as well as apparent ileal protein
digestibility of plant and animal proteins (r = 0.96, n = 48), or
several combinations (r = 0.75, n = 15) of proteins (Boisen and
Fernandez 1997). Standardized approaches of two-step digestion
methods have been suggested (Hollebeeck et al. 2013; Minekus
2015; Minekus et al. 2014), but have yet to be validated with in vivo
digestibility data within the context of PDCAAS.
Published by NRC Research Press
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Static digestion models have been used to estimate PDCAAS
(Boye et al. 2012). Modiﬁed pH-stat (r = 0.96), and a two-step digestion method (r = 0.98), relative to some (n = 7) plant-based proteins
and casein have demonstrated strong correlations with PDCAAS
(Rozan et al. 1997). Likewise, using digestibility values acquired by
the pH-drop, in vitro PDCAAS showed a strong correlation (r > 87)
with in vivo PDCAAS in a variety of cooked pulses (Nosworthy
et al. 2018a, 2018b, 2017; Nosworthy and House 2017; Tavano et al.
2016), although static in vitro methods seem accurate and repeatable to evaluate total tract protein digestibility as a surrogate
to in vivo total tract protein digestibility for the calculation of
PDCAAS. Depending on the category of food, in vitro methods
may require further standardization, and validation when the
generated digestibility coefﬁcients are used to calculate PDCAAS.
To our knowledge, static in vitro digestibility methods have not
been successful in determining accurate individual AA digestibility coefﬁcients. Thus, true fecal total tract nitrogen digestibility is
currently the only validated in vitro method used for PDCAAS and
no in vitro method has been validated for individual AA digestibility for use to measure DIAAS.
Isotopic methods for the determining whole-body use of
AAs
The indicator AA is an IAA with the labelled carbon or nitrogen
irreversibly lost as CO2 or urea, respectively, during the ﬁrst steps
of oxidation (Levesque et al. 2010). Lysine (Ball and Bayley 1984),
threonine (Soliman and King 1969), [14C-methyl]-methionine (Brookes
et al. 1972), and leucine (Hsu et al. 2006; Kurpad et al. 1998) have
been used as indicator AAs. However, 1-14C- or 1-13C-phenylalanine,
in the presence of excess tyrosine, is the preferred indicator AA
because of the small free phenylalanine pool that reduces the
time required to reach steady state and the amount of isotope
used. The indicator AA when administered orally or intravenously
provides a steady supply of the AA, but when the indicator AA is
provided orally, digestion and absorption of the indicator AA
aligns with that of dietary protein. Thus, oral and frequent (30 min)
delivery of the isotope is the preferred method of administration
(Levesque et al. 2010). Similarly, 15N-labelled foods can be ingested
and ileal, fecal, plasma, and urine nitrogen enrichment can be
measured to determine the NPPU. In addition to measuring the
metabolic fate of dietary nitrogen and digestibility (Marchini et al.
1993), it allows for shorter term experiments than those required
for NPU determinations. This method has the same limitations as
the dual-isotope tracer, as it requires an intrinsically labelled protein to be developed ﬁrst, and clearly not appropriate for routine
application in all human foods.
The adaptation to each of the test diets during the IAAO and
NPPU technique are relatively short (≤2 days), but additional time
may be required when ﬁbrous ingredients are used due to greater
time required for adaption by the gut (FAO 2014). For IAAO, at
least four graded levels of the test protein are added to a highly
digestible protein-free diet with marginal excess of all other nutrients. Across the levels of inclusion, intake of the limiting AA
should be below its requirement and intake of the indicator AA
must be maintained relative to control for its partitioning between protein synthesis and catabolic pathways. Within each
IAAO study, and during the steady fed state, the subjects consume
constant doses or receive continuous infusion of the isotopically
labelled indicator AA. The rate of indicator AA catabolism during
steady state decreases as the intake of the limiting AA increases
with higher inclusion of the test protein towards protein synthesis (Moehn et al. 2005). The test protein slope is compared with
that obtained when the test protein is replaced with equal protein
portions of a reference protein (i.e., casein). The ratio of the slopes
expressed as a percentage is deﬁned as the PQ ranking.
Across a wide range of lysine intakes in humans, Elango et al.
(2009) found that protein intake for 2 days of adaptation was
sufﬁcient to estimate individual AA requirements compared with
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10 days. Given the minimal invasiveness of the technique, and the
short period of time required for adaptation to diets, the IAAO
technique can be used for reliable PQ assessment of ingredients
for subjects at different life stages, including vulnerable populations such as pregnant and lactating women and the elderly (Elango
et al. 2008). The experimental requirements for IAAO technique are
similar to that of the PER where proteins are compared with a
selected reference protein, such as casein. Moreover, similar to
PER, the ranking of proteins is not linear across different foods
and, as such, comparison of the different PQ values should be
done carefully. Finally, in contrast to digestibility methods, the
IAAO method can detect reduced bioavailability of AA and, therefore, PQ of heat-treated ingredients.

Conclusions
There are several methods for determining PQ for human food,
with varying advantages and disadvantages (Supplementary Table S11). The PER can be used for determining PQ during stages of
rapid growth, such as in infants and toddlers. However, PER values are not additive and animal models typically used to determine the PER of foods have IAA requirements that differ from
those of humans. Thus, the PER of some ingredients and foods can
be underestimated in the context of human diets. Digestibilitybased methods for PQ have been accepted as a replacement for
PER. PDCAAS is a digestibility-based method that incorporates
true total tract protein digestibility and the IAA requirements of
humans. However, the use of true total tract protein digestibility
is confounded by the absorption of nitrogen and microbial activity in the large intestine and discrepancies between AA and protein digestibility. The DIAAS methodology is a superior method
for the assessment of PQ compared with PDCAAS. Attaining true
ileal digestibility coefﬁcients for humans is inherently difﬁcult,
although the pig model has been deemed a suitable model. Nevertheless, the time cost, invasiveness, and ethical constraints required for determining ileal digestibility coefﬁcients remains an
issue. As an alternative, in vitro dynamic systems have been developed for true total and ileal nitrogen digestibility, but further
validation of the methodology as an alternative for determining
ileal digestibility of individual AAs is warranted. Static methods
could be used as a proxy for total tract protein digestibility and
could be sufﬁcient for calculating the PDCAAS of foods. The IAAO
technique is a powerful and versatile option when determining
PQ and bioavailability of AAs. However, similar to PER, values
determined with IAAO technique are not additive and the method
requires more complicated materials and equipment, resulting in
time and expense. However, the bioavailability obtained using the
IAAO method accounts for digestion, absorption, and cellular metabolism and is less likely to underestimate AA availability than
digestibility methods.
As discussed in this review, each PQ method demonstrates
strengths and weaknesses. From a scientiﬁc perspective, DIAAS is
considered to be the most accurate representation of PQ, but may
not address the disappearance of AAs that may be otherwise unavailable for protein synthesis. However, depending of the application of PQ, other methods could be sufﬁcient. Thus, without
knowing the application, it remains difﬁcult to choose one over
another. To do so, an understanding of the context under which
the method will be utilized as well as available resources are
required. Understanding of the advantages and disadvantages of
each method will assist with selecting a measure of PQ that can
best address the needs of a study, a population, or regulation.
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