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ABSTRACT
Dietary amino acid digestibility is a fundamental measure of importance in protein quality evaluation. Determining amino

acid digestibility in humans, as the disappearance of an amino acid across the total digestive tract, has been discredited.

Extensive cecal and colonic microbial metabolism renders fecal estimates of amino acids misleading. True ileal amino

acid digestibility determined at the end of the small intestine predicts amino acid uptake more accurately. Given that

ileal digestibility determination cannot be undertaken routinely in humans, a pig-based assay has been developed and

validated. The growing pig values for digestibility, however, relate to healthy adult humans and there is a need to be

able to determine amino acid digestibility for humans with specific physiological states. To this end, isotope-based

methods for determining dietary amino acid digestibility indirectly show promise but remain to be fully validated.

J Nutr 2019;149:2101–2109.
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Introduction

The digestibility of protein or a specific amino acid in a food is
a fundamental measure and accurate values are a prerequisite
for dietary protein quality evaluation (1, 2). The digested
amount of an amino acid and the term “digestibility” have
been defined traditionally relative to the amount of a dietary
amino acid disappearing during passage of the food material
through the digestive tract or a part of the digestive tract.
Following this definition, based on disappearance, protein and
amino acid digestibility are measures calculated “by difference.”
It is assumed, when determining digestibility, that the amount
of an amino acid that has disappeared has been absorbed. The
term “amino acid digestibility” is somewhat of a misnomer as
proteins, not amino acids, are digested. Nevertheless, the term is
used widely to mean the uptake of an amino acid, either dietary
essential or nonessential, from the lumen of the digestive tract
during digestion.

Although the above definition of amino acid digestibility
is straightforward, the physiological processes of protein
digestion and amino acid absorption are far from simple (3, 4)
introducing complexity into the determination of amino acid
digestibility (5). The aim here is to provide an updated review
of developments in the determination of dietary amino acid
digestibility.
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Oro-fecal Disappearance of Protein and
Amino Acids

The simplest and longest-standing method for determining
dietary amino acid digestibility is based on the disappearance of
a dietary amino acid between the mouth and the rectum. Values
for the true fecal digestibility of crude protein in foods for adult
humans are presented in Table 1. There is a significant range in
the digestibility of proteins. Moreover, the FAO/WHO (6) report
low digestibility values for mixed diets in India (54−75%),
Guatemala (77%), and Brazil (78%). These data highlight the
importance of accurately determining protein digestibility.

A major criticism of the fecal method is that the extensive
microbiota resident primarily in the large intestine influences
the amino acid composition of the fecal material. With some
foods and amino acids, there may be a net synthesis of amino
acids by bacteria, but more commonly there is a net loss of an
amino acid as it traverses the large intestine. The amino acid
may be degraded to, and absorbed from, the large intestine
as ammonia (7, 8), and it does not appear as though amino
acids per se are absorbed in nutritionally significant amounts
from the mature large intestine of humans (9). It cannot be
assumed, therefore, that the loss of an amino acid in the colon
and cecum equates to absorption. The digestion of protein
and the uptake of amino acids is essentially complete by
the end of the small intestine (terminal ileum, 3). Significant
differences in fecal and ileal amino acid digestibility have
been observed in a wide range of monogastric animals fed
different protein sources, [see Table 2 and Hendriks et al.
(10)]. Given their generality, such ileo-fecal differences in
digestibility may also be found in humans. The potential for
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TABLE 1 True fecal digestibility of protein in the adult human1

Protein source True digestibility, %

Egg 97
Milk 95
Meat 94
Wheat, refined 96
Wheat flour (white) 96
Wheat gluten 99
Soy protein isolate 95
Corn (whole) 87
Polished rice 88
Oatmeal 86
Wheat (whole) 86
Millet 79
Beans 78
Corn (processed cereal) 70
Wheat (processed cereal) 77
Rice (processed cereal) 75
Oats (processed cereal) 72

1Adapted with permission from FAO/WHO (6).

significant hindgut microbial metabolism in the adult human is
evidenced by the observation that some two-thirds of human
fecal nitrogen (N) was microbial N (12). Most of the amino
acids in feces are found in microbial bodies and have no direct
compositional relation to the undigested dietary amino acids at
the end of the ileum. The results of a study in which a mixed
meat-, vegetable-, cereal-, and dairy-product-based diet was
fed to adult human ileostomates (whereby the large intestine
has been removed and the terminal ileum exteriorized), and
to subjects with a normal intact digestive tract, clearly show
that amino acid digestibility values determined at the end of the
digestive tract are different from values determined at the end of
the small intestine in humans [Rowan et al. (13); Table 3]. This
was a highly digestible diet, and greater ileo/fecal differences
in digestibility would be expected for less digestible proteins.
These direct observations in adult humans, and numerous
animal studies (10) demonstrate that potentially extensive
intestinal microbial activity can render fecal digestibility values
unreliable. Accordingly, low degrees of correlation have been
found between animal growth performance and fecal amino
acid digestibility (14, 15).

TABLE 2 Comparison of ileal and fecal digestibility coefficients
of dietary protein for several monogastric animals1

Apparent digestibility

Ileal Fecal
Piglet2 0.90 0.97
Growing pig3 0.66 0.81
Preruminant calf4 0.88 0.94
Chicken5 0.78 0.86
Growing rat6 0.69 0.78

1Reproduced with permission from Moughan and Donkoh (11).
226-kg body weight piglets fed bovine milk.
345-kg body weight pig given a meat and bone meal–based diet.
445-kg body weight milk-fed calf.
5Overall mean digestibility for 9 amino acids and 16 diets given to 10 wk-old chickens.
680-g body weight rat given a meat and bone meal–based diet.

TABLE 3 Mean apparent ileal and fecal amino acid digestibility
coefficients for adult humans receiving a high-quality mixed diet1

Amino acid
Ileal digestibility2

(n = 5)
Fecal digestibility

(n = 6)
Statistical

significance

Arginine 0.90 0.93 ∗

Aspartate 0.87 0.90 ∗

Serine 0.87 0.92 ∗∗∗

Threonine 0.85 0.89 ∗∗

Proline 0.90 0.95 ∗∗

Glycine 0.72 0.87 ∗∗∗

Phenylalanine 0.90 0.91 ∗∗∗

Methionine 0.93 0.83 ∗∗∗

Tryptophan 0.77 0.83 ∗

1Reproduced with permission from Rowan et al. (13). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P <

0.001.
2Ileostomates.

Oro-ileal Disappearance of Protein and
Amino Acids

Attention has been given to determining amino acid digestibility
in humans at the end of the small intestine (terminal ileum)
before the undigested material is subject to hindgut microbial
metabolism. Such measures are referred to as ileal or prececal
digestibility. This may be accomplished using ileostomates or
by naso-ileal intubation. Both approaches are expensive, and
it is becoming increasingly difficult to recruit ileostomates.
The methods also have significant technical and physiological
drawbacks. For example, with naso-ileal intubation, several
markers, with their associated errors, are used and there may
be difficulties in obtaining representative digesta samples (16).
In addition, subjects are either recumbent or sitting upright
during intubation, and it has been demonstrated that body
position during feeding can influence the gastric emptying rate
and the rate of protein digestion (17). A distinct advantage
with ileostomates is that they are not restrained and no
dietary marker is required. With ileostomates, however, there
is evidence that a new microbiota becomes established at the
end of the ileum postsurgery (18) and there may be enhanced
microbial activity. The gastrointestinal tract of an ileostomate,
whereby the large intestine has been removed and the terminal
ileum exteriorized, is not normal. Despite their limitations,
ileal amino acid digestibility in adults has been determined
using both methods; however, neither method has been fully
validated.

Animal studies

A considerable amount of work has been undertaken in order
to develop ileal amino acid digestibility assays in animals.
With animals, ileal digesta can be sampled after euthanasia or
while the animal is under deep anesthesia (19). Alternatively,
digesta can be sampled repeatedly over time in the conscious
animal via surgically implanted cannulas (19). Animals can
also be ileostomized and digesta collected quantitatively (13).
Collection after euthanasia has been common in smaller species
such as the rat and work has been undertaken to refine assay
procedures (20–22).

With ileal digestibility it becomes important to correct
for endogenous (of body origin) amino acids present in the
ileal digesta and several methods have been developed for
this purpose. Traditionally, endogenous amino acids in ileal
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digesta have been determined after the administration of a
protein-free diet. It is known, however, that dietary protein
influences endogenous secretions (23) and more physiologically
relevant methods have been developed (24). Prominent among
these methods is the use of proteins labeled with the stable
isotope 15N, and the use of hydrolyzed proteins coupled with
the ultrafiltration of ileal digesta. Gut endogenous protein
is influenced by factors such as food dry matter intake,
amount and type of dietary fiber, antinutritional factors (ANFs),
and dietary protein concentration, and it is important when
determining gut endogenous amino acids to control for these
variables (25). Endogenous loss can be considered to comprise
two parts, that related to dietary dry matter flow (basal loss) and
that occurring above the basal loss and related to the influence
of diet composition (specific loss). In human nutrition the term
“true” usually refers to digestibility corrected for basal loss.
When the specific losses are also corrected for, the term “real”
digestibility has been used. In animal nutrition and where a
defined basal loss has been used, the term “standardized” has
been used in preference to “true”. The genesis and application
of these different terms has been the subject of a recent review
(25).

Studies have been undertaken that compare ileal amino acid
digestibility in monogastric mammalian species as diverse as
rats and pigs. Close agreement for ileal amino acid digestibility
has been shown between the laboratory rat and the growing
pig (26, 27), though the rat may be particularly well adapted
to utilizing foods with high levels of ANFs such as tannins (28).
The growing rat has been shown to digest rapeseed protein very
effectively (95%) whereas digestibility in humans and pigs of
the same material was lower at 87–90% (29). However, for
most foods consumed by humans, where amounts of ANFs
in the food are low, good agreement for true ileal amino
acid digestibility is found between the rat and pig. It may be
expected then that agreement for digestibility would be even
closer between the pig and humans, as both are omnivores and
the digestive tracts are similar anatomically, histologically, and
physiologically (30–35). The pig has a meal-eating habit, eats
foods commonly consumed by humans, and can be fed meals
as prepared for consumption by humans. A major advantage
of the pig as an animal model is that methodologies for
collecting ileal digesta have been well developed (19), and
the ileal digestibility assay has been extensively validated [for
example, see Rutherfurd et al. (36)], demonstrating that true
ileal amino acid digestibility accurately predicts amino acid
uptake (37–39).

Pig and human digestibility comparisons

Ileal protein digestibility has been compared directly between
adult humans and growing pigs for a typical Western meal
fed to ileostomized adult humans and ileostomized growing
pigs (13). This is an important study in that the method
of collection of digesta was identical between species. For
true ileal nitrogen and amino acid digestibility, no statistically
significant differences were found between species, except
for relatively small differences for threonine, phenylalanine,
and methionine (Table 4). A larger unexplained interspecies
difference was found for the true ileal digestibility of cysteine.
The close agreement for true ileal amino acid digestibility
between humans and pigs observed in that study has been
confirmed in more recent work (40) whereby plant (rapeseed
isolate) and animal (casein, hydrolyzed casein) proteins were

TABLE 4 Mean true ileal amino acid and nitrogen digestibility
coefficients for ileostomized adult humans and ileostomized
growing pigs receiving a mixed diet1

Amino acid
Human
(n = 5) Pig (n = 6)

Statistical
significance

Lysine 0.99 0.98 NS
Arginine 0.98 0.98 NS
Histidine 0.99 0.98 NS
Aspartate 0.99 0.98 NS
Serine 0.99 0.99 NS
Threonine 1.00 0.99 ∗∗

Glutamate 0.99 0.98 NS
Proline 1.00 0.98 NS
Glycine 0.92 0.91 NS
Alanine 0.99 0.98 NS
Valine 0.99 0.98 NS
Isoleucine 0.99 0.98 NS
Leucine 1.00 1.00 NS
Tyrosine 0.99 0.98 NS
Phenylalanine 0.99 0.98 ∗

Cysteine 1.00 0.92 ∗∗∗

Methionine 0.98 0.96 ∗∗

Tryptophan 0.99 0.97 NS
Nitrogen 0.98 0.98 NS

1Reproduced with permission from Rowan et al. (13). NS, P > 0.05; ∗P < 0.05, ∗∗P <

0.01, ∗∗∗P < 0.001.

compared between intubated adult humans and cannulated
growing pigs.

Based on the similarities in the process of protein digestion
between the mouth and the terminal ileum of a growing pig and
an adult human, and given the close agreement for observed
protein digestibility in the 2 species (Figure 1), it is concluded
that the pig is a valid animal model for protein digestion in
humans. Plentiful pig digesta samples can be obtained easily, and
digestibility coefficients can be calculated for all amino acids
(with a relatively low SD) in a single assay.

The growing pig was recommended by the 2011 FAO Expert
Consultation (1) as the preferred animal model for determining
true ileal amino acid digestibility for foods for adult humans. It
was noted that where pig digestibility data were not available,
rat data could be used, but the species were listed in that
order for superiority of application. The consultation also
recommended that more work be undertaken to provide robust
human/pig digestibility prediction equations.

The pig ileal amino acid digestibility assay is the most
developed and tested protein digestibility assay available with
direct relevance to humans. It is able to be used to populate large
digestibility data sets for multiple foods prepared in different
ways. Values obtained with the pig model, however, relate to
healthy adult humans and there is a need to determine amino
acid digestibility values that are specific to particular ages and
physiological states (e.g. young children, the elderly, people with
parasitic intestinal infections). Dietary amino acid digestibility
is both diet and subject dependent. The generalized pig values
may not be completely relevant to certain physiological states,
and relatively noninvasive means of determining amino acid
digestibility in free-living human subjects with intact digestive
tracts are needed. In this respect, the isotope labeling of food
proteins offers promise as a means of determining dietary
digestibility for specific physiological states.

Dietary amino acid digestibility in humans 2103
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FIGURE 1 True ileal total nitrogen digestibility in the growing pig (�) and adult human ( ) based on comparative studies (mean values, 5–8
observations per mean; PJ Moughan, unpublished). N, nitrogen.

Isotopic Labeling
Test protein and reference protein given in separate
meals and use of a labeled indicator amino acid
method

This method has its origins in the slope-ratio assay (41–43).
With this assay, the test protein is compared with a standard
reference, which is often a crystalline amino acid. However, it is
now well established (38, 44) that peptides from dietary protein
influence gut protein metabolism, and a highly digestible protein
(e.g. casein or hydrolyzed casein) may be a better control. Intact
proteins release a variety of peptides upon digestion, which are
important for maintaining normal gut protein metabolism and
gut endogenous secretions (25, 44).

When the assay is applied to estimate the bioavailability
of an amino acid in a food protein, a basal diet deficient
in the test amino acid is formulated and supplemented with
graded amounts of either the food protein or a synthetic test
amino acid (assumed to be 100% bioavailable). The amount
of synthetic amino acid added to the basal diet mimics the
amount being added from the test food protein. Responses to
the supplements are determined by body weight gain, amino
acid deposition, nitrogen retention, or some other measure
of amino acid adequacy. The slopes of the 2 responses are
compared and the bioavailability of the test amino acid in the
food protein is estimated as the ratio of the 2 slopes. It is critical
in the assay that all dietary (including amino acid balance)
and animal factors that may affect amino acid utilization are
carefully controlled between the control and test diets. It is
also necessary that the amino acid being tested is first-limiting
in all of the diets and is below the subject’s requirement for
that amino acid. Such control is difficult to achieve in practice
as numerous diet-related and subject-related characteristics can
influence amino acid utilization. The slope-ratio assay is also
laborious, especially because a separate assay is needed for each
amino acid, and several groups of animals are required for each
assay.

Conceptually, the slope-ratio assay is a preferred assay
for determining amino acid bioavailability, as the estimate of
availability includes all the metabolic costs associated with

digestion, absorption, and metabolism. The assay, however,
has several inherent shortcomings (45). Experimental condi-
tions can influence the values obtained (5), the estimates of
bioavailability often have a high SE of determination (46–
48), and results have been shown to not always be repeatable
(49).

Because of the general imprecision of the slope-ratio assay
and as results vary depending upon the criterion of response
adopted, efforts have been made to streamline the assay and to
introduce a more sensitive criterion of response, that of protein
retention related to the exhalation of the 13C or 14C isotope
of carbon (50–53). This assay has been termed the metabolic
availability (MA) assay.

The MA assay uses the indicator amino acid oxidation
technique (IAAO technique; 54) in a slope-ratio assay, and
the assay is minimally invasive for the subjects. The isotope
used is either 1–13C or 1–14C and the labeled amino acid of
choice is phenylalanine. The benefit of using 2H5-phenylalanine
is that its irreversible loss can be quantified by determining
its hydroxylation to tyrosine. This has the advantage of not
requiring either collection of breath samples to determine
isotopic enrichment or total CO2 production. In the context of
measurement of appearance by dilution, however, the particular
essential amino acid doesn’t matter. During the experimental
period of the assay, the labeled phenylalanine is taken orally
over several hourly meals at a rate so as to achieve a constant
intake. The assay works on the principle that, as the amount
of first-limiting amino acid (the test amino acid) is increased,
protein retention increases, and thus the degree of oxidation of
the indicator amino acid (phenylalanine) decreases.

It should not be assumed that the increase in protein
retention is due to an increase in protein synthesis alone.
Amino acid intake affects both protein synthesis and protein
breakdown, and protein retention during growth is influenced
by the rates of both synthesis and breakdown. The effect of
protein quality and quantity at the whole body level is due
to effects on both protein synthesis and protein breakdown.
It is important, therefore, that dietary factors (such as amino
acid balance, amount and source of energy) influencing both
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protein synthesis and protein breakdown, and sometimes
independently, be controlled. If it is assumed that a drop in
expired label is due to a relative increase in protein synthesis
then it must be assumed that there is no change in the rate
of protein breakdown with the intake of variable amounts
of the test amino acid or, if breakdown is affected, that the
effect is the same for the basal and test diets. A change in
the rate of protein breakdown would affect the enrichment
of the precursor (molecules of phenylalanine available for
oxidation), which is assumed to be constant at all levels of
intake of the amino acid. A change in precursor enrichment
would affect the apparent rate of oxidation indicated by the
rate of 13CO2 excretion. A constant amount of retention of
labeled bicarbonate at different levels of intake of the test amino
acid is also assumed (55). The method has been described
in detail and caveats to ensure assay patency have been
discussed (56).

The method is relatively noninvasive, requiring only the
ingestion of the food and stable isotope and the collection of
breath samples for the analysis of the labeled CO2. The IAAO
MA method is well developed and has been applied successfully.
However, the overall concerns relating to slope-ratio assays in
general remain. The method is ultimately based on a measure
of amino acid utilization, not absorption, and therefore all
factors, dietary or subject related that may influence amino
acid utilization, need to be carefully controlled. In practice, it
is not possible to control all variables, and there will be error in
the estimates of bioavailability to the extent that uncontrolled
factors influence the utilization of the first-limiting amino acid
differentially in the test and control diets. If accurate results
are to be obtained with the MA assay, meticulous control is
necessary including controlling effects of amino acid imbalances
and amino acid interactions and antagonisms. Further, the
method involves a significant time and compliance input from
subjects. The assay provides data for only 1 amino acid per
assay run and therefore multiple runs are required to establish
bioavailability values for the different food amino acids. A
single assay typically includes 4 levels of amino acid intake
per diet, the 2 diets (test and control), 9–10 h of frequent
meal delivery and breath sampling per level and diet, and 5 to
6 subjects per assay. Individual subjects are used as their own
controls and a 5-d adaptation period is recommended (56).
The assay was first applied in the growing pig (50, 57) and
subsequently was adapted for application to adult humans (58,
59). Bioavailability values obtained using the assay have in
several cases been shown to be similar to true ileal digestibility
values for the food, which gives confidence in the assay, but this
has not always been the case. In the study of Prolla et al. (59),
for example, the MA of lysine in cooked rice was 97%, which
is a value not dissimilar to the true ileal digestibility of lysine
in cooked rice (60, 61). However, the MA values for the sulfur
amino acids given by Humayun et al. (58) (casein, 87.4%; soy
protein isolate, 71.8%) seem to be low when compared with
pig and rat digestibility values for these proteins. The variation
around the mean for estimates of bioavailability [SEM = ± 3 to
4%, (58)] are considerably higher than those typically found in
pig digestibility studies [e.g. Rowan et al. (13)], but are within
an acceptable range for assays of this type. It is concluded that,
if applied rigorously, the MA (IAAO) assay has the potential
to determine amino acid bioavailability in humans with specific
physiological states. A controlled validation study comparing
MA values with pig/human true ileal amino acid digestibility
values is required.

Dual isotopes given in a single meal

The dual isotope method (56, 62) is a new isotope-based method
for determining dietary amino acid digestibility in humans.
It has the advantage over other isotope-based methods of
providing better control of dietary factors influencing amino
acid utilization, in that influencing factors are common to
both the test and the control amino acid. The dual isotope
method for determining dietary amino acid digestibility has
its genesis in studies using intrinsically labeled (single isotope)
milk, meat, or egg proteins and assessing protein uptake and
utilization by measuring the kinetics of labeled amino acid
appearance in the plasma and/or labeled breath CO2 (63–70).
Although this approach has its place and does provide a proxy
of protein digestibility under real-life conditions as it does not
require repeated small meals, it is limited in that digestibility
values are influenced by first-pass amino acid metabolism (71).
Nevertheless, studies using this approach have shown clear
differences in digestion and absorption kinetics between various
protein sources (e.g. casein, whey) and physical formats (e.g.
minced, intact meat; 72–74).

The use of dual isotopes circumvents, to some extent,
the inherent shortcomings of the intrinsically labeled (single
isotope) method.

One of the first published studies to apply dual isotopes in a
single diet for the determination of dietary protein digestibility
was that of Engelen et al. (75), with the aim of determining
impaired protein digestion in cystic fibrosis patients. Protein
digestibility was determined during continuous feeding for a
6-h period, by adding 15N-labeled spirulina protein and L-[ring-
2H5]phenylalanine to a single meal and determining the plasma
concentrations of [15N]Phe and [2H5]Phe. It was assumed that
the free L amino acid (2H5) was completely absorbed and
that multiplication of 100% by the ratio of plasma (15N
phenylalanine to 2H5 phenylalanine) to diet (15N phenylalanine
to 2H5 phenylalanine) gives an estimate of the digestibility
of phenylalanine in spirulina (test protein). Phenylalanine was
used in the study as a marker for protein digestibility. Possible
effects due to transamination were not taken into account.
When the method was applied to healthy subjects, a sensible
digestibility value for protein in spirulina of 80% was obtained,
and a significantly impaired protein digestibility was seen
for the cystic fibrosis sufferers, which was restored by the
ingestion of exogenous pancreatic enzymes. The easy-to-use
stable isotope approach was likely fit-for-purpose for this
study where large relative effects in digestibility rather than
absolute accuracy was required. However, the accuracy of the
digestibility data depends on the assumption that the plasma
concentration of phenylalanine from spirulina (as represented
by the 15N enrichment of plasma phenylalanine from the
protein) and the plasma concentration of phenylalanine from
the free phenylalanine (as represented by the 2H5 enrichment of
plasma phenylalanine from the free amino acid) were influenced
only by differences due to digestibility, and were not influenced
by metabolic differences. The method assumes that the nature
and extent of metabolism of a particular amino acid is consistent
and quantitatively the same between the test and the control.
The plasma phenylalanine represents phenylalanine present in
the blood after digestion of the protein and gut endogenous
protein, uptake of the amino acid (as free amino acid, small
peptides, or both), enterocyte metabolism, liver metabolism, and
peripheral metabolism. In this case, and given that the kinetics
of absorption (and therefore subsequent metabolism) of free
amino acids is expected to be different from the kinetics of
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the absorption of protein-derived amino acids (delayed uptake
due to digestion and release of peptides and free amino acids)
(63, 76), differences in metabolism that would influence the
relative plasma concentrations of the respective enriched amino
acids may occur, which would influence the digestibility value
obtained. It seems from the published results that the relative
plasma-enriched amino acid concentrations, and thus the effects
on metabolism, differed due to time after ingestion of the
meal. At 4 h, a digestibility of ∼70% was calculated; but
the digestibility recorded at 6 h was close to 80%. Estimated
digestibility was, however, quite constant from 6 to 8 h after
meal ingestion. A number of assumptions need to be addressed
with the dual isotope method:

1) Could the isotope itself influence amino acid metabolism?
A small degree of isotope fractionation has been shown
to occur, for example, between deuterium and hydrogen
and between 15N and 14N (77). This is unlikely to be
of such magnitude, however, as to influence the accuracy
of physiological studies. Of greater potential significance
is the possibility that the position of the label (i.e. to
what atom it is attached) will affect enrichment due
to differences in pathways of metabolism. By way of
example, a nitrogen atom may be handled metabolically
differently from a carbon atom in the same molecule,
or a carbon atom in one position in a molecule may
be handled differently from a carbon in a different
position. The metabolic fate of different atoms in an
amino acid (e.g. C compared with N compared with
H) may differ, and nitrogen, in particular, is vulnerable
to exchange reactions. It is thus important to carefully
consider the isotopes to be used and the uniformity of
labeling of the amino acids across the proteins. Bennet
et al. (78) reported that fluxes obtained with 14C leucine
were some 3–8% higher than fluxes found with tritiated
hydrogen, and that this was an in vivo effect rather than
an analytical artifact. Such differences could potentially
skew the ratio used to determine digestibility. On the
contrary, however, 2 separate studies (79, 80) did not
find significant differences in phenylalanine flux rates as
measured based on 13C, 15N, or 2H phenylalanine.

2) Could differences in the rate of amino acid uptake (free
amino acid or amino acid from protein) influence amino
acid metabolism? In the study of Engelen et al. (75), this
was addressed, at least in part, by attempting to achieve a
“steady state” in uptake by the administration of frequent
meals (every 20 min). However, it remains to be seen how
effective this strategy is, and to what effect differences in
metabolism remain.

3) Could free amino acids and peptides (the proportional
release of which from a protein will vary with the protein
source, dual proteins) differ in their metabolism within
the enterocyte? Phenylalanine, for example, in the free
form may be metabolized differently from phenylalanine
being released from a di/tripeptide during enterocyte
metabolism.

4) With dual proteins, could one protein affect the digestibil-
ity of the other?

That a labeled free amino acid may be unsuitable for
accurately determining protein digestion and amino acid
absorption kinetics following digestion of a protein has been
discussed further by van Loon et al. (64). Dual protein labeling,
where the measurement of amino acid appearance in the

plasma from a test protein is compared with that from a well-
characterized reference protein fed together has been discussed
(56). It has advantages over the use of a free amino acid as the
control, in that rates and form of amino acid uptake are likely
to be more similar between the 2 proteins. Deuterium (2H) is
considered the isotope of choice for labeling the test protein
source, whereas 13C labeling is used for the reference protein
(56). The use of different atoms (H and C) for labeling does,
however, open the possibility of differential metabolism. The
test and reference proteins are included in a normal balanced
meal, blood plasma is sampled sequentially postfeeding, and
the enriched amino acid (test and reference) concentrations in
the plasma are determined (56). The digestibility of each dietary
indispensable amino acid (IAA) in the test protein is calculated
by evaluating the ratios of test to reference IAA enrichments in
the food and their appearance in blood plasma once a plateau
in plasma enrichment has been achieved. The equation for
calculating the digestibility of an IAA in the test protein, as
reported by Devi et al. (81), is:

Protein Digestibility (%) =
[

Plasma2H−IAA
meal2H−IAA

]
[

Plasma13C−IAA
meal13C−IAA

] × 100
1

× Protein Digestibility of re f erence protein × FTCF

where the reference protein is 13C spirulina, and FTCF = specific
determined term to correct for the loss of a 2H atom during
transamination.

The dual isotope method determines the relative ileal
digestibility of a test protein to a reference protein. As for all
isotope-based methods, based on some measure of the isotope
after digestion, absorption, and metabolism (enterocyte, liver,
peripheral) has occurred, the method relies on the assumption
that the test protein amino acids and the reference protein
amino acids share the same postdigestive fate. This assumption
is critical. The developers of the dual isotope method have
recognized and outlined the need to address this, and the need
to validate the method by a comparison of determined protein
digestibility with ileal digestibility assessed in adult humans and
animal models (56).

Different dietary proteins are digested at different rates
and give rise to different ratios of peptides to free amino
acids, which in turn are taken up by the enterocyte using
different transporters and at different rates (3, 4). Thus the
delivery of amino acids to the portal blood may differ between
protein sources, even when presented together in a single
meal. Differences in delivery and amino acid composition may
influence the type and rate of amino acid metabolism. Attempts
can be made, using frequent feeding, to minimize the effects
from different rates of amino acid uptake, but it is difficult to
achieve a true “steady state”. Further, this is not the normal
pattern of eating. To the extent that a perfect steady state is
not achieved, differences in the rate of uptake of amino acids
and peptides may influence metabolism. Even if at steady state,
peptides and amino acids are being taken up at the same rates,
amino acids from peptides may still be metabolized in the
enterocyte differently from amino acids absorbed in the free
form, leading to potential differences in amino acid metabolism
between the 2 proteins. Also, some amino acids are absorbed
into the portal blood as small peptides, and the extent of peptide
absorption may be influenced by the dietary protein source. The
absorbed peptides may be used by the body and metabolized
differently from free amino acids. Different proteins (e.g. whey,
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soy, casein) will stimulate whole body protein synthesis and
breakdown differently. They will likely have different effects
on gut endogenous protein losses, and the potential effects of
this on the calculated amino acid digestibility values need to be
considered and assessed.

The plasma amino acids are a mixture of both dietary
and gut endogenous amino acids. Absorbed dietary amino
acids are very rapidly and partly transferred into proteins
and recycled into the gut lumen as endogenous proteins (82),
which themselves are partly digested and reabsorbed. Therefore,
any dietary protein-related factors influencing this process may
affect the plasma amino acid enrichment values. Moreover,
depending upon the isotopes used, there may also be metabolic
differences due to different involvement of the labeled atom
in different metabolic processes. The N atom in 15N-labeled
amino acids, for example, may be involved in transamination
reactions, which may not apply in the same way as, for example,
a 13C-labeled atom or a 2H-labeled atom in an amino acid.
The differences between the proteins in amino acid metabolism,
moreover, may vary between individuals, which may increase
data variability.

As far as the authors are aware, the only published
applications of the dual-labeled protein method to date are from
Dr Anura Kurpad’s group in Bangalore (81, 83). The results are
encouraging. In the study of Devi et al. (81), the dual isotope
method was applied to determine amino acid digestibility in 2H-
labeled chickpea and mung bean proteins, with 13C-spirulina
protein as the reference protein. The reference protein was
shown independently to have a mean digestibility of IAAs of
85.2% and the chickpeas and mung beans had mean IAA
digestibilities of 56.6 and 57.7%, respectively. Interestingly,
dehulling of the mung beans before ingestion increased the
mean IAA digestibility by 9.9% compared with whole hull-
containing mung beans, demonstrating that the assay is sensitive
to changes in the physical and chemical composition of the test
food material.

In the work of Devi et al. (81), an attempt was made to
correct for the transaminative loss of the α-carbon 2H atom,
based on determined (LC/MS/MS) intensities of transaminated
and nontransaminated species. The correction factors were
quantitatively significant for some amino acids (e.g. methionine,
1.06; leucine, 1.08). It is notable that in this study the
estimated IAA digestibility values were quite variable (e.g. CV%
for methionine = 9%, CV% for lysine = 12.3%), meaning
that quite large differences in digestibility (e.g. phenylalanine
digestibility 95.3% minus proline digestibility 41.4% = 29%
units) were not found to be statistically significantly different.
There was also a high range in digestibility values for
individual amino acids in the legumes (chickpea, proline 33.6%
to isoleucine 68.8%; whole mung bean, proline 32.6% to
isoleucine 76.0%). In the study of Kashyap et al. (83), the
digestibility of amino acids was determined in 2H-labeled
cooked egg protein and in cooked chicken meat with labeled
spirulina as the reference protein. The mean true digestibility
values of labeled cooked egg white, labeled cooked whole egg,
and labeled cooked meat were 86.3, 89.4, and 92.0, respectively.
Although no direct controlled comparisons with true ileal
amino acid digestibility were made, these are certainly sensible
values for amino acid digestibility, and the SDs around the mean
were acceptably low (CV of ∼5%).

A limitation of the method remains that the test protein
source needs to be intrinsically labeled and the assay in-
volves frequent meal feeding which does not reflect normal
meal patterns in most humans. The intrinsic labeling of

the test proteins is time-consuming and relatively expensive.
However, and once validated, this method offers promise
as a minimally invasive technique. It can be applied to
volunteers of all ages and physiological states, and thus offers
great potential for elucidating protein digestion outcomes in
humans.

Conclusions

The growing pig is a useful animal model for determining
routinely dietary true ileal amino acid digestibility in humans.
The generation of statistically robust prediction equations
between the 2 species will allow the translation of a very
considerable existing pig data set to adult humans, and for the
routine evaluation of human foods using the pig model. The
growing pig values for digestibility, however, relate to healthy
adult humans, and there is a need to be able to determine
amino acid digestibility in humans of different ages and for
specific physiological states. Isotope-based digestibility methods
offer considerable promise to this end but it remains for the
assumptions underlying such methods to be fully tested and for
the methods to be validated by a comparison with conventional
true ileal amino acid digestibility values.
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