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Abstract
Purpose  Determine digestible indispensable amino acid score (DIAAS) for animal- and plant-based burgers and test the 
hypothesis that DIAAS calculated for a burger and a burger bun is additive in a combined meal.
Methods  Ten ileal cannulated gilts were fed experimental diets for six 9-d periods with ileal digesta being collected on d 
8 and 9 of each period. Six diets contained a burger (i.e., 80% lean beef, 93% lean beef, 80% lean pork, Impossible Burger, 
or Beyond Burger) or a burger bun as the sole source of crude protein and amino acids. Three additional diets were based 
on a combination of the bun and 80% beef, pork, or Impossible Burger. A nitrogen-free diet was also used. The DIAAS for 
all ingredients and mixed meals was calculated for children from 6 months to 3 years and for individuals older than 3 years, 
and DIAAS for combined meals was predicted from individual ingredient DIAAS.
Results  The 93% lean beef and the pork burgers had greater (P < 0.05) DIAAS than the plant-based burgers for both age 
groups. The 80% lean beef burger had greater (P < 0.05) DIAAS than the plant burgers for children from 6 months to 3 years, 
and greater (P < 0.05) DIAAS than the Beyond Burger for individuals older than 3 years. There were no differences between 
the measured and predicted DIAAS.
Conclusions  The protein quality of animal-based burgers is greater than that of plant-based burgers. However, for individuals 
older than 3 years, the Impossible Burger has comparable protein quality to the 80% lean beef burger. The DIAAS obtained 
from individual foods is additive in mixed meals.

Keywords  Amino acid digestibility · Animal-based meat · Digestible indispensable amino acid score · Plant-based meat · 
Protein quality

Abbreviations
AA	� Amino acids
AAA​	� Aromatic amino acids
AEE	� Acid hydrolyzed ether extract
AID	� Apparent ileal digestibility
Asx	� Sum of asparagine and aspartic acid
CP	� Crude protein

DIAA	� Digestible indispensable amino acid
DIAAS	� Digestible indispensable amino acid score
Glx	� Sum of glutamine and glutamic acid
SAA	� Sulfur amino acids
SE	� Standard error
SID	� Standardized ileal digestibility

Introduction

In the US and most other developed countries, animal-based 
proteins provide a significant portion of the human diet [1]. 
When income is available, the demand for meat in develop-
ing countries continues to increase due to increased animal 
protein consumption; however, the increased supply is lim-
ited to specific countries and areas of Asia and South Amer-
ica, and does not occur in African countries [2]. On average, 
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European citizen have an annual consumption of 22 kg of 
animal-based proteins and 16 kg of plant-based proteins [3]. 
However, it is expected that animal protein consumption in 
Europe and North America will begin to decline by 2035 [4].

Plant-based proteins are available in the food supply chain 
and have become accepted as having an appearance, texture, 
and taste that is close to that of animal products [5]. The 
trend towards consuming more plant protein is also driven 
by concerns about animal welfare, human health, environ-
mental impacts of animal production, religious practices, or 
personal preferences [6]. Therefore, there has been an inter-
est in the development of plant-based proteins. Examples of 
these proteins include the Impossible Burger and the Beyond 
Burger, which are plant-based burgers made primarily from 
soy and pea protein, respectively.

The digestible indispensable amino acid score (DIAAS) 
has been recommended as the best method to determine 
protein quality in human foods. This method allows for cal-
culation of the protein value of both individual ingredients 
and mixed meals consisting of several proteins [7]. Values 
for DIAAS obtained in milk and breakfast cereals are addi-
tive in mixed meals [8], and the principle of additivity is 
believed to be applicable to all types of combined meals, but 
additional research to demonstrate this is needed. Therefore, 
the objectives of this experiment were to determine DIAAS 
values for animal- and plant-based burgers and to test the 
hypothesis that DIAAS calculated for a burger and a burger 
bun is additive in a combined meal.

Materials and methods

Preparation of ingredients and diets

Three animal-based burgers (80% lean beef, 93% lean beef, 
and 80% lean pork), two plant-based burgers (Impossi-
ble Burger and Beyond Burger), and one burger bun were 
included in the experiment (Table 1). Burgers were made 
of a round and flat patty of ingredients presented in Appen-
dix 1. The ground beef and the plant-based products were 
purchased from Sysco Wholesale Company, Denver, CO, 
whereas the ground pork was purchased from Walmart 
Retail Company, Fort Collins, CO. All products were pur-
chased in bulk, then formed into patties using a patty form-
ing machine (Formax F6, Mokena, IL, USA), and cooked 
in a smokehouse (Enviro-Pak: CVU-650E, Clackamas, OR) 
at 157 °C and 20% humidity to an internal temperature of 
71 °C as recommended [9] at the Global Food Innovation 
Center at the Colorado State University, Fort Collins, CO. 
The burgers were allowed to cool for 30 min before being 
vacuum-packed and kept at − 20 °C until shipment to the 
University of Illinois, Urbana, IL, where the digestibility 
trial was conducted. The 80% and 93% lean meat burgers 

were chosen, because the 80% lean is most commonly con-
sumed in restaurants and fast food establishments, whereas 
the 93% lean is a representative sample of leaner ground 
beef that many consumers select in grocery stores. The 
burger bun was produced at the Food Science and Human 
Nutrition Pilot Plant at the University of Illinois, Urbana, 
IL. Buns were baked at approximately 177 °C for 13–14 min 
using a turbo-flow gas convection oven (Imperial ICVG-2, 
Alton, IL, USA).

Each of the five burgers and the burger bun were included 
in one diet as the sole source of crude protein (CP) and 
amino acids (AA). Three additional diets were prepared 
by combining one patty (113 g) of burger (i.e., 80% lean 
beef, pork, or Impossible Burger) and a burger bun (90 g). 
A nitrogen-free diet was also prepared and used to determine 
basal endogenous losses of CP and AA to enable calculation 
of standardized ileal digestibility (SID) of CP and AA. Thus, 
a total of ten diets were used in this experiment (Tables 2, 3). 
Despite the recommended dietary protein content of 100 g/
kg (dry matter basis) [10, 11], all diets were formulated to 
contain 150 g/kg CP (dry matter basis) to feed diets closer to 
the AA requirements of growing pigs. For all diets, premix 
mixtures containing corn starch, solka floc, soy oil, sucrose, 
titanium dioxide, vitamins, and minerals were prepared to 
meet or exceed current nutrient requirement estimates for 
swine [12]. With the exception of the nitrogen-free diet, 
the premix mixtures for all diets were mixed separately to 
allow for combination with ingredients before feeding. The 
titanium dioxide as indigestible marker was calculated in 
the premix mixtures to result in 0.60% titanium dioxide in 
the final diets. The burger bun dough also contained 0.60% 
titanium dioxide.

Ethical considerations

The protocol for the experiment was reviewed and approved 
by the Institutional Animal Care and Use Committee at the 
University of Illinois before the research was conducted. All 
procedures performed by the investigators and farm staff 
were in accordance with the approved protocol.

Animals, housing, and feeding

Ten gilts (offspring of line 359 males mated to Camborough 
females; PIC, Henderson, TN, US) with an initial average 
body weight of 24.6 ± 1.3 kg were equipped with a T-can-
nula in the distal ileum [10, 13]. Following surgery, pigs 
were allowed 7 days to recuperate and a grower diet based on 
corn and soybean meal was fed during this time. Pigs were 
then randomly allotted to a 10 × 6 Youden square design 
with ten diets and six 9-day periods. No pig received the 
same diet more than once during the experiment and there 
were, therefore, six replicate pigs per treatment, which is the 
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recommended number of pigs to have sufficient power of 
DIAAS experiments [10, 11]. All pigs were housed in indi-
vidual pens (1.5 × 2.5 m) in an environmentally controlled 
room. Each pen had smooth sides and partially slatted floors. 
A nipple drinker and a feeder were also installed in each pen.

All pigs were fed their assigned diets in a daily amount 
equivalent to 4% of body weight at the start of each experi-
mental period. Daily feed allowances were provided in two 
equal meals at 0800 and 1700 h, and the amount of feed 
supplied was recorded daily. Prior to feeding, the burger bun 
and all burgers were sliced into 2 cm pieces using a chop-
per slicer before being mixed with their respective premix 
mixture to ensure homogeneity with the indigestible marker. 
Although food ingredients and combinations of burger and 
bun could not be fed whole due to the need for an even 

marker mixing, they were generally served in a human-like 
format. Fresh water was available at all times. Environmen-
tal enrichment was ensured by providing toys to the pigs to 
reduce anxiety, stress, and abnormal repetitive behavior. Pig 
weights were recorded at the beginning of each experimen-
tal period to calculate feed allowance during the following 
period.

Sample collection

Although it is recognized that 7-day experimental periods are 
most often used [11], for practical reasons, experimental peri-
ods in this experiment were 9 days with the initial 7 days being 
the adaptation to each diet. Ileal digesta were collected for 
9 h on days 8 and 9 following standard procedures with slight 

Table 1   Analyzed nutrient 
composition of food ingredients 
(as fed-basis)

AA amino acids, AEE acid hydrolyzed ether extract, Asx sum of asparagine and aspartic acid, Glx sum of 
glutamine and glutamic acid

Item, % 80% lean beef 93% lean beef Pork Impos-
sible 
burger

Beyond burger Burger bun

Dry matter 44.52 41.34 40.53 44.14 47.36 70.64
Gross energy (kcal/kg) 3220 2720 2875 2572 3203 3355
Crude protein 24.04 27.61 19.62 18.10 20.22 12.10
AEE 16.92 11.59 15.98 10.65 9.33 3.40
Ash 0.70 1.55 0.87 2.66 1.63 1.65
Minerals
 Calcium 0.01 0.01 0.01 0.21 0.09 0.05
 Phosphorus 0.15 0.18 0.19 0.22 0.29 0.10

Indispensable AA
 Histidine 0.65 0.85 0.62 0.42 0.50 0.24
 Isoleucine 1.02 1.34 0.90 0.87 1.00 0.45
 Leucine 1.73 2.20 1.48 1.35 1.69 0.78
 Lysine 1.79 2.32 1.55 1.02 1.36 0.28
 Methionine 0.54 0.72 0.49 0.19 0.26 0.18
 Phenylalanine 0.93 1.14 0.78 0.93 1.16 0.59
 Threonine 0.92 1.19 0.83 0.68 0.75 0.32
 Tryptophan 0.25 0.33 0.23 0.23 0.18 0.13
 Valine 1.15 1.38 0.97 0.94 1.12 0.50
 Total 8.98 11.47 7.85 6.63 8.02 3.47

Dispensable AA
 Alanine 1.46 1.56 1.16 0.75 0.88 0.36
 Arginine 1.50 1.74 1.29 1.11 1.63 0.42
 Asx 1.96 2.48 1.71 1.91 2.23 0.52
 Cystein 0.23 0.29 0.19 0.35 0.27 0.25
 Glx 3.09 3.94 2.57 3.58 3.18 3.69
 Glycine 1.74 1.35 1.29 0.73 0.80 0.41
 Proline 1.22 1.10 0.93 0.82 0.89 1.21
 Serine 0.80 0.96 0.70 0.72 0.96 0.50
 Tyrosine 0.80 1.01 0.71 0.68 0.78 0.33
 Total 12.80 14.43 10.55 10.65 11.62 7.69

Total AA 21.78 25.90 18.41 17.28 19.64 11.16
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modifications [10, 13]. In short, a plastic bag was attached to 
the cannula barrel, and digesta flowing into the bag were col-
lected. Bags were removed when filled with ileal digesta, or at 
least once every 30 min, and immediately frozen at – 20 °C to 
prevent bacterial degradation of AA in the digesta. Cleaning of 
cannulas was completed every 24 h [10]. On the completion of 
one experimental period, animals were deprived of feed over-
night, and in the following morning, a new experimental diet 
was offered. All pigs remained healthy during the experimen-
tal period and had a final average body weight of 53.4 ± 6.6 kg.

Chemical analysis

A sample of each food ingredient and of each diet was col-
lected for chemical analysis. At the end of the experiment, 
ileal digesta were thawed, homogenized for each animal and 
diet, and a sub-sample was lyophilized and ground through 
a 0.5 mm screen prior to chemical analysis. Sub-samples 
of ingredients and diets were also lyophilized and ground 
through a 0.5 mm screen before analysis. All ingredients, 
diets, and ileal digesta samples were analyzed for dry mat-
ter (Method 927.05) [14] and for N by combustion (Method 
990.0) [14] using a LECO analyzer (Model FP628, LECO 
Corp., Saint Joseph, MI, USA). Amino acids were analyzed 
on a Hitachi Amino Acid Analyzer (Model L8800, Hitachi 
High Technologies America Inc., Pleasanton, CA, USA) 
after hydrolysis with 6 N HCl for 24 h at 110 °C (Method 
982.30 E a, b, and c) [14]. Crude protein was calculated as 
N × 6.25. Diets and ingredient samples were also analyzed 
for ash (Method 942.05; 10) [14]. Ingredients were ana-
lyzed for gross energy using an isoperibol bomb calorimeter 
(Model 6400, Parr Instruments Co., Moline, IL, USA) with 
benzoic acid as the standard for calibration, and acid hydro-
lyzed ether extract was analyzed by acid hydrolysis using 
3 N HCl (Model AnkomHCl, Ankom Technology, Macedon, 
NY, USA) followed by crude fat extraction using petroleum 
ether (Model AnkomXT15, Ankom Technology, Macedon, 
NY, USA). Calcium and phosphorus were also determined 
in all ingredients (Method 985.01 a, b, and c) [14] using 
inductively coupled plasma-optical emission spectrometry 
(ICP-OES; Model Avio 200, PerkinElmer, Waltham, MA, 
USA). Sample preparation included dry ashing at 600 °C for 
4 h (method 942.05; 10) [14] and wet digestion with nitric 
acids (method 3050 B) [15]. Titanium was analyzed for all 
diets and ileal digesta samples following the procedure of 
Myers et al. [16].

Calculations

The apparent ileal digestibility (AID) of AA in each diet was 
calculated using the following equation [17]:

where AID is the AID value of an AA (%), AAd is the con-
centration of that AA in the ileal digesta (dry matter), AAf 
is the AA concentration of that AA in the feed (dry matter), 
Tif is the titanium concentration in the feed (dry matter), 
and Tid is the titanium concentration in the ileal digesta 
(dry matter). The AID for CP was also calculated using this 
equation.

The basal endogenous flow to the distal ileum of each AA 
was determined based on the flow obtained after feeding the 
nitrogen-free diet using the following equation [17]:

where the basal endogenous loss of each AA is determined 
in mg per kg dry matter intake. The basal endogenous loss 
of CP was determined using the same equation.

By correcting the AID for the basal endogenous loss of 
CP or AA, SID was calculated using the following equation 
[17]:

where SID is the SID value of CP or AA (%).
The predicted AID of AA in the combined diet containing 

each burger and burger bun was calculated using the follow-
ing equation [18]:

where AIDpredicted (%) is the predicted AID for an AA in the 
mixed diet; AAburger and AAbun are the concentrations (%) of 
that AA contributed by each burger and burger bun, respec-
tively, which were calculated by multiplying the concentra-
tion of that AA (%) in the ingredient by the proportion (%) 
of the ingredient in the mixed diet; AIDburger and AIDbun are 
the determined AID (%) of the AA in each burger and burger 
bun, respectively. The predicted AID of CP and the SID of 
CP and all AA in the combined diets containing each burger 
and burger bun were calculated using the same equation.

The digestible indispensable amino acid (DIAA) refer-
ence ratios as well as DIAAS values for each ingredient or 
mixed diet were calculated as previously explained [8] and 
as recommended by the Food and Agricultural Organization 
[7]. Separate reference ratios were calculated for children 
from 6 months to 3 years, and for older children, adoles-
cents, and adults.

Statistical analysis

At the conclusion of the experiment, normality of data 
was verified by generating studentized residuals from each 

AID = [1 − (AAdigesta∕AAfeed) × (Tifeed∕Tidigesta)] × 100,

Basal endogenous loss = [(AAdigesta) × (Tifeed∕Tidigesta)],

SID = [(AID + basal endogenous loss)∕AAfeed]

AIDpredicated = [(AAburger × AIDburger) + (AAbun × AIDbun)]

∕(AAburger + AAbun),
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analysis. Outliers were then identified and removed until 
the Shapiro–Wilk test reached P < 0.05 and studentized 
residuals were within ± 3 SD. Following this procedure, 
data were analyzed using the PROC MIXED procedure in 
SAS 9.4 (SAS Institute Inc., Cary, NC) in a randomized 
complete block design. The pig was the experimental unit 
for all analyses. Diet was the main effect and pig and period 
were random effects in the statistical model determining dif-
ferences in AID, SID, and DIAAS among foods. Treatment 
means were calculated using the LSMEANS statement, and 
if significant, means were separated using the Student’s t 
test within the MIXED procedure. The LSMEANS were 
reported with corresponding standard errors (SE). Within 
each of the three combined meals, the Student’s t test was 
used to test the null hypothesis that the difference between 
the measured and predicted AID or SID of CP and AA, as 
well as DIAAS for the mixed diets, was equal to 0. Sig-
nificance and tendencies were considered at P < 0.05 and 
0.05 ≤ P < 0.10, respectively.

Results

Pigs eating the animal-based burger diets and all three 
combinations of burgers and bun had an average daily gain 
between 0.70 and 0.90 kg/day. However, pigs eating the 
Impossible Burger, the Beyond Burger, and the burger bun 
diets had an average daily gain of 0.60, 0.40, and 0.20 kg/
day, respectively. According to analyzed values for titanium 
in diets, calculated total titanium recovery was 94% for the 
burger diets and the nitrogen-free diet, 92% for the combina-
tions of pork or Impossible Burger and bun, 100% for the 
combination of 80% lean beef burger and bun, and 96% for 
the burger bun diet.

The AID of CP, and some AA was greater (P < 0.05) in 
the 93% lean beef burger and in the pork burger than in the 
80% lean beef burger and the Beyond Burger or the Impossi-
ble Burger (Table 4). All burgers had greater (P < 0.05) AID 
for lysine compared with the burger bun. The SID of CP, 
histidine, isoleucine, leucine, methionine, and valine was 
greater (P < 0.05) in the 93% lean beef, the pork, and the 
Impossible Burger than in the Beyond Burger, but the burger 
bun had lower (P < 0.05) SID of lysine compared with all 
burgers. The SID of valine and the sum of asparagine and 
aspartic acid (Asx) was greater (P < 0.05) in the pork burger 
than in the 80% lean beef burger, the Beyond Burger, and 
the burger bun.

Differences between the measured and the predicted 
AID and SID in the combined meal of 80% lean beef burger 
and bun differed (P < 0.05) from zero only for tryptophan 
(Table 5). For the combination of pork burger and bun, 
the AID and SID differed (P < 0.05) from zero for cysteine 

(Table 6). For the combined meal of Impossible Burger and 
bun, no differences between the measured and the predicted 
values for AID or SID were observed (Table 7).

For children from 6 months to 3 years and for individuals 
older than 3 years, the 93% lean beef and pork burgers had 
greater (P < 0.05) DIAAS compared with the other burg-
ers, whereas the Beyond Burger had the lowest (P < 0.05) 
DIAAS for all burgers (Table 8). The animal-based burgers 
had greater (P < 0.05) DIAAS than the plant-based burg-
ers for children between 6 months and 3 years. However, 
for children older than 3 years, adolescents, and adults, 
no differences were observed between the 80% lean beef 
and Impossible Burger, but the 80% lean beef had greater 
(P < 0.05) DIAAS than the Beyond Burger for this age group. 
The burger bun had lower (P < 0.05) DIAAS compared with 
all burgers. There was no limiting AA (DIAAS > 100) for the 
animal-based burgers for children from 6 months to 3 years, 
but for both plant-based burgers, the first limiting AA was 
the sulfur amino acids (SAA). For older children, adoles-
cents and adults, there was no limiting AA (DIAAS > 100) 
for the animal-based burgers or for the Impossible Burger, 
but for the Beyond Burger, the first limiting AA was SAA. 
For both age groups, lysine was the first limiting AA in the 
burger bun.

For children from 6 months to 3 years, valine was the 
first limiting AA for the measured values of the combined 
meal of 80% lean beef burger and bun, but lysine was the 
first limiting AA for the predicted values, and there was no 
limiting AA for the combination of pork burger and bun 
(Table 9). For individuals older than 3 years, there was no 
limiting AA for the animal burger and bun combinations. 
However, for the combination of Impossible Burger and bun, 
lysine was the first limiting AA for both age groups. Dif-
ferences between the measured and the predicted DIAAS 
values for the combination of 80% lean beef burger and bun 
differed (P < 0.05) from zero for tryptophan for both age 
groups. Likewise, differences between the measured and 
the predicted DIAAS values for the combination of pork 
burger and bun differed (P < 0.05) from zero for SAA. For 
the Impossible Burger and bun, no differences between the 
measured and the predicted DIAAS values were observed. 
Regardless of age group and burger–bun combination, there 
were no differences between the measured and the predicted 
DIAAS.

Discussion

In recent years, DIAAS for cereal grains [19–21], breakfast 
cereals [8, 22], pulse crops [22, 23], soy protein [22, 23], 
pistachio nuts [24], milk proteins [8, 22, 23], and meats 
[25–27] have been published. All these values are impor-
tant to build a nutrient database required to formulate diets 
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for humans based on digestibility of AA [8]. However, 
because proteins are usually consumed in meals consist-
ing of several food items, it is important to demonstrate 
that values for DIAAS are additive in combined meals, 
which allow for calculation of DIAAS in combinations of 
food ingredients with individually determined values for 
DIAAS. In addition to providing values for DIAAS in ani-
mal-based and plant-based burgers, results of the present 
experiment also provide data to demonstrate the additivity 
of DIAAS values, thus demonstrating the applicability of 
the DIAAS concept in practical nutrition.

Nutrient compositions of the animal-based burgers 
were within the range of published values [28] for cooked 
ground meat. Likewise, nutrient compositions of both 
plant-based burgers were within the range of published 
values for burgers made from plants [29]. The nutrient 
composition of the burger bun was also within the range 
of published values for branded burger buns [29]. The 
AID and SID of CP and AA that were determined for the 
beef burgers and the pork burger were within the range 
of reported values for pork loin and grilled topside steak, 

respectively [25, 26]. The SID for the Impossible Burger 
and the Beyond Burger were in agreement with SID val-
ues for soy protein isolate and pea protein concentrate, 
respectively [23].

Nutritional losses of essential AA as well as the forma-
tion of Maillard reaction products are undesirable effects of 
protein–carbohydrate complexes when processing foods in 
the presence of heat [30]. The Maillard reaction results in 
reduced concentration and digestibility of lysine and some-
times other AA [31, 32]. Because there is a high concentra-
tion of threonine in mucin, which is the major component of 
endogenous protein lost at the end of the small intestine [33], 
the AID of threonine is expected to be the lowest among all 
indispensable AA, which was also the case for all burgers. 
However, the burger bun had a lower AID of lysine than of 
threonine indicating that baking at 177 °C for 13–14 min 
may have caused heat damage to the bun, because tempera-
ture and time of processing have a significant influence on 
destruction of lysine [30, 32]. It is not uncommon that cook-
ing or baking results in heat damage and, therefore, low SID 

Table 5   Measured and 
predicted values for apparent 
ileal digestibility (AID) and 
standardized ileal digestibility 
(SID) of crude protein  and 
amino acids (AA) in the 80% 
lean beef burger and bun meal

Asx sum of asparagine and aspartic acid, Glx sum of glutamine and glutamic acid, SE standard error
Means in a row differ if *Measured vs. predicted P ≤ 0.05, **Measured vs. predicted P ≤ 0.01, or tend to dif-
fer if +Measured vs. predicted 0.05 < P ≤ 0.10. Values are means and pooled SEs, n = 6

AID SID

Item, % Measured Predicted Difference SE Measured Predicted Difference SE

Crude protein 74.9 74.9 0.0 4.57 95.7 92.8 2.9 4.57
Indispensable AA
 Histidine 86.8 86.9 − 0.1 1.69 93.8 92.9 0.9 1.69
 Isoleucine 86.7 87.9 − 1.2 1.28 93.0 93.2 − 0.2 1.28
 Leucine 88.7 89.2 − 0.5 1.13 94.3 93.9 0.3 1.13
 Lysine 87.5 86.9 0.6 1.53 94.2 92.8 1.4 1.53
 Methionine 92.3 92.4 − 0.1 0.70 95.3 95.2 0.0 0.70
 Phenylalanine 87.5 88.1 − 0.7 1.26 93.3 93.2 0.1 1.26
 Threonine 76.9 77.7 − 0.9 2.67 89.8 88.8 1.0 2.67
 Tryptophan 94.5 86.5 8.0** 1.42 102.6 94.9 7.7** 1.42
 Valine 83.7 84.8 − 1.1 1.67 91.8 91.6 0.2 1.67
 Mean 86.6 86.8 − 0.3 1.41 93.5 92.8 0.7 1.41

Dispensable AA
 Alanine 83.7 81.5 2.2 2.39 95.8 92.5 3.3 2.39
 Arginine 85.2 82.6 2.6 3.35 101.7 97.4 4.4 3.35
 Asx 82.3 82.1 0.3 2.26 91.6 90.2 1.5 2.26
 Cystein 63.8 64.8 − 1.1 3.59 76.8 75.9 0.8 3.59
 Glx 92.0 91.9 0.2 1.05 96.4 95.6 0.8 1.05
 Glycine 67.5 53.4 14.2 7.07 98.3 86.3 11.9 7.07
 Serine 78.9 77.1 1.7 3.04 91.7 88.8 2.9 3.04
 Tyrosine 86.4 84.5 1.8 1.42 93.7 91.7 2.1 1.42
 Mean 84.3 82.6 1.7 2.49 95.4 92.7 2.7 2.49
 Total AA 85.2 84.3 0.9 2.03 94.6 92.7 1.9 2.03
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of lysine [8, 22]. As a consequence, the SID of lysine is often 
low in meals prepared from different baked foods [34, 35].

The few differences observed between the measured and 
the predicted SID values of AA for the combination of ani-
mal-based burgers and bun, and none for the combination of 
Impossible Burger and bun, demonstrated that values based 
on SID generally were additive in the combined meals. This 
is in agreement with data reported for other mixed diets [8, 
18, 36]. The reason measured values for AID of CP were not 
different from predicted values is that concentrations of CP 
in diets based on individual ingredients were not different 
from the CP of the combined meals. As a consequence, there 
was no underestimation of AID in individual ingredients and 
AID values were, therefore, as additive as values for SID 
[18]. However, if at least one low-protein food is used in a 
mixed meal, it is more accurate to use SID values to predict 
the digestibility for CP and AA in mixed meals [18, 36]. The 
difference between measured and calculated AID and SID 
for tryptophan in the 80% lean beef burger–bun combination 
may be due to analytical inaccuracies for tryptophan result-
ing in very high measured values.

A few values for SID were above 100%, which is not bio-
logically possible. Basal endogenous losses were determined 
using an N-free diet, which many have slightly overestimated 
ileal endogenous losses and thereby resulted in SID values 
above 100%. However, the SID of most AA in ingredients 
based on the nitrogen-free diet method is additive in mixed 
diets, and the use of a nitrogen-free diet is preferred over 
purified proteins to measure endogenous basal loss of AA 
because of its simplicity and the definition of basal endog-
enous loss of AA [11, 37]. It has also been demonstrated that 
although at least 3 days of adaptation is required, there is no 
differences in basal endogenous losses measured on d 6 and 
7 or on d 8 and 9 [38].

Results for DIAAS in the beef burgers are close to pub-
lished values for DIAAS in processed bovine meat [26], and 
the observation that DIAAS was greater than 100 in the pork 
burger is also in agreement with published values for DIAAS 
in pork products [25]. Likewise, the fact that DIAAS was 
less than 100 in the burger bun and in the plant burgers is in 
agreement with published DIAAS values for cereal grains 
[19, 21] and other plant-based proteins [23]. The observation 

Table 6   Measured and 
predicted values for apparent 
ileal digestibility (AID) and 
standardized ileal digestibility 
(SID) of crude protein and 
amino acids (AA) in the pork 
burger and bun meal

Asx sum of asparagine and aspartic acid, Glx sum of glutamine and glutamic acid, SE standard error
Means in a row differ if *Measured vs. predicted P ≤ 0.05, **Measured vs. predicted P ≤ 0.01, or tend to dif-
fer if +Measured vs. predicted 0.05 < P ≤ 0.10. Values are means and pooled SEs, n = 6

AID SID

Item, % Measured Predicted Difference SE Measured Predicted Difference SE

Crude protein 78.1 86.1 − 7.9 4.76 93.6 100.7 − 7.1 4.76
Indispensable AA
 Histidine 88.8 91.7 − 2.9+ 1.38 93.6 96.5 − 2.9+ 1.38
 Isoleucine 87.8 90.2 − 2.4+ 1.10 92.6 94.9 − 2.3+ 1.10
 Leucine 89.5 91.4 − 1.9 0.97 93.8 95.7 − 2.0 0.97
 Lysine 88.9 88.7 0.3 1.54 94.1 94.2 0.0 1.54
 Methionine 92.9 93.6 − 0.7 0.68 95.2 96.1 − 0.9 0.68
 Phenylala-

nine
88.4 90.6 − 2.2+ 1.06 93.0 95.2 − 2.2+ 1.06

 Threonine 79.3 83.6 − 4.3+ 1.66 89.1 93.5 − 4.3+ 1.66
 Tryptophan 94.2 93.9 0.3 1.55 99.8 100.0 − 0.2 1.55
 Valine 85.6 88.4 − 2.7+ 1.31 91.7 94.4 − 2.7+ 1.31
 Mean 87.9 89.9 − 2.0 1.21 93.1 95.2 − 2.1 1.21

Dispensable AA
 Alanine 84.7 87.7 − 3.0 3.12 93.8 97.5 − 3.7 3.12
 Arginine 84.8 90.7 − 5.9 4.66 97.1 103.8 − 6.6 4.66
 Asx 84.1 87.2 − 3.2 1.91 91.1 94.6 − 3.5 1.91
 Cystein 68.3 76.2 − 7.9* 2.06 77.7 85.3 − 7.7* 2.06
 Glx 92.3 94.4 − 2.1 1.10 95.7 97.7 − 2.0 1.10
 Glycine 72.4 81.1 − 8.7 8.91 94.8 107.8 − 13.0 8.91
 Serine 81.4 85.3 − 4.0 2.31 90.9 95.6 − 4.7+ 2.31
 Tyrosine 87.9 85.8 2.1 1.18 93.2 93.6 − 0.4 1.18
 Mean 85.4 89.1 − 3.7 2.81 93.9 98.1 − 4.1 2.81

Total AA 86.5 89.4 − 3.0 2.11 93.6 96.8 − 3.3 2.11
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that the animal-based burgers had DIAAS values greater 
than 100 with no limiting AA for both age groups, indicates 
that the animal burgers are “excellent” sources of protein 
[7]. However, because the Impossible Burger had DIAAS 
greater than 75 and less than 100 for children less than 
3 years old, this burger only qualifies as a “good” source 
of protein according to the Food and Agricultural Organi-
zation [7]. In contrast, because the Impossible Burger had 
DIAAS greater than 100 for individuals older than 3 years, 
it is an “excellent” source of protein for this age group [7]. 
For children older than 3 years, adolescents, and adults, the 
Beyond Burger qualifies as a “good” source of protein [7], 
but due to the low DIAAS in Beyond Burger for children 
from 6 months to 3 years, no protein claim can be made for 
this age group [7].

The Impossible Burger was produced using soy protein 
concentrate as the main source of protein with coconut oil 
and sunflower oil being the sources of oil. The Beyond 
Burger was based on pea protein isolate as the main source 
of protein, whereas expeller-pressed canola oil and refined 
coconut oil were the sources of oil. It is, therefore, not 

surprising that DIAAS for the Impossible Burger was greater 
than that of the Beyond Burger, because soy protein con-
centrate has a greater DIAAS than pea protein isolate [23].

The observation that the animal-based burger and bun 
combinations had DIAAS very close to or equal to 100 for 
children from 6 months to 3 years, and greater than 100 
for individuals older than 3 years, indicates that the high 
protein quality in animal meat can compensate for the low 
protein quality in the burger bun. As a consequence, the 
combination of animal burger and bun provides a balanced 
ratio of indispensable AA. The low DIAAS in the combina-
tion of Impossible Burger and bun for both age groups, and 
with lysine as first limiting AA, demonstrates that there is 
insufficient lysine in the Impossible Burger to compensate 
for the low concentration of lysine in the burger bun. The 
ingredients used to produce the burger bun were grain-based 
ingredients, and cereal grains always have lysine as first lim-
iting AA [19, 21]. In addition to lysine, leucine, SAA, and 
threonine, were also limiting in the Impossible Burger–bun 
combination for children from 6 months to 3 years, but for 
individuals older than 3 years, only lysine was limiting. 

Table 7   Measured and 
predicted values for apparent 
ileal digestibility (AID) and 
standardized ileal digestibility 
(SID) of crude protein and 
amino acids (AA) in the 
Impossible Burger and bun meal

Asx sum of asparagine and aspartic acid, Glx sum of glutamine and glutamic acid, SE standard error
Means in a row differ if *Measured vs. predicted P ≤ 0.05, **Measured vs. predicted P ≤ 0.01, or tend to dif-
fer if +Measured vs. predicted 0.05 < P ≤ 0.10. Values are means and pooled SEs, n = 6

AID SID

Item, % Measured Predicted Difference SE Measured Predicted Difference SE

Crude protein 81.6 81.1 0.5 2.60 98.0 97.8 0.2 2.60
Indispensable AA
 Histidine 86.5 87.9 − 1.4 1.87 92.9 94.6 − 1.7 1.87
 Isoleucine 86.8 88.1 − 1.3 1.64 91.8 93.3 − 1.4 1.64
 Leucine 87.8 88.8 − 1.0 1.69 92.4 93.7 − 1.2 1.69
 Lysine 84.2 81.8 2.4 2.03 91.8 90.1 1.7 2.03
 Methionine 88.1 89.4 − 1.2 1.45 92.5 94.0 − 1.5 1.45
 Phenylalanine 89.5 90.4 − 0.9 1.43 93.6 94.6 − 1.1 1.43
 Threonine 75.2 77.7 − 2.5 3.21 86.7 89.7 − 3.0 3.21
 Tryptophan 92.0 91.3 0.7 1.92 98.1 97.6 0.5 1.92
 Valine 84.7 86.0 − 1.3 1.99 91.0 92.5 − 1.6 1.99
 Mean 85.8 86.7 − 0.9 1.89 91.9 93.0 − 1.2 1.89

Dispensable AA
 Alanine 81.6 80.3 1.3 2.34 95.2 94.3 0.8 2.34
 Arginine 89.4 87.5 1.9 1.54 103.3 102.3 1.0 1.55
 Asx 79.2 80.6 − 1.4 2.41 86.0 87.7 − 1.7 2.41
 Cystein 71.3 75.8 − 4.5 2.83 77.0 82.0 − 4.9 2.83
 Glx 93.3 93.8 − 0.5 0.82 96.0 96.7 − 0.7 0.82
 Glycine 70.1 65.8 4.2 3.97 108.5 106.5 2.0 3.97
 Serine 83.1 83.9 − 0.8 2.13 92.3 93.7 − 1.4 2.13
 Tyrosine 86.4 86.3 0.2 1.88 92.8 93.6 − 0.8 1.88
 Mean 86.4 86.4 0.0 1.61 94.8 95.3 − 0.6 1.61

Total AA 86.2 86.5 − 0.3 1.73 93.7 94.4 − 0.7 1.73
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Thus, to meet AA requirements for children from 6 months 
to 3 years, the Impossible Burger–bun combination needs to 
be complemented by another high lysine ingredient that also 
provides some leucine, SAA, and Threonine.

With the exception of the tendency for a greater predicted 
DIAAS in the pork burger–bun combination compared with 
the measured DIAAS for individuals older than 3 years, no 
differences between the measured and the predicted DIAAS 
were observed. This demonstrates that by measuring DIAAS 
in individual food ingredients, DIAAS in combined meals 
can be predicted with reasonable accuracy. This is an impor-
tant observation, because it will not be possible to measure 
DIAAS in all possible combinations of foods. However, 
if DIAAS is measured in individual ingredients, the pro-
tein quality of mixed meals or combinations of foods can 
be predicted as demonstrated in this experiment. This is in 

agreement with recent data demonstrating that DIAAS in 
milk and breakfast cereals can be used to accurately predict 
DIAAS in breakfast cereal–milk combinations [8].

Ideally, humans should be used to determine DIAAS in 
human foods [11]. However, collecting digesta from the dis-
tal ileum in humans is invasive and expensive, and although 
methods that do not require digesta sampling have been 
developed, they are not suitable for routine food evaluation 
[10, 11]. As a result, the growing pig, is recommended for 
determining DIAAS in human foods [7]. The advantage of 
using a pig model over clinical trials is that it is a rapid 
method and there is already a large dataset with values for 
SID of AA in foods that can be translated to the human 
dataset with a subsequent calculation of DIAAS [10]. Other 
benefits of this model include the ability to determine effects 
of processing on DIAAS [8, 10], and there are a number of 

Table 8   Digestible indispensable amino acids (DIAA) reference ratio and digestible indispensable amino acid score (DIAAS) in food ingredients 
as measured in growing pigs

AAA​ aromatic amino acid, SAA sulfur amino acid, SE standard error
a,b,c,d,e  Means in a row without a common superscript letter differ P < 0.05. Values are means and pooled SEs, n = 5 for 93% lean beef, Impossible 
Burger, and burger bun, n = 6 for 80% lean beef, pork, and Beyond Burger
†  DIAA reference ratios and DIAAS were calculated using the recommended indispensable amino acids scoring pattern, expressed as mg amino 
acid/g protein [7]. Child: Histidine 20, Isoleucine 32, Leucine 66, Lysine 57, SAA 27, AAA 52, Threonine 31, Tryptophan 8.5, and Valine 43 
[7]. Older child, adolescent and adult: Histidine 16, Isoleucine 30, Leucine 61, Lysine 48, SAA 23, AAA 41, Threonine 25, Tryptophan 6.6, and 
Valine 40 [7]
¥  First-limiting AA in parentheses

Item 80% lean beef 93% lean beef Pork Impossible Burger Beyond Burger Burger bun SE P value

Child (6 months to 3 years)†

 DIAA reference ratio
  Histidine 1.27 1.47 1.55 1.12 1.11 0.92
  Isoleucine 1.24 1.45 1.38 1.41 1.40 1.06
  Leucine 1.03 1.16 1.11 1.06 1.14 0.91
  Lysine 1.25 1.44 1.36 0.95 1.11 0.26
  SAA 1.03 1.22 1.17 0.91 0.71 1.21
  AAA​ 1.28 1.42 1.39 1.62 1.69 1.35
  Threonine 1.10 1.30 1.29 1.09 1.02 0.75
  Tryptophan 1.16 1.41 1.42 1.45 1.05 1.20
  Valine 1.02 1.11 1.11 1.13 1.14 0.87

DIAAS¥, % 102b 111a 111a 91c (SAA) 71d (SAA) 26e (Lysine) 2.36 < 0.001
Older child, adolescent, adult†

 DIAA reference ratio
  Histidine 1.58 1.84 1.94 1.40 1.39 1.15
  Isoleucine 1.33 1.54 1.47 1.51 1.49 1.13
  Leucine 1.11 1.25 1.20 1.14 1.23 0.98
  Lysine 1.49 1.71 1.62 1.13 1.32 0.31
  SAA 1.20 1.43 1.38 1.07 0.83 1.42
  AAA​ 1.62 1.81 1.77 2.06 2.15 1.72
  Threonine 1.36 1.62 1.60 1.35 1.27 0.93
  Tryptophan 1.49 1.81 1.83 1.87 1.35 1.54
  Valine 1.10 1.19 1.19 1.21 1.23 0.93

DIAAS¥, % 110b 119a 119a 107b 83c (SAA) 31d (Lysine) 2.51 < 0.001
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laboratories around the world that are capable of determin-
ing digestibility of AA by pigs [11]. However, one of the 
limitations of using an animal model is that, despite well-
described similarities in AA digestibility between growing 
pigs and humans, protein digestibility and nutrient absorp-
tion are unlikely to be identical, and data from pigs do not 
account for effects of different social and environmental 
conditions [11].

Conclusion

Results of this research demonstrated that DIAAS in beef 
and pork burgers are greater than DIAAS in plant-based 
burgers. However, for individuals older than 3 years, the 
Impossible Burger had DIAAS that was not different from 
that in the 80% lean beef burger. The high DIAAS in beef 
and pork burgers makes it possible to compensate for the 
low protein quality in burger buns by combining beef or 
pork burgers with a burger bun. In contrast, the combination 
of the Impossible Burger and burger bun does not provide 
enough digestible AA to meet the requirements for indi-
viduals older than 6 months. Results also demonstrated that 
DIAAS in the combined meals of burger and burger bun 
can be predicted from the individual ingredient DIAAS val-
ues, and because most individuals eat meals that consist of 
several proteins, it is important that DIAAS of individual 
ingredients are additive in mixed meals. Therefore, if more 
data can be established for different individual food ingre-
dients, it will be possible to predict DIAAS for different 
combinations of foods.
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